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Oral drug administration is still the top choice among possible routes for both existing and 

new drugs for it is the most natural, easy, flexible, and safe way to reach the systemic 

circulation and, subsequently, every part of the body. These characteristics make oral drug 

administration perfectly compatible with patient compliance. Moreover, it suits some 

industry practices such as dose-to-dose and batch-to-batch reproducibility1,2.  

The main requisite for oral administration of a drug so far has been the bioavailability 

(BA) parameter that is defined as “the rate and extent to which the drug is absorbed from 

the gastrointestinal (GI) system and becomes available at the site of the action”3.  

While an ideal drug is completely absorbed (and gets to the site of action unmodified), the 

GI absorption of most drugs depends on a complex interplay of several factors that can be 

grouped in: a) physiological factors and b) physicochemical factors. 4 

a) Physiological factors: are correlated with the biological functions of the GI system and 

its physiological characteristics. The most important are:  

-The physiology of the GI membrane. The GI membrane is a complex semipermeable 

structure composed of lipids, proteins, lipoproteins, and polysaccharides as well as 

containing various aqueous channels and a huge number of carrier molecules. The GI 

membrane is the most important physiologic factor influencing the absorption rate of drugs 

since it acts as a sieve allowing molecules possessing appropriate characteristics to pass 

through.  

                                                 
1 Lipka, E.; Amidon, G.L. Setting bioequivalence requirements for drug development based on 
preclinical data: optimizing oral drug delivery systems. J. Control. Rel. 1999, 62, 41-49. 
 
2 Devane, J. Oral drug delivery technology: addressing the solubility/permeability paradigm. 
Pharm. Tech. 1998, November, 68-80. 
 
3 Bonate, P.L.; Howard, D.R. Pharmacokinetics in drug development Volume 1: clinical study 
design and analysis. AAPS Press, Arlington, VA, 2004. 
 
4 Gibaldi, M. Biopharmaceutics and clinical pharmacokinetics. Third Edition. Lea & Febiger, 
Philadelphia, PA, 1984. 
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Beside the passive diffusion of drugs, in some cases, an alternative drug transport through 

the GI membrane may occur. The latter consists of an active carrier-mediated transport, 

which takes place when the GI system transports substances against the concentration 

gradient.  

The carrier-mediated transport is more complicated to describe. An equation characterizing 

this type of drug transport is reported in figure 1: once again, it directly correlates the 

absorption rate with the concentration of the drug in the GI fluids. However, in this case, 

this relationship is only valid for the initial part of the absorption process. While, in the 

second part, in view of the fact that this type of drug transport depends on the number of 

unoccupied carriers available, the amount of drug molecules that cross the membrane 

declines when a maximum number of drug molecules is reached and all carriers are 

occupied (figure 1). 

-GI blood flow. One of the most important effects of the GI blood flow consists in the 

hepatic first-pass effect. That is, all the GI blood returns to the systemic circulation by way 

of the liver. Consequently, the drug absorbed is exposed to the liver, which is the most 

specialized organ of our body in the metabolism process. Accordingly, the risk that a large 

amount of drug goes through the liver to be metabolized never reaching the systemic 

circulation is significant. This way the oral BA of the drug may be altered. 

-GI pH. Very often, the GI barrier is unevenly permeable to charged and uncharged forms 

of the same molecule. The pH value in the major components of the GI tract (i.e. the 

stomach, small intestine, large intestine and colon) is changing, from the more acidic pH 

value of 1.5 in the stomach, to a basic pH value of nearly 8 in the colon part. The different 

pH values of the GI system will influence the charged/uncharged ratio of the drug and, as a 

consequence, its absorption rate. 
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-Gastric emptying and the GI motility. As mentioned above, the absorption rate of the drug 

may be altered by the GI pH since the drug molecule does permeate the GI membrane 

unevenly in charged or uncharged forms. For example, a weak acid is easily absorbed at a 

more acidic part of the GI system (for example the stomach). However, the residence time 

of the drug in that part of the GI where it is easily absorbed strongly correlates with the 

gastric emptying and gastric motility. Consequently, its absorption rate could be influenced 

by an alteration of these physiological factors. 

-Food effects. Food may influence the rate of absorption of the drug since it can change all 

the other previously mentioned physiological factors. In fact, food assumption can 

influence the gastric motility and delay or accelerate the gastric emptying. Food can also 

modify the hepatic first pass effect and, finally it can alter the pH in different tracts of GI 

system. 

b) Physicochemical factors. Beside the physiological factors related to the GI system, 

other physicochemical factors, typical for each drug, may influence oral absorption. The 

most important ones are reported below. 

-Drug dissolution/solubility. When the drug is orally administered, it must dissolve in the 

GI fluids in order to be absorbed. Drug dissolution is a kinetic process that depends on a 

series of factors that will be thoroughly described in the subsequent chapters. In general, 

the Noyes-Whitney5 equation describes the drug dissolution and correlates it with the 

solubility phenomenon  

 

��
�� = � ��	 − ��                                                        (1) 

                                                 
5 Noyes, A.A.; Whitney, W.R. The rate of solution of solid substances in their own solutions. J. 
Am. Chem. Soc. 1897, 19, 930-934. 
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where M is the mass of the solubilized drug, Cs is the solubility at equilibrium of the drug 

in the solvent, an intrinsic property of the drug, C is the concentration of the drug at time t. 

K is a constant that is defined as: 

 

� = �
 ∗ �

�                                                                   (2) 

 

where D is the diffusion coefficient, V is the solvent volume, A is the surface area of the 

drug in contact with the solvent and H represents the thickness of the diffusion layer. 

The GI fluid is an aqueous enviroment having a pH value that, as previously stated, may 

change in different parts of the GI system. In this pH range, the drug may exist in the 

charged and/or uncharged forms. This depends on the negative logarithm of the acidic 

dissociation constant (pKa) of the specific drug. The correlation between the pH of the 

solution (in the present case the GI fluid), the pKa of the drug and the rate of 

charged/uncharged molecules, is given by the Henderson-Hasselbalch equation: 

in the case of an acidic drug 

 

��� − �� = log �����
�� �                                                 (3) 

 

In the case of basic drug 

 

��� − �� = ��� � ��
�����                                                 (4) 

 

where the ch and unch are the charged and uncharged forms, respectively4.  



Chapter 1. Origin and scope 

9 

Since the solubility and the dissolution rate of the drug in the charged and uncharged form 

can significantly change, their sum represents the total solubility of the drug. Thus, by a 

combination of the above equations it is possible to correlate the dissolution kinetic with 

the pH value of the dissolution enviroment4. Accordingly, in the case of an acidic drug we 

have: 

��
�� = K ∗ Cs #1 + &'∗

()*+,                                                 (5) 

 

and for a basic drug:  

 

��
�� = K ∗ Cs #1 + ()*+

&'∗ ,                                                 (6) 

where [H+] is the concentration of hydrogen ions. 

 

From eqs. (5)-(6) it can be deduced that basic drugs are more soluble at an acidic pH. 

Conversely, an acid drug is better soluble in a basic environment. 

-Particle size, surface area, and crystal form. These factors are strongly correlated to the 

drug solubility/dissolution as much as even slight changes in the surface area and/or 

particle size dramatically influence the solubility and/or the dissolution rate of the drug. 

The crystal form is also important given that different crystal structures may or not have 

different solubility values. 

-Drug stability in the GI tract. The drug must be stable in the GI fluids in order to be 

acceptable for oral administration. In fact, stability problems like hydrolysis and enzymatic 

degradation are often the main obstacles to oral drug administration. The stability factor 

can influence not only the oral BA but also the pharmacological and toxicological effects 

of the drug. 
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-Other physicochemical factors like complexation, adsorption etc3,4.  

As previously mentioned, oral absorption is the primary drug requisite for oral 

administration. Besides determining the most important factors that can influence oral 

absorption, it is also necessary to group the drugs on the basis of their suitability for oral 

administration. In this context, Amidon and co-workers, performed the most frequently 

used biopharmaceutical classification system (BCS) which groups the drugs into four 

classes on the basis of their solubility and permeability (figure 2)6 properties. Going into 

more details, the BCS classification derived from a theoretical study, which simulated the 

absorption from an ensemble of solid drug particles flowing in the intestinal lumen, 

assuming constant permeability and no particles-particles aggregation. Three 

dimensionless numbers (the dose, dissolution and absorption number) were determined as 

regulators of drug absorption. Finally, the drug permeability and solubility were identified 

as the crucial parameters controlling the drug absorption. A simplified scheme describing 

the absorption phenomenon of a drug is reported in figure 3. As shown in this figure, the 

two most important steps are the solubilization of the drug since it cannot get into the 

systemic circulation as solid. Absorption of a solubilized drug proceeds rapidly. In order to 

be orally bioavailable the drug must therefore be solubilized in the GI fluid and then it 

must be able to pass through the GI membrane by passive diffusion or active transport. 

Accordingly, drugs can be divided into high/low solubility-permeability classes: 

Class 1. High Solubility and high Permeability drugs. Class 1 drugs show neither solubility 

nor absorption problems and represent the most suitable class of drugs for oral 

administration. 

                                                 
6 Amidon, G.L.; Lennernas, H.; Shah, V.; Crison, J.H. A theoretical basis for a biopharmaceutic 
drug classification: the correlation of in vitro drug product dissolution and in vivo bioavailability. 
Pharm. Res. 1994, 12, 413-420. 



Class 2. Low Solubility and high Permeability drugs

reproducible dissolution profile. The solubility/dissolution rate may be very low and 

represents the main limiting step for oral absorption.

Figure 2

Figure 3. Scheme describing the two key steps influencing the oral BA of a drug.

Class 3. High Solubility and low Permeability drugs

and extent of absorption may be highly variable

suitable BA to obtain the desired pharmacological effect.
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. Low Solubility and high Permeability drugs. Class 2 drugs necessitate a clear and 

reproducible dissolution profile. The solubility/dissolution rate may be very low and 

represents the main limiting step for oral absorption. 

 

Figure 2. The BCS according to Amidon and co-workers
 

 

. Scheme describing the two key steps influencing the oral BA of a drug.

. High Solubility and low Permeability drugs. In this class of drugs, both the rate 

and extent of absorption may be highly variable. Oral administration do

suitable BA to obtain the desired pharmacological effect. 
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. Scheme describing the two key steps influencing the oral BA of a drug. 

this class of drugs, both the rate 

administration does not guarantee a 
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Class 4. Low Solubility and low Permeability drugs. The drugs belonging to this class are 

very problematic for effective oral delivery and in many cases alternative routes of 

administration are proposed. 

The BCS suggests that the drugs belonging to class 1 are probably the most suitable 

molecules for oral administration. Class 2 drugs may also be appropriate but call for 

preliminary physicochemical modifications in order to avoid solubility problems. Class 3 

and 4 are not suitable for oral administration due to permeability problems that are often 

related to their chemical structure. Permeability inconvenience is difficult to impede even 

after pre-treatment. Only significant modifications of the drug chemical structure may 

avoid this drawback. However, such drastic changes are adverse because the risk to alter 

the pharmacological properties of the molecules becomes extensive. 

The BCS sets the regulatory framework for the classification of drugs. However, 

unfortunately, due to the significant number of factors that can alter the oral BA of the 

drug, it can be stated that, although class 1 and 2 drugs represent suitable molecules for 

oral administration, their ingestion does not necessarily mean that they will reach the site 

of action. Likewise, if the site of action is reached, there are no guarantees that the 

concentration would be sufficient to cause a pharmacological response and, at the same 

time, not exceengly high so that it would reach the toxicity range. 

Historically, it is always possible to find written examples of different diseases treated with 

drugs mostly in the form of herbal medicine with no care for the dosage, frequency of 

dosing and dosage form. In fact, in the earliest times drugs were administered as chewing 

leaves, roots of medical plants or inhalation of soot from the burning of medical substances 

that are primitive dosage forms where the drug BA depends exclusively in its suitability for 

oral administration. 
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Today, drugs are potent, analytically pure, and highly selective for a specific site of action. 

Moreover, in the modern era, scientists are more conscious about the correlation existing 

between the dose, frequency of dosing and the pharmacological effect.  

The modern pharmaceutical scientists spend much effort to optimize drug concentration at 

the site of the action, and to render its pathway into human body less dependent on the 

huge number of factors mentioned above. In this logic, the modern drug is seldom 

administered alone, but rather as a drug delivery system (DDS).  

A DDS can be defined as a relatively simple or complex system composed by the active 

ingredient (drug) and one or more organic and/or inorganic substances named excipients. 

The role of the excipient/s consists in the modulation of the biopharmaceutical and/or 

physicochemical properties of the drug in order in favor of a suitable pharmacological 

effect and, if necessary, to avoid the toxicity problems (figure 4). However, the modern 

pharmaceutical evolution “drug → system (DDS)” requires accurate studies i.e., it needs 

high knowledges at different scientific fields like chemistry, mathematics, physics, and 

biology. 

The pharmaceutical research field that study the “development” of the raw drug into a 

DDS capable of guaranteing adequate concentrations inside the human body, is called 

pharmaceutical technology, and it deals with the application of scientific knowledge or 

technology to pharmaceutics. Beside the necessity of a multidisciplinary knowledge, this 

research field includes techniques and instrumentation, in the manufacture of DDS. The 

techniques used are different and, consequently the DDS are various. However, in the 21st 

century, beside the objective of producing DDS with optimal properties, there is the need 

to use techniques that are compatible with the environment and safe for the patient. 

Accordingly, those technologies that transform the drug into a modern DDS without using 



Chapter 1. Origin and scope 

14 

solvents (e.g. at the solid state) 

improvement of such processes sets itself apart

 

Figure 4. Pharmaceutical evolution
the derived key advantages

 

Based on the above-mentioned statements, t

evaluate innovative solid DDS in order to optimize the oral BA of class 1 and class 2 

model drugs. Namely, in the case of class 1 drugs, sustained

in order to extend (up to 24 hours) t

therapeutic limits) while hot melt extrusion was 

the production of such DDS. In the case of class 2 drugs, 

problems, the attention was focu

reduce at maximum this important drawback. 
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In the first part of the thesis, the scope was to produce sustained-release extrudates 

consisting of an inert excipient and a class 1 model drug (monolithic inert matrix systems). 

This type of DDS very often slows down very much the release of class 1 drugs due to the 

high lipophilicity of the inert excipient and to the reduced surface area of the drug (after 

extrusion) in contact with the dissolution medium. In order to overcome these drawbacks, 

an innovative approach was proposed, consisting in the modification of the geometrical 

design of the extrudates, from the classical cylindrical shape to a specific helical one. The 

choice of the helical extrudates has a technological origin i.e. the natural tendency of the 

masses to bend. This shape also has a more convenient mass to encumbrance ratio, easier 

to fit in hard gelatine capsules. Different helical shapes were considered containing 

different amounts of drug (theophylline). Subsequently, a detailed physicochemical 

characterization of the extrudates was performed using the classical cylindrical extrudates 

as a matter of comparison. The study followed with the in vitro release and in vivo studies 

on healthy volunteers.  

Finally, with reference to mathematical modeling, the new challenge in the drug delivery 

field is combining mechanistic theories able to realistically describe the simultaneous 

processes of drug release and the subsequent ADME processes within the human body, a 

detailed mathematical study, of the drug release/ADME processes was also performed. In 

particular, the attention was focused on the existing relationship between the release 

process in the GI tract and the following ADME processes. 

In the second part of the thesis the aim was to enhance the oral BA of class 2 drugs 

(vinpocetine and vincamine), thus to produce immediate-release DDS. The most common 

approaches to such objective consists of the disruption of the crystalline structure i.e. the 

formation of more soluble disordered structures or, when the drug is ionizable, the 
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transformation in a salt. In this part of the thesis both approaches were undertaken by using 

the mechanochemical process, performed in a planetary ball mill.  

The mechanochemical activation of vinpocetine was performed in the presence of different 

cross-linked polymers. Then, a multidisciplinary approach was used to characterize the 

composites (including a dedicated software to quantify the amorphous phase and the 

dimensional distribution of the residual nanocrystalline drug) followed by in vivo studies in 

rats. Once again, a mathematical analysis of the ADME processes was perfomed.  

The process and formulation variables that influence the amorphization degree and the 

biopharmaceutical properties of the final product were analyzed by a comprehensive 

statistical approach. 

Salt formation via mechanochemistry is a very recent application of mechanochemistry. 

Consequently, up to now, the control of the reaction rate is limited due to the scarce 

knowledge of the mechanism/s involved in the solid-state mechanochemical reactions. In 

this part of the thesis, besides the multidisciplinary characterization performed on the salt 

products, the attention was focused to optimize and ameliorate the rate of the solid-state 

reaction. 
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2.1.1. Rationale of using sustained
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a therapeutic effect. The drug pathway from the site of administration to the biological 
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intensity and time course of therapeutic and 
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pathway in the human body are the drug absorption, distribution, 

elimination (ADME processes, figure 

As previously mentioned, class 1 drugs are both highly soluble and permeable molecules. 

Moreover, these molecules are usually uniformly absorbed in the GI i.e. they do not have a 

specific site of absorption. Consequently, the systemic concentration of thes

mainly depend on the ADME processes. 
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pathway in the human body are the drug absorption, distribution, metabolism,
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As previously mentioned, class 1 drugs are both highly soluble and permeable molecules. 

Moreover, these molecules are usually uniformly absorbed in the GI i.e. they do not have a 

specific site of absorption. Consequently, the systemic concentration of thes

mainly depend on the ADME processes.  
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its pharmacologic effect in the body after oral administration
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a class 1 drug is reported in 

from a pharmacokinetic point of 

and its distribution in all the fluids and 

continuous increase of the drug 
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when the drug is administered alone (i.e. 
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exceeds the absorption rate 

the systemic concentration starts decreasing (figure 2). 
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Figure 3. Hypothetical concentration
of a low dose D1 (yellow), medium dose D2 (orange), high dose D3 (

(blue) and their possible relationship with the therapeutic concentration range
 

The third step (dE/dt >>> dA/dt) 

GI that starts to decrease and do

subsequent drug absorption. 

Most drugs possess therapeutic concentration limits i.e. a range of concentration within 

which the drug produces a pharmacological effect. 

When a given dose of the drug is administered to the patient

reached. First, the drug concentration

pharmacological effect. Hence, 

concentration value (MEC): b

pharmacological response although drug molecules may be 

action. Secondly, the upper limit 

release DDS for class 1 drugs prepared by Hot Melt Extrusion

 

concentration-time curve for a class 1 drug after oral administration 
of a low dose D1 (yellow), medium dose D2 (orange), high dose D3 (red), multiple dosing 

and their possible relationship with the therapeutic concentration range

third step (dE/dt >>> dA/dt) can be related, for example, to the amount of the drug in 

GI that starts to decrease and does not guarantee a high enough concentration to ensure 

therapeutic concentration limits i.e. a range of concentration within 

a pharmacological effect.  

drug is administered to the patient, two main objectives

. First, the drug concentration at the site of action must be sufficient to 

 the drug must reach at least the minimum effective 

below the MEC, it is not possible to observe a

pharmacological response although drug molecules may be already present at the site of 

, the upper limit of the therapeutic range, named minimum toxic 

prepared by Hot Melt Extrusion 

for a class 1 drug after oral administration 
multiple dosing 

and their possible relationship with the therapeutic concentration range. 

the amount of the drug in 

concentration to ensure 

therapeutic concentration limits i.e. a range of concentration within 

two main objectives must be 

sufficient to induce a 

minimum effective 

it is not possible to observe any 

present at the site of 

of the therapeutic range, named minimum toxic 



2.1. General considerations 

21 

concentration (MTC, figure 3) is of crucial importance since it represents the starting point 

of the drug toxicity concentration range: when this concentration is exceeded, the adverse 

effects of the drug prevail over its benefits. 

Another crucial parameter to be taken into consideration is the time period where the drug 

concentration remains within the therapeutic range. In some cases, this period may be very 

short and not suitable for an optimal therapeutic treatment. As previously mentioned, the 

duration of the drug in the systemic circulation is a function of its concentration at the site 

of absorption (GI tract) and of pharmacokinetics (ADME processes). In some cases, the 

period of time where the drug concentration remains within the therapeutic range is too 

short from a pharmaceutical therapy point of view. In these cases, the most simple and 

immediate solution consists in the enhancement of the given dose. This alternative may 

bring about a higher drug concentration at the systemic circulation. Consequently, a longer 

period of time is requested for drug elimination giving rise to a longer therapeutic effect. 

However, despite its simplicity, this approach is hazardous, especially for those drugs that 

have a short therapeutic range i.e. a short difference between the MTC and MEC values, 

moving into the toxicity drug levels very easily (figure 3). 

Another approach could be multiple dosing at fixed time intervals. The time intervals are 

estabilished based on the drug pharmacokinetic characteristics and by the use of the 

therapeutic index1. However, although some precautions are usually taken in case of 

multiple dosing, the concentration–time profile of the drug has the typical behaviour 

reported in figure 3. As it can be observed from figure 3, the in vivo profile of multiple 

dosing is characterized by high variability of the plasmatic concentrations, risking once 

again falling in the toxicity range. Moreover, the multiple dosing approach does not meet 

patient compliance. 

                                                 
1 Gibaldi, M. Biopharmaceutics and clinical pharmacokinetics. Third Edition. Lea & Febiger, 
Philadelphia, PA, 1984. 
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Figure 4. A comparison of the systemic concentra
SDDS (green curve) with those obtained by multiple dosing

Figure 5. The key advantages obtained by using a SDDS. 
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For the above reasons, the use of a controlled-release DDS for class 1 drug often appears 

as the most suitable solution. The term “controlled-release” indicates that the drug in such 

DDS is delivered to the body in a planned, predictable, and slower-than-normal manner2. 

Controlled-release DDS’s, by gradually delivering the drug, are able to prolong its 

systemic concentration permanence within the therapeutic range (figure 4).  

Going into details, the controlled-release DDS, stretches out the second step of the 

concentration profile (figure 2) i.e. it is able to lengthen the phase where dA/dt equals 

dE/dt. In other words: using a controlled-release DDS, it is possible for the drug pathway 

in the human body to be less dependent on the ADME processes. The Adjustment of the 

absorption rate with the elimination rate is made by delivering a suitable amount of the 

drug in order to guarantee sufficient concentration differences for a continuous drug 

absorption over a longer period of time (usually from 12 to 24 hours). 

The terminology of controlled-release DDS is complex and it is not used only for those 

DDS that are designed for oral administration3. In fact, the controlled-release DDS’s that 

are able to prolong the drug release and its systemic concentrations after oral 

administration are frequently termed “sustained-release DDS” (SDDS).  

In general, SDDS’s show a drug releases mechanism similar to that of most controlled-

release DDS’s. A slight difference can be found in the first part of the release profile of the 

SDDS’s that is usually more rapid in order to reach the MEC value of the drug as soon as 

possible. This phenomenon is usually named “burst release”4 Together with the prolonged 

                                                 
2 Ansel, H.C. Introduction to pharmaceutical dosage forms. Fourth Edition. Lea & Febiger, 
Philadelphia, PA, 1985. 
 
3 Wilson, C.G.; Crowley, P.J. Controlled release in oral drug delivery. Springer, London, UK, 
2011. 
 
4 Huang, X.; Brazel, C.S. On the importance and mechanisms of burst release in matrix-controlled 
drug delivery system. J. Control. Rel. 2001, 73, 121-136. 
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therapeutic effect, the SDDS’s present a series of other benefits for both the patient and the 

industry that are listed in figure 5. 

There is a vast number of SDDSs’ that differ from one other by two main aspects: the drug 

release mechanism (ranging from simple matrix systems to complex osmotic delivery) and 

the technological processes used to make them (coating, microencapsulation, granulation, 

pelletization, hot melt extrusion etc).  

SDDSs’ formed by the drug dispersed or embedded in a polymer or another material are 

usually named matrix-based SDDSs. The release mechanisms in the matrix-based SDDSs’ 

depend mainly on the physicochemical properties of the dispersant agent/s. Matrix based-

systems can be divided in different classes: 

1) Monolithic matrix systems, formed only by one matrix agent containing the drug in the 

form of solid dispersion or solid solution (see below).  

a) Hydrophilic matrix systems: the drug is dispersed in a water-soluble matrix agent. In this 

case, the drug release mechanism depends on the solubilization characteristics of the agent 

(e.g. swelling properties hydration, dissolution etc). 

b) Inert matrix systems: the matrix agent is not soluble in the GI fluids, and it is usually 

excreted intact by the GI system. In this system the drug release occurs by simple 

diffusion. 

2) Reservoir systems, where the drug is grouped in one or more reservoirs coated with a 

polymeric barrier coat. 

a) Simple erosion systems: in these matrix-based SDDS drug is released by core erosion 

and/or by diffusion of the drug from the coat. 

b) Osmotic systems: the drug is contained within a semipermeable membrane holed for 

drug release. In these systems, the generated osmotic pressure governs the amount of the 

released drug. 
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Owing to simplicity and cost-effectiveness, inert matrix systems are one of the most 

common methods in the industry to produce SDDS’s. Accordingly, Hot Melt Extrusion 

technology is currently one of the most studied approaches in order inert matrix-based 

SDDS’s. 

2.1.2. Hot Melt Extrusion (HME) technology 

Joseph Brama who used this process for the production of lead pipes invented the Hot Melt 

Extrusion (HME) technology at the end of the eighteenth century5. After a “dark period” 

where HME disappeared from the list of manufacturing technologies, it was proposed in 

the mid-nineteenth century as an innovative process in the plastic industry. Nowadays, 

HME represents the foremost process for the production of a wide number of plastic 

products like bags, sheets and pipes5.  

It was only in a recent time that HME process was proposed for use in the pharmaceutical 

field. The pharmaceutical manufacturers “rented” the HME process from the plastic 

industry because they have twigged the real potential of this process in the production of 

innovative DDS and/or in the improvement of the manufacturing processes of already 

existing DDS. In particular, HME is very suitable for the production of solid DDS like 

granules, pellets and tables. Several research groups proposed HME technology as a viable 

way to produce innovative DDS making possible a constant increase in the number of 

HME patents issued for pharmaceutical applications6.  

HME technology offers many advantages for pharmaceutical application, the most 

important are: 

                                                 
5 Kaufman, H.S.; Falcetta, J.J. Introduction to polymer science and technology: an SPE textbook . 
John Wiley & Sons, New York, USA, 1997. 
 
6 Crowley, M.M.; Zhang, F.; Repka, M.A.; Thuma, S.; Upadhye, S.B.; Battu, S.K.; McGinity, J.W.; 
Martin, Ch. Pharmaceutical applications of hot-melt extrusion: part 1. Drug Dev. Ind. Pharm. 2007, 
33, 909-926. 
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a) solvent-free process that is one of the main objectives for 

pharmaceutical scientists 

b) it is often represented as one step process 

processes are avoided 

c) relatively small equipment is required even at the industrial scale

d) the process parameters can be easily controlled by the operator/scientist

As previously stated, it is possible to develop different DDS having 

(e.g. SDDS) by using HME. However, 

produced via HME are matrix-

appropriate properties for extrusion. Hence, the DDS produced via HME are

solid dispersions of the drug into a matrix agent

possess different properties on the basis of the 

excipient/s used: 

a) case 1: the excipient used is water

for class 1 drugs in order to obtain controlled

and the drug usually are not affine i.e.

dispersed in the matrix maintaining

crystalline solid dispersion (figure 

Figure 6. Relevant types of solid dispersions produced by HME and their 
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b) case 2: the matrix agent used is water-soluble. The water-soluble excipients are used in 

order to ameliorate the dissolution properties of poorly soluble drugs such as class 2 drugs. 

In this case the excipient is selected so as to intimately interact with the drug in order to 

destroy its crystalline structure and form an amorphous system or even a molecular 

dispersion (solid solution), giving rise to an another type of DDS i.e. an immediate-release 

DDS (IDDS, figure 6, middle). 

c) case 3: the matrix is a mixture of water-insoluble and water-soluble agents. These more 

complicated systems, are usually used to deliver at the same time different drugs, e.g. class 

1 and class 2 drugs that may be incompatible, or for a series of other reasons. The final 

product can be a SDDS, an IDDS or both, permitting different possible uses (figure 6, 

right). 

HME process usually requires little equipment. The main instrument of HME is the 

extruder. The extension from the plastic to the pharmaceutical industry of the HME 

process unavoidably brought about some modifications to the extruder which needed to 

adapt to the very demanding regulatory requirements of the pharmaceutical manufacturing 

processes. Generally, the HME equipment consists of the extruder, downstream auxiliary 

equipment and other monitoring tools7 

The downstream auxiliary equipment consists of a variety of systems necessary to support 

the extrusion process. Here are included: the extrudates cooling system, collecting system, 

etc. 

The monitoring tools include all the examinations needed to assess the performances of the 

extruder and the quality of the final product. 

The extruder, the main instrument, is the machine that forces the melt/molten or wet 

material through a die in order to obtain a homogeneous solid dispersion having a well 

                                                 
7 McGinity, J.W.; Repka, M.A.; Koleng, J.J. Jr.; Zhang, F. Hot-melt extrusion technology. 
Encyclopedia of Pharmaceutical Technology. Informa Healthcare. USA. 2007. 
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defined geometrical design. In general

which generate the energy necessary fo

which the powder is loaded into the extruder c)

the extruder where the extrusion process 

particular attention. Finally, d) the die which 

The die has a critical function 

product. 

The pharmaceutical extruders and

the basis of the extrusion chamber: screw ex

2.1.2.1. Screw extruders 

In this type of extruders, the extrusion chamber consists of a rotating screw inside a 

barrel. These extruders are available as single or twin screw.

Figure 11. A schematic representation

a) Single-screw extruders.  

The single-screw extruder is the most used extrusion system

schematically a typical single-screw extruder 
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general, the extruder consists of four parts: 

which generate the energy necessary for the extrusion of the product b) the 

der is loaded into the extruder c) the extrusion chamber that is the “heart” of 

where the extrusion process occurs. Here, a series of parameters 

d) the die which is placed at the end of the extrusion chamber. 

 since it determines the geometrical design of the final 

and the extrusion process can be classified into

the basis of the extrusion chamber: screw extruders and ram extruders. 

, the extrusion chamber consists of a rotating screw inside a 

barrel. These extruders are available as single or twin screw. 

atic representation of the main parts of a single-screw extruder.
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single-screw inside a heated barrel (the extrusion chamber) and the die, placed at the end of 

the extrusion chamber. The motor is directly connected to the screw and generates the 

energy necessary for rotation. The screw’s rotation ensures the feeding, melting, grinding 

and mixing of the components.  

The hopper is also directly connected to the screw. For this reason, the dimensions of the 

screws are important since they transport the solid from the hopper to the extrusion 

chamber. In fact, it has been observed that screws below 1.8 cm generate a weak screw 

which makes the transport of solids through the extrusion chamber very difficult6.  

Concerning, the process material, this must have good flow properties. As a rule: the 

material is suitable for extrusion when it forms an angle between the sidewall of the hopper 

and a horizontal line larger than the angle of repose of the feed stock7.  

The screw’s speed is one of the most important parameters influencing the quality of the 

final product since it determines the mass transit time through the extrusion chamber. The 

temperature of the process can be set through the heated barrel surrounding the screw. In 

modern extruders, the heated barrel is divided in different autonomous sections that are 

normally controlled by electrical heating bands and the temperature is monitored by 

thermocouples. This way it is possible to process the material at different temperatures 

(figure 7) keeping the generated pressure low. However, in this phase it must be born in 

mind that the shearing forces generated by the rotation of the screw also heat the material. 

Hence, it is very important to not exceed with the electrical heating of the barrel to avoid 

over-heating that may cause point-located degradation of the material. After mixing, 

grinding melting/softening in the extrusion chamber, the mass is subsequently extruded 

through a suitable die obtaining products with a uniform geometrical design. Usually, the 

extrudates have different diameters depending on the diameter of the die’s hole/s. 

However, the extrudate is usually slightly larger than the die’s diameter. This phenomenon 
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is known as “die swell” and is a consequence of the high pressures 

subjected causing a high deformation of the 

previously mentioned, the final part of the extrusion chamber where the die is placed,

steadily and often shows the highest 

“relax” as soon as exits the extruder

of the “die swell” phenomenon 

used.  

b) Twin-screw extruders.  

Twin-screw extruders were developed for the first time in 1930’s in Italy and, as the 

implies, the number of screws is

other parts of the extruder are similar to those of the single

similar properties, the motor generate

the end of the extrusion chamber (figure 

Figure 8. Schematic 

Twin-screw extruders utilize two screws that are usually 

significant number of different configurations of the extrusion chamber zones.
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is known as “die swell” and is a consequence of the high pressures to which the material is 

a high deformation of the physical structure of the excipient. In fact,

the final part of the extrusion chamber where the die is placed,

the highest pressure value. The deformed excipient t

“relax” as soon as exits the extruder giving rise to the “die swell” phenomenon. 

phenomenon depends on the viscoelastic properties of the excipient 

were developed for the first time in 1930’s in Italy and, as the 

is the main difference with the single-screw extruders. 

other parts of the extruder are similar to those of the single-screw extruder: the hopper ha

milar properties, the motor generates the rotation of the screws and the die is placed at 

the extrusion chamber (figure 8). 

Schematic representation of a twin-screw extruder. 

screw extruders utilize two screws that are usually side-by-side (figure 8) allowing a 

significant number of different configurations of the extrusion chamber zones.
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(counter-rotating twin-screw extruder). 

Figure 9. Illustration of a

Figure 1

2.1. General considerations

Different configurations permit different shear levels and speed operation. The two screws 

may rotate in the same direction (co-rotating twin-screw extruder) or at opposite directions 

screw extruder).  

 

 
. Illustration of a co-rotating twin-screw extruder (Leistriz, mikro 27

Figure 10. An example of a co-rotating twin-screw design
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Different configurations permit different shear levels and speed operation. The two screws 

screw extruder) or at opposite directions 

 

Leistriz, mikro 27GL-28D). 

 

screw design. 
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The counter-rotating twin-screw extruders are employed when high shear forces are 

necessary to extrude the material. On the other hand, co-rotating twin screw extruders 

(figure 9) are largely utilized on the industrial scale for ther perform better than the 

counter-rotating twin screw extruders in terms of higher screw speed, lower pressures, less 

amount of air entrapped etc.  

In general, twin-screw extruders have some advantages over single-screw extruders such as 

higher dispersion capacities, less tendency to over-heat the material and shorter transit 

time8.  

The design of the extrusion screw is one of the most important parameters influencing the 

efficiency of the HME process in all screw extruder types. An extrusion screw is usually 

made from surface coated stainless steel in order to reduce friction and possible surface 

erosion. As previously mentioned, the role of the screw (that is, the “heart” of the screw-

extruder) is firstly to transfer the material inside the barrel, then to process it during the 

transit time in the extrusion chamber (mixing, compression etc.) and finally to pump the 

processed mass through the die. The screws are designed with several diverse sections 

having a significant impact on the extrusion process. Screw’s design can be selected to 

meet particular requirements such as mass transport, mixing or melting etc. However, 

among different possible configurations, the screw is usually designed with three sections 

(figure 14): feeding, mixing or compression, and metering. Several parameters (e.g. helix 

angle, channel width, flight clearance etc.6) differentiate the screws from each other, in 

different sections. The feeding section of the screw is placed near to the hopper, its main 

task being the transfer of the material from the hopper to the barrel. Here, the energy 

transferred to the material is low and the screw is designed to facilitate the mass flow. 

Then, in the compression zone, the role of the screw is to transfer high amounts of energy 

                                                 
8 Repka, M.A.; Shah, S.; Lu, J.; Maddineni, S.; Morott, J.; Patwardhan, K.; Mohammed, N.N. Melt 
extrusion: process to product. Expert. Opin. Drug. Deliv. 2012, 9, 105-125. 



to the material and to avoid air entrapment. Finally, in the metering zone

designed to ensure a constant delive

2.1.2.2. Ram extruders

Ram extruders are suitable for lab scale extrusion trials. 

screw extruders is their flexibility

the industrial-scale production

similarly to the screw extruder, consists 

The feeding of the material is usually performed manually.

Essentially, the difference consists in

of ram extrusion being high

consists of a heated barrel similar to that of screw extruders

electrically controlled, an

high pressure (figure 11

horizontally (horizontal ram extruders).

Figure 11. Left: a sch

2.1. General considerations

to the material and to avoid air entrapment. Finally, in the metering zone

designed to ensure a constant delivery through the die cavity.  

Ram extruders 

Ram extruders are suitable for lab scale extrusion trials. The main advantage 

their flexibility. They are very often used for preliminary test

production in case of innovative formulation

similarly to the screw extruder, consists of the motor, the extrusion chamber and the die. 

material is usually performed manually. 

difference consists in the mechanism of extrusion: the operating 

being high-pressure. Accordingly, the extrusion chamber in ram extruders 

a heated barrel similar to that of screw extruders, i.e. its temperature is 

electrically controlled, and a positive displacement ram or piston 

1). The ram can be placed vertically (vertical ram extruders) or 

(horizontal ram extruders). 

Left: a scheme of a vertical ram extruder, right: its illustration.
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to the material and to avoid air entrapment. Finally, in the metering zone, the screw is 

The main advantage over the 

preliminary testing before 

in case of innovative formulations. The ram extruder, 

extrusion chamber and the die. 

he mechanism of extrusion: the operating principle 

. Accordingly, the extrusion chamber in ram extruders 

i.e. its temperature is 

 capable of generating 

The ram can be placed vertically (vertical ram extruders) or 

 

its illustration. 
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Another advantage of the ram extruder over the screw extruder is the die: it is easily 

interchangeable in the former while it is more settled in the latter.  

In the ram extruder the operator usually inserts the mass manually and it is necessary to 

live it inside the chamber for a period of time (induction period) before extruding it. The 

longer time needed to extrude the mass with a ram extruder is the first drawback of these 

machines. As previously stated, the pressure generated by the ram forces the material 

through the die. Hence, during ram extrusion the mass is not further mixed as in a screw 

extrusion process, therefore the final product may have lower homogeneity in comparison 

with extrudates produced by screw extrusion. 

2.1.3. Application of HME technology for the production of SDDS. 

As previously stated, different research groups have investigated a huge number of 

applications of HME, in order to form different DDS and/or to facilitate the dosage form 

design. The large flexibility in the materials selection is one of the most important virtues 

of HME that allows to develop efficient DDS having different drug delivery mechanisms 

such as IDDS, SDDS and other more complex systems. For example, there are several 

studies that put forward HME as a very reliable technology to produce IDDS. In this 

context, one of the most used hydrophilic excipient is the polyethylene glycol (PEG) which 

was showed to be a very good excipient for extrusion in both ram and screw extruders 9,10. 

Other recent studies suggested using the co-extrusion process11, that consists of the 

simultaneous but separate extrusion of two different excipients in order to obtain complex 

                                                 
9 Perissutti, B.; Newton, J.M.; Podczeck, F.; Rubessa, F. Preparation of extruded carbamazepine 
and PEG 4000 as a potential rapid dosage form. Eur. J. Pharm. Biopharm. 2002, 53, 125-132. 
 
10 Mank, R.; Kala, H.; Richter, M. Preparation of drug containing extrusion pellets with a 
thermoplastic base. 2. The optimization of drug release. Pharmazie. 1990, 45, 592-593. 
 
11 Pinto, J.F.; Lameiro, M.H.; Martins, P.; Investigation on the co-extrudability and spheronization 
properties of wet masses. Int. J. Pharm. 2001, 227, 71-80. 
 



2.1. General considerations 

35 

systems that can behave as SDDS12. The co-extrusion process is of crucial importance 

since it bypasses compatibility problems between the excipients, the drug and the 

excipient, and between drugs when more than one biologically active molecule must be 

included in the formulation.  

SDDS may also be produced using only one excipient forming the matrix (monolithic 

matrix SDDS, see paragraph 2.1): this is the most popular system for controlled-drug 

release because of its ease of manufacturing. In such cases, the selection of the matrix-

former agent with suitable properties is of critical importance since it will influence the 

DDS in at least two ways: the mass ability to be processed and the drug-delivery 

mechanism.  

The suitability of an excipient for extrusion depends on its physicochemical properties 

such as melting point, glass-transition, thermoplasticity etc. During the extrusion process  

many excipients behave as pseudoplastic fluids which show a viscosity strongly related to 

the shear rate produced during the process. Moreover, the viscosity of the excipient melt 

will also depend on the temperature as described by the Arrhenius equation11,12.  

Similarly, the drug release kinetics of the monolithic matrix SDDS (produced by HME) 

will be highly influenced by the choice of the excipient. The release mechanisms involved 

are several and strongly related with the physicochemical properties of the excipient. In 

particular, when a inert monolithic matrix SDDS is used the main processes involved are: 

fluid permeation into the matrix, drug dissolution into the fluids and subsequent diffusion 

through the matrix. In the case of class 1 drugs, the equation describing the drug release 

from an inert matrix is: 

 

                                                 
12 Quintavalle, U.; Voinovich, D.; Perissutti, B.; Serdoz, F.; Grassi, G.; Dal Col, A.; Grassi, M. 
Preparation of sustained release co-extrudates by hot-melt extrusion and mathematical modeling of 
in vitro/in vivo drug release profiles. Eur. J. Pharm. Sci. 2012, 33, 282-293. 



Chapter 2. Sustained-release DDS for class 1 drugs prepared by Hot Melt Extrusion 

36 

                                        - = 2/ 0 ��
12∗                                                                  (7) 

where x is the amount of drug released per unit surface area after time t, A is the amount of 

drug loaded into the matrix, D is the coefficient of diffusion of the drug, and τ∗ is the 

matrix porosity. Hence, the drug release from this DDS will be prevalently diffusional with 

the exception of the drug placed on the surface i.e. not completely dispersed into the 

matrix.  

The most used materials in the preparation of inert matrix SDDS for oral formulations are 

hydrophobic materials such as ethyl cellulose and other cellulose insoluble derivatives, 

polymethacrylates fatty acids and waxes. Of these, waxes or synthetic triglycerides (e.g. 

carnauba wax13 or monoacid triglycerides14,15 or microcrystalline wax 
17 are common inert 

matrix forming excipients. They are particularly favorable excipients due to their relatively 

low melting point and to their chemical inertness against other materials.  

 

                                                 
13  Miyagawa,Y.; Okabe, T.; Yamaguchi,Y.; Miyajima, M.; Sato, H.; Sunada,  H. Controlled-
release of diclofenac sodium from matrix granule. Int. J. Pharm. 1996, 138, 215-224. 
 
14 Windbergs, M.; Strachan, C.J.; Kleinebudde, P. Understanding the solid-state behaviour 
of triglyceride solid lipid extrudates and its influence on dissolution. Eur. J. Pharm. 
Biopharm. 2009, 71, 80-87. 
 
15 Windbergs, M.; Strachan, C.J.; Kleinebudde, P. Tailor-made dissolution profiles by extruded 
matrices based on lipid polyethylene glycol mixtures, J. Control. Rel. 2009, 137 211-216. 
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Abstract 

The aim of this research was to prepare helical and cylindrical extrudates by melt extrusion 

and to evaluate their potential as sustained release dosage form. The systems contained 

theophylline as water-soluble model drug and microcrystalline wax as thermoplastic 

binder. The temperature suitable to ensure a successful extrusion process of formulations 

containing the wax in 3 different percentages was found to be below the melting point of 

the excipient. After the production of the extrudates in 3 different helical shapes (having 2, 

3 and 4 blades) and a classical cylindrical shape, the systems were studied by means of X-

Ray Powder Diffraction and Differential Scanning Calorimetry to check possible variations 

of the solid state of the drug during the thermal process. The morphology and chemical 

composition of the surface of the extrudates were examined by Scanning Electron 

Microscopy/ Energy Dispersive X-Ray Microanalysis to evaluate the presence of the drug 

on the surface of the extrudates and to monitor changes on the aspect of the waxy matrix 

during dissolution.  Then, the different systems were analysed from the in vitro dissolution 

point of view to study the influence of the shape and of the composition on the drug 

release. An in vivo pilot study on the best performing system (helix with 3 blades) was 

carried out on 5 healthy volunteers, and monitoring the intestinal transit by X-ray images. 

The resulting plasma profiles were analysed by means of a suitable pharmacokinetic 

analysis. Finally, an ad hoc mathematical model was developed to perform an accurate 

description of the in vitro release and in vivo performance of the 3-blades helical system. 
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2.2.1. Introduction  

In the latest years the request for formulations having modified release of active 

pharmaceutical ingredient (API) increased significantly, due to the possibility of reducing 

frequency of dosing. In this way side effects can be reduced, increasing safety of patients. 

Melt-Extrusion is a recent pharmaceutical processing technique that has demonstrated to be 

applicable to immediate release1 and sustained release dosage forms2,3. During the process, 

the mixture of binder, excipients and APIs are fed into the heated barrel, and extruded 

through the die attached at the end of the barrel. The molten thermoplastic polymer, 

functioning as binder during the process, rapidly solidifies when the extrudate exits the 

machine through the die. The geometrical design of the die will control the physical shape 

of the final product, giving, for example, cylinders, pipes or films. Melt extrusion offers 

different advantages over traditional processing techniques such as the absence of water 

and solvents, shorter and more efficient processing times, high reproducibility in selected 

conditions, and safety and compliance of the patient4. Thus the potential exists of 

producing a solid dosage form directly by extrusion.  

Non-bioerodible excipients are commonly used for sustained release dosage forms. Waxes 

or synthetic triglycerides (e.g. carnauba wax5 or monoacid triglycerides6,7 or 

                                                 
1 Perissutti, B.; Newton, J.M.; Podczeck, F.; Rubessa, F. Preparation of extruded carbamazepine 
and PEG 4000 as a potential rapid dosage form. Eur. J. Pharm. Biopharm. 2002, 53, 125-132. 
 
2 Michalk, A.; Kanikanti, V.R.; Hamann, H.J.; Kleinebudde, P. Controlled release of active as a 
consequence of the die diameter in solid lipid extrusion, J. Control Rel. 2008, 132, 35-41. 
 
3 Grassi, M.; Voinovich, D.; Franceschinis, E.; Perissutti, B.; Filipovic-Grcic, J. Theoretical and 
experimental study on theophylline release from stearic acid cylindrical delivery systems. J. 
Control. Rel. 2003, 30, 275-289.  
 
4 McGinity, J.W.; Repka, M.A.; Koleng, J.J. Jr.; Zhang, F. Hot-melt extrusion technology. 
Encyclopedia of Pharmaceutical Technology. Informa Healthcare. USA. 2007. 
 
5 Miyagawa, Y.; Okabe, T.; Yamaguchi, Y.; Miyajima, M.; Sato, H.; Sunada, H. Controlled-release 
of diclofenac sodium from matrix granule. Int. J. Pharm. 1996, 138, 215-224. 
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microcrystalline wax8) are common inert matrix forming excipients, which use may have 

particular advantages due to their relatively low melting point and to their chemical 

inertness against other materials. However, due to their marked lipophilic properties, the 

diffusion process of API from these inert matrix excipients can be very slow. As a 

consequence the amount of API released in such systems often is not satisfactory6. To 

overcome these drawbacks, an approach to increase the drug release, both in terms of rate 

and amount of solubilised API, is the addition of hydrophilic excipients. These substances, 

mainly PEGs and their derivatives, are expected to dissolve and hence to favour the API 

release by forming inside the lipophilic inert matrix a porous network (hollow channels) 

where the diffusion is more rapid7. 

Another approach to speed up the diffusion process is to modify the shape of the 

extrudates. In fact, the low drug diffusion from the inert lipophilic matrix can be due to the 

reduced surface area in contact with the dissolution medium of the cylindrical form of most 

common extrudates. Hence, some studies are aimed to improve dissolution performances 

by changing the length of the cylindrical extrudates or by using hollow cylinders8,9. To 

obtain a higher specific surface area and a faster dissolution it is also possible to decrease 

the diameter of the extrudate or to use a certain sieve fraction of milled extrudates2.  

In this context, the goal of the present study is a further in depth examination upon the 

influence of the shape on the release from melt extrudates.  

                                                                                                                                                    
6 Windbergs, M.; Strachan, C.J.; Kleinebudde, P. Understanding the solid-state behaviour of 
triglyceride solid lipid extrudates and its influence on dissolution. Eur. J. Pharm. Biopharm. 2009, 
71, 80-87. 
 
7 Windbergs, M.; Strachan, C.J.; Kleinebudde, P. Tailor-made dissolution profiles by extruded 
matrices based on lipid Polyethylene glycol mixtures. J. Control. Rel. 2009, 137, 211-216. 
 
8 Quintavalle, U.; Voinovich, D.; Perissutti, B.; Serdoz, F.; Grassi, G.; Dal Col, A.; Grassi, M. 
Preparation of sustained release co-extrudates by hot-melt extrusion and mathematical modeling of 
in vitro/in vivo drug release profiles. Eur. J. Pharm. Sci. 2012, 33, 282-293. 
 
9 Mehuys, E.; Vervaet, C.; Remon, J.P. Hot-melt extruded ethylcellulose cylinders containing a 
HPMC-Gelucire core for sustained drug delivery. J. Control. Rel. 2004, 94, 273-280. 
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In particular, in this research helical extrudates (with 2, 3 or 4 blades) and conventional 

cylindrical extrudates were produced by means of a hot-stage process, by a suitable design 

of the die. It is hence expected that increasing the surface area in contact to the medium, 

the release is speeded out. The choice of the helical extrudates was due to the technological 

reasons (following the natural tendency of the masses to bend). This shape has also a more 

convenient mass to encumbrance ratio to be fit in a hard gelatine capsules. 

After the production of the extrudates in 3 different helical shapes and in a classical 

cylindrical one, the physicochemical characterisations will be carried out, followed by the 

in vitro release and in vivo studies. Finally, an ad hoc mathematical model will be 

developed to perform an accurate description of the in vitro release and in vivo 

performance of the best release system (helical 3-blades). 

2.2.2. Materials and methods 

2.2.2.1. Materials 

Anhydrous theophylline (theo) E.P. grade was purchased by Polichimica s.r.l. (Bologna, 

Italy) and microcrystalline wax (or paraffinic wax, complex blends of mineral hydrocarbon 

waxes marketed as Paracera P (melting range 58-62°C) (wax) was kindly donated from 

Paramelt BV (Heerhugowaard, Netherlands). The mean diameter (±S.D.) was 56 (±18) and 

204 (±95) µm for theophylline and microcrystalline wax, respectively. Solvents of HPLC 

grade were purchased by Carlo Erba (Milan, Italy).  

2.2.2.2. Methods 

2.2.2.2.1. Preparation of helical and cylindrical extrudates 

Prior to extrusion, the powdered materials (binary mixtures of theo and wax) were mixed in 

2.81 one step mixer (Rotolab, Zanchetta®, Lucca, Italy) for 10 min at 120 rpm. After a 

screening between several formulations, different compositions were selected on the basis 
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of their feasibility. The formulations considered for each type of extrudates (helical and 

cylindrical form) are reported in table 1. 

Table 1. Formulations (expressed as weight percentage) considered for the production of 
the extrudates. 

Formulations Theophylline (%) Microcrystalline wax (%) BaSO (%) 

A 50 50  

B 60 40  

C 70 30  

Radio-opaque 35 30 35 

 

The extrudates were prepared using a lab scale ram extruder (Thalassia®, Trieste, Italy), 

described into details in a previous work3. The cylindrical barrel, acting as the materials 

reservoir, is made of nickel-plated brass, with a capacity of 66 cm3 and an internal diameter 

of 2.5 cm. It can be thermo-stated with an electrically heated jacket (maximum temperature 

120°C ± 2°C). The movement of the stainless steel ram is promoted by a hydraulic cylinder 

which is alimented by an electric pump. An interchangeable die made of nickel plated brass 

can be attached at the end of the barrel, this die having a cylindrical shape (with a conical 

entry (120°), an internal diameter of 1 mm and a length of 0.837 cm) or a helical shape 

(with a flat entry, a length of 0.837 cm and 2, 3 or 4 blades, as depicted in figure 1A, B, C, 

respectively).  

On the basis of the preliminary trials the temperature of 50°C was selected which is below 

the melting point of the excipient. Batches of 50 g of mixture were packed to a constant 

volume, by applying hand pressure, into the barrel. After an equilibration time of 60 min, 

also selected during preliminary trials, the mass was extruded through the suitable die (see 
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figure 1), using a ram velocity of 20 mm/min and an extrusion pressure ranging from 100 

to 140 bars. Once the samples have been cooled at ambient temperature, the extrudates 

were sliced up by use of a hot cutte

for dissolution studies in sink conditions (see paragraph 2.2.2.2.5) 

vivo studies (see paragraph 2.2.2.2.6). 

Figure 16. Schematic representation of the 3 types of dies, lead
three-blades (B) four-blades extrudate (C) (middle: upper view, right: longitudinal view).

 

2.2.2.2.2. Assay of drug content

The analysis of theo content was carried out by dissolving a weighed amount of extrudate 

(ranging about 50 mg) in 250 ml of freshly distilled water. The amount of drug was then 

assayed spectrophotometrically (UV2 Spectrometer, Unicam, 

The fat material did not interfere with the UV analysis.

analysed in triplicate.  
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using a ram velocity of 20 mm/min and an extrusion pressure ranging from 100 

Once the samples have been cooled at ambient temperature, the extrudates 

were sliced up by use of a hot cutter in extrudates of length suitable to have a drug content 

for dissolution studies in sink conditions (see paragraph 2.2.2.2.5) 

vivo studies (see paragraph 2.2.2.2.6).  

Schematic representation of the 3 types of dies, leading to a two
blades extrudate (C) (middle: upper view, right: longitudinal view).

2.2.2.2.2. Assay of drug content 

The analysis of theo content was carried out by dissolving a weighed amount of extrudate 

(ranging about 50 mg) in 250 ml of freshly distilled water. The amount of drug was then 

assayed spectrophotometrically (UV2 Spectrometer, Unicam, Madison, WI

The fat material did not interfere with the UV analysis. Each type of extrudate was 

sustained drug delivery system 

43 

using a ram velocity of 20 mm/min and an extrusion pressure ranging from 100 

Once the samples have been cooled at ambient temperature, the extrudates 

th suitable to have a drug content 

for dissolution studies in sink conditions (see paragraph 2.2.2.2.5) and for subsequent in 

 

ing to a two-blades (A) 
blades extrudate (C) (middle: upper view, right: longitudinal view). 

The analysis of theo content was carried out by dissolving a weighed amount of extrudate 

(ranging about 50 mg) in 250 ml of freshly distilled water. The amount of drug was then 

Madison, WI ) at 271 nm. 

Each type of extrudate was 
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2.2.2.2.3. Solid State Analyses  

Differential scanning calorimetry (DSC) was recorded with a differential scanning 

calorimeter (Mod. STARe Software version 9.20, equipped with a measuring cell DSC 1 

Mettler-Toledo, Giessen, Germany). Slices of extrudates, containing approximately 5 mg 

of theophylline were weighed in pierced aluminum pans (nominal capacity of 40 µl). The 

heating range was from 0°C to 300°C at 10°C min-1 under nitrogen purge gas (gas flow 70 

ml min-1). The same procedure was followed for the pure drug and the physical mixtures 

of the components. For the pure microcrystalline wax the heating range was 0°C to 150°C.   

Samples of extrudates (gently ground in an agate mortar), physical mixtures and raw 

materials were then studied by means of X-Ray powder diffraction technique (XRPD) 

using a D500 (Siemens, Munich, Germany) diffractometer with CuKα radiation (λ= 

1.5418 Å), mono-chromatized by a secondary flat graphite crystal. The current used was 20 

mA and the voltage 40 kV*. The scanning angle ranged from 5 to 35° of 2θ. The step size 

was 0.05° of 2θ, and the counting time was of 1 s per step.  

2.2.2.2.4. Scanning electron microscopy/Energy Dispersive X-ray microanalysis 

For SEM analysis, samples were sputter-coated with Au/Pd using a vacuum evaporator 

(Edwards) and analysed using a scanning electron microscope (Philips XL-30, Eindhoven, 

NH) at 25 kV* accelerating voltage.  

During SEM analysis the constituent elements of the extrudates were investigated by EDS 

microanalysis by a X-EDS detector (Oxford INCA350, Oxon, UK). 

2.2.2.2.5. In vitro dissolution studies 

In vitro dissolution tests (conducted in triplicate) were performed using the USP rotating 

basket apparatus (Pharmatest, Steinheim, Germany), with a stirring rate of 100 rpm. Since 
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theo dissolution is independent from the pH of the medium10, 900 ml of purified water 

containing 0.1% polysorbate 20 was used as dissolution medium at a temperature of 37 ± 

0.5°C. In order to guarantee sink conditions and the same drug amount (25 mg) to be 

released in each experiment, extrudates length was different depending on shape and 

composition. In particular, in the case of cylinders, the target dose (25 mg) was achieved by 

considering, respectively, 14, 11 and 9 extrudates (length 4 mm) when theo composition 

was 50%, 60% and 70%. In the case of helical extrudates, regardless of composition and 

shape (2, 3 and 4 blades), only one extrudate was considered and its length varied between 

2.5 and 7.5 mm depending on composition and shape. 

The solution was filtered and continuously pumped (12.5 ml/min) to a flow cell in a 

spectrophotometer (UV2 Spectrometer, Unicam, Madison, WI ). The amount of drug 

dissolved was analyzed at the maximum absorbance wavelength of the drug (271 nm). 

Each dissolution test was the average of three-replicated experiments and standard 

deviations were within 5% of mean value. 

2.2.2.2.6. In vivo Studies 

For this experiment five healthy volunteers, aged between 25-50 years, and weighing on 

average 70 kg were chosen. Before the analysis a written informed consent was signed by 

each subject. The research followed the tenets of the Declaration of Helsinki promulgated 

in 1964 and was approved by the institutional human experimentation committee. All the 

volunteers had normal hepatic and renal function. All subjects were asked not to take any 

drug before and to fast from 12 h before drug administration until lunch on the treatment 

day. They were also not allowed to smoke, not to take coffee or alcoholic beverages 12 h 

                                                 
10 Moneghini, M.; Perissutti, B.; Kikic, I.; Grassi, M.; Cortesi, A.; Princivalle, F. Preparation of 
theophylline-hydroxypropylmethylcellulose matrices using supercritical antisolvent precipitation: 
A preliminary study. Drug Dev. Ind. Pharm. 2006, 32 39–52. 
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before and 24 h after the drug administration. The subjects were all given a standard lunch 

6 h after the dosing, and were allowed to drink water during the treatment period. 

The dose (400 mg) of theophylline (corresponding to 13 pieces of 4 mm long 3-blades 

extrudates) was administered in 4 hard gelatine capsule type “0”. Blood samples (5 ml) 

were drawn at 1, 2, 4, 8, 12 and 24 h following capsule administration. Each sample was 

collected in a heparinised tube, and plasma was immediately separated by centrifugation (at 

1845 g* for 15 min), subsequently frozen and stored at -20°C until assayed.  

2.2.2.2.7. Analytical procedure 

The concentrations of theophylline in the plasma samples were measured using a 

previously described HPLC method11.  

2.2.2.2.8. Pharmacokinetic Analysis 

Pharmacokinetic parameters were calculated using WinNonlin Version 2.1 (Pharsight 

Corporation, Mountain View, CA) software. The program calculates the area under the 

plasma concentration-time curve from time zero to the last sampling time (AUC0→24) using 

a linear trapezoidal method. Terminal half-life (t1/2) was calculated with the formula t1/2 = 

ln2/λz where λz represent the terminal slope of the semi-log plot calculated by linear 

regression. Time and value of maximum concentration (tmax and Cmax, respectively) and the 

time to obtain 75% of Cmax (t75%Cmax) were reported as observed.  

2.2.2.2.9. In vitro/ in vivo mathematical modeling 

As the proposed mathematical model is aimed to yield the drug plasma concentration 

profile following extrudates oral administration, it must account for four fundamental 

phenomena: drug release from matrices, drug absorption by the gastro-intestinal (GI) 

                                                 
11 Voinovich, D.; Moneghini, M.; Perissutti, B.; Filipovic-Grcic, J.; Grabnar, I. Preparation in high-
shear mixer of sustained-release pellets by melt pelletisation. Int. J. Pharm. 2000, 203, 235-244. 



2.2. Melt extruded helical waxy matrices as a new sustained drug delivery system 

47 

mucosa, drug metabolism in the blood stream and drug spreading inside tissues. Assuming 

that 1) drug pharmacokinetics can be represented by a two compartments model with first 

order elimination in the blood, that 2) drug release kinetics in the GI fluids is not affected 

by the absorption, metabolism and spreading phenomena and it can be replaced by the in 

vitro release kinetics and that 3) the drug concentration in the blood compartment (Cb) can 

be always retained negligible in comparison to the drug concentration (Cr) in the release 

environment (GI fluids), model equations read: 
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where t is time, R(t) represents the drug release kinetics coincident with that measured in 

vitro, Vb and Vr are, respectively, the volume of the blood (distribution volume) and GI 

tract compartments, kel and kab are, respectively, the elimination and the absorption 

constants, A is the GI tract geometrical surface (i.e. that not accounting for the presence of 

villi and microvilli that is considerable higher), P is GI apparent permeability, k12 and k21 

are, respectively, the forward and reverse kinetics constants ruling drug exchange between 
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blood and tissues, f is the ratio between blood (Vb) and tissues (VT) volumes, CT indicates 

drug concentration inside tissues while mel is the drug amount metabolised.  

Eqs. (1)-(4) differ from the usual expression of pharmacokinetics equations12 for the 

assumption that drug distribution among blood and tissues is ruled by drug concentration 

instead of by drug mass. This leads to the introduction of parameter f that renders the 

model more physiologically oriented as it allows differentiating the extension of blood and 

tissue volumes. It is worth noticing that when f = 1, this approach and the traditional one12 

coincide. In addition, when k12 is set to zero, eqs.(1)–(4) represent the simpler one 

compartment pharmacokinetics model. Although many other choices can be considered, 

R(t) is determined assuming that in vitro release kinetics can be properly fitted by a sum of 

m exponential functions: 
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where m, Ai and ki are parameters to be determined by eq.(5) fitting to in vitro data and M0 

is drug dose. The reasons for choosing eq.(5) relied on the high mathematical power of this 

equation for what concerns in vitro data fitting and on the fact that it allows getting an 

analytical solution of the eqs.(1)-(4) system. Inserting eq.(6) into eq.(1) and assuming that 

Cr = Cb = CT = 0 for t = 0, model solutions reads: 

 

 
                                                 
12 Holz, M.; Fahr, A. Compartment modelling, Adv. Drug Del. Rev. 2001, 48, 249–264. 



2.2. Melt extruded helical waxy matrices as a new sustained drug delivery system 

49 

 

( )( ) 


















++
−+++= ∑

=

=

−−
mi

1i 2i1i

i21

i

iiαt
321abr0b

i21

zz-α
tktztz e

kk

kfk

k

kA
eGeGeGkCC    (7) 

 

( )( ) ( ) ( )∑
=

=









+
−+

+−
=

mi

1i 1i

i21

1

21

21i

ii
1 α

-α

-α zk

kfk

z

fk

zzk

kA
G       (8) 

 

( )( ) ( ) ( )∑
=

=









+
−+

+−
=

mi

1i 2i

i21

2

21

12i

ii
2 α

-α

-α zk

kfk

z

fk

zzk

kA
G       (9) 

 

( ) ( )( )∑
=

= ++
=

mi

1i 12

21

i

ii
3 αα

-α

-α zz

fk

k

kA
G                  (10) 

 

r

b
abα

V

V
k=   2112el kfkkp ++=  fkkq 21el=  

2

42

2,1

qpp
z

−±−
=           (11) 

 

It is easy to verify that, when all ki become very large, eq.(7) degenerates into the equation 

describing Cb trend in the case of an instantaneous release from the delivery system, i.e. the 

situation occurring after the oral administration of a drug solution. 

2.2.3. Results  

In the first part of the research, helical extrudates were prepared in the vertical ram 

extruder. In order to check the range of processability of various theophylline/melting 

binder formulations depending on the temperature, preliminary experiments have been 

carried out using different temperatures (from 40 to 60°C). The temperature of 50°C was 
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chosen as it was the lowest operating temperature for such kind of mixtures and allowed a 

wide range of binary extrudable mixtures. As the temperature increased, the minimum level 

of binder allowing extrusion slightly decreased, but there was a dramatic drop in the 

limiting upper range where the system became fluid in nature and exited the die without 

pressure. Conversely, the choice of a lower temperature would mean reducing dramatically 

the range of extrudable mixtures, since most of them would be too hard and could not be 

processed.  

Comparison of the selected operating temperatures with the DSC results showed that the 

extrusion took place at least 10°C below the melting point of the systems. Hence the binder 

material was “softened” but not molten. The extrusion pressure ranged from 100 to 140 

bars, depending on the composition of the mass to be extruded. As previously noticed1, 

also in this case a decrease of binder content in the mixtures promotes a progressive 

increase of extrusion pressure. 

 

Figure 2. Images of helical extrudates with 2 blades [A], 3 blades [B], 4 blades[C] and of 
cylindrical extrudates [D]. 
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The above-mentioned operating conditions permitted to collect extrudates with the desired 

helical uniform shape (blade thickness 0.9 mm, helical diameter: approximately 6 mm) and 

smooth surface, as they appeared in the pictures (figure 2), with the 70/30 , 60/40 and 

50/50 wt theo:wax formulations and with all the 3 types of cylindrical dies. 

The same 3 formulations (70/30, 60/40 and 50/50 wt theo:wax) were processed at the same 

temperature of 50°C using a cylindrical die. Also in this case, a satisfactory regularity in 

shape and a smooth surface was obtained in most extrudates, as shown in the example of 

figure 2D. Furthermore, the drug content was found to be in all cases very similar to the 

theoretical one. 

 

Figure 3. DSC curve of the 50:50 wt theo:wax systems compared with raw materials. 
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Figure 4. XRPD patterns of the 50:50 wt theo:wax systems compared with raw materials. 

Subsequently, the solid state characterization was performed by means of DSC and XRPD 

analyses (figures 3 and 4, respectively) to detect possible modification of the 

physicochemical properties of theo or wax and to study possible interactions between the 

drug and the carrier underwent during the thermal process of preparation. A comparison 

with the corresponding physical mixtures of the components indicated that solid structure 

of extrudates was substantially identical to that of physical mixtures, as one would expect if 

it is the microcrystalline wax that deforms and not the drug crystals. Furthermore, there 

were no differences in thermal and X-ray parameters between the samples prepared with 

different extrusion dies or different compositions. It can be concluded that DSC and XRPD 

analyses indicated the presence of the drug in the original crystalline structure in all the 
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extrudates. For brevity, only the DSC curves (figure 3) and the diffractograms (figure. 4) of 

the 50/50 theo:wax system (the system with maximum drug dilution) are reported.  

To test the influence of shape and composition on the dissolution properties, extrudates 

differing for shape (2, 3, 4 blades helical systems or cylinder) and amount of waxy material 

(30%, 40% and 50% by wt) were subjected to dissolution test. As in each dissolution test 

the amount of theophylline to be released was the same (25 mg), extrudates length and 

number varied as specified in section 2.2.2.2.5. 

 

Figure 5. In vitro theo dissolution profiles of helical extrudates having (A) 2 blades, (B) 3 
blades and (C) 4 blades compared to cylindrical extrudates (D). 

 

In figure. 5 the dissolution profiles of the system having different composition but identical 

shape are compared, allowing evaluation of the effect of the amount of microcrystalline 
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wax on the dissolution. The greater the amount of waxy materials the slower the drug 

release. In fact, only the 70:30 theo:wax systems were able to reach the 90% of drug 

release in 12 hours of testing, whereas for 50:50 and 60:40 theo:wax systems the maximum 

amount of released drug was 65 %. Formulation 70/30 theo:wax was hence selected for 

further considerations. It is interesting to underline that, regardless of the matrix shape 

(cylindrical or helical), when theophylline mass fraction is equal to 70%, the release 

kinetics is considerably increased (see, in particular figure 5B, C and D). We believe that, 

in this condition, we are very close to the percolation threshold that implies the existence of 

a continuum theophylline path pervading the entire matrix body. Accordingly the number 

of dead ends (i.e. clusters of theophylline particles that are completely sealed inside the 

waxy matrix and that can never dissolve) should be very small. The reasonability of this 

argumentation is supported by the fact that theophylline volume fraction, in the 70/30 

system, is around 0.57 (it differs from the mass fraction value of 0.7 due to higher 

theophylline density (1.55 g/cm3) with respect to the wax one (0.9 g/cm3)) which is close 

to the theoretical percolation threshold value of 0.59, typical of a square lattice13. 

In figure. 6A, the amount of drug released per unit area (mass/area (Mt/S) vs time (t)) from 

differently-shaped extrudates based on this formulation is compared. It appears that all 

these systems, after an initial rapid release, behaved as a sustained release formulation over 

a period of 12 h. Interestingly, the introduction of blades considerably increases the drug 

release per unit area (Mt/S) and this increment is maximum for the 3 blades system. The 4 

blades system shows a small reduction of Mt/S with respect to the 3 blades system. This is 

probably the result of two counteracting phenomena: 1) the increase of the release area per 

unit volume of extrudate with the increase of the blades number and 2) the increase of 

shape complexity (i.e. blades number) makes more and more pronounced the release 

                                                 
13. Grassi, M.; Grassi, G.; Lapasin, R.; Colombo, I. Understanding drug release and absorption 
mechanisms: a physical and mathematical approach, CRC Press, Boca Raton (FL, USA), 2007. 
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resistance exerted by the stagnant layer surrounding the extrudate surface (it is reasonable 

that in the 4 blades case, the majority of the fluid comprised between blades is stagnant (i.e. 

not stirred) while this should be not the case in the 2 and 3 blades system). In conclusion, 

Figure 6A enlighten the superiority of the helical 3 blades system, whose release per unit 

surface was the highest amongst all the systems considered. Fig. 6B, on the other hand, 

reporting the log(percent) drug release vs log(time), makes clear that, for all systems, the 

Korsmeier-Peppas equation14 provides a good data fitting (R2 always greater than 0.99) 

assuming the release exponents (n) very close to 0.5. This proves that the release 

mechanism is essentially diffusive and fickian. 

 

Figure 6. Comparison of in vitro dissolution profiles (drug amount released per unit 
surface Mt/S (mg/cm2) (A) and Korsmeier-Peppas14 (B) plots (log(percent) drug release vs 
log(time)) of cylindrical extrudates and helical extrudates (2, 3, and 4 blades) containing 

70/30 theo/wax. 

                                                 
14 Korsemeier, R.W.; Gurny, R.; Doelker, E.; Buri P.; Peppas, N.A. Mechanism of solute release 
from porous hydrophilic polymers, Int. J. Pharm. 1983, 15, 25-35. 
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From literature data15 the ideal theophy

release of a quote of 30-40% during the first hour, 50

fourth hour, and 70-80% before the eighth hour of analysis. Helical extrudates having 3 and 

4 blades perfectly comply with these requirements but, in consideration of its higher 

specific release (Mt/S) and structural robustness (see below), the extrudate having 3 blades 

and 70/30 theo:wax composition was selected for subsequent characterisations and 

pilot study. 

Figure 7. X-Rays image of the intestine of a healthy volunteer 6 h (left) and 12 h (right) 
after the administration of samples of 3 

radio

First of all the following key point must be 

eyes, of these extrudates during the dissolution test revealed that the waxy matrix remained 

substantially unchanged in terms of geometrical shape and dimensions, 

the main mechanism ruling the release of the drug was the diffusion from the hydrophobic 

                                                 
15 Blaive, B.; Bugas, B.; Lapalus, P
clinique et aspects pharmacologiques, 
Marketing, Paris, 1981. 
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the ideal theophylline sustained release is characterised by an 

40% during the first hour, 50-60% between the second and the 

80% before the eighth hour of analysis. Helical extrudates having 3 and 

ply with these requirements but, in consideration of its higher 

) and structural robustness (see below), the extrudate having 3 blades 

and 70/30 theo:wax composition was selected for subsequent characterisations and 

Rays image of the intestine of a healthy volunteer 6 h (left) and 12 h (right) 
after the administration of samples of 3 –blade extrudates containing barium sulphate as 

radio-opaque agent (see table 1). 
 

g key point must be born in mind. The visual observation, by naked 

eyes, of these extrudates during the dissolution test revealed that the waxy matrix remained 

substantially unchanged in terms of geometrical shape and dimensions, this suggesting that 
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and 70/30 theo:wax composition was selected for subsequent characterisations and in vivo 
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matrix. In the case of the extrudates having 3 or 4 blades sometimes the detachment of 

blades from the extrudates was observed at the end of the dissolution test (after about 12 h), 

since at this stage the drug is almost completely released and hence the matrix is very 

porous and has a low mechanical resistance. This hypothesis was further confirmed by the 

fact that the 3-blade extrudates, as they appeared on X-Ray images of the intestine of the 

tested healthy volunteers, did not disintegrate, even after 12 hours (figure 7B) from the 

administration of hard gelatine capsule containing the extrudates and once again only the 

separation of singular blades from the core was occasionally noticed. These extrudates 

were prepared replacing in the formulation half amount of theophylline with barium 

sulphate, radio-opaque (table 1). 

 

Figure 8. EDS spectra of the four extrudates containing 70/30 theo/wax (for the sake of 
brevity only the 0.1-0.6 KeV range is reported). 

 
The in vitro dissolution behaviour of the extrudates was considered also in the light of the 

physical characterisation performed with DSC and XRPD analyses. The fact that the drug 

is unchanged in all samples suggested that any change in dissolution rate was associated 
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with a different amount of wax and a different shape of the extrudates rather than to a 

change in theophylline solid form or to an i

Furthermore, the analysis of surface compositions (EDS) demonstrated the presence of 

theophylline onto the surface of the extrudates in all the samples, independently from t

shape of the extrudates (figure 8.). This fa

dissolution followed by a slower process as the surface extrudates become depleted of 

drug. 

Figure 9. SEM micrograph of the surface of 70:30 theo:wax 3 blades helical extrudates 
before (A) and after (magnification:2000x) (B) 
 

This fact is also in agreement with the images of the differences noticed in the aspect

surface of the extrudates before dissolution and after 8 h of dissolution test. These 

micrographs (depicted in figure 

starting compact structure to a porous matrix, characterised by tortuous h

has been already released. The released drug particles left their marks in the form of pores

release DDS for class 1 drugs prepared by Hot Melt Extrusion
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Furthermore, the analysis of surface compositions (EDS) demonstrated the presence of 

theophylline onto the surface of the extrudates in all the samples, independently from t

8.). This fact can give reason of the relatively rapid onset of 

dissolution followed by a slower process as the surface extrudates become depleted of 
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before (A) and after (magnification:2000x) (B) in vitro dissolution (magnification: 1190x).
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and holes in the inert lipid matrix, similarly to what previously noticed with glycerol 

trimyristate and palmitostearate 16.  

 

Figure 10. Individual plasma profiles obtained after oral administration of a dose of 400 
mg theo in 3 blades extrudates (black and white symbols) compared to model best fitting 
for each subject (black lines), and mean plasma profile (red circles) compared to general 

model best fitting (red line). Vertical bars indicate standard deviation. 

 

The theophylline plasma concentration time profiles, obtained after the administration of 

capsules containing a theophylline dose of 400 mg, are shown in figure 10, while the 

pharmacokinetic parameters are listed in table 2. On the basis of the in vitro release 

kinetics, the three blades system was selected for in vivo test. The results shown in figure 

                                                 
16 Reitz, C.; Strachan, C.; Kelinebudde, P. Solid lipid extrudates as sustained release matrices: the 
effect of surface structure on drug release properties, Eur. J. Pharm. Sci. 2008, 35, 335-343. 
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10 demonstrated that this matrix behaved as a sustained-release formulation, as indicated 

by the high levels of tmax and the t75%Cmax comparable to that reported in literature for oral 

sustained release formulation for theophylline17. 

Table 2. Pharmacokinetic parameters calculated by means of a non-compartmental 
approach after oral administration of 400 mg of theo for every single subject and mean 

values (±SD; n=5). 

Subject tmax 
(h) 

Cmax 
(mg/l) 

AUC 0→24 
(h*mg/l) 

t1/2 
(h) 

t 75%Cmax 
(h) 

S1 8.00 8.42 147.62 12.21 19.2 
S2 8.00 6.56 117.88 16.68 12.3 
S3 12.00 6.06 109.35 21.08 11.0 
S4 8.00 6.23 114.78 15.65 12,8 
S5 8.00 5.40 93.49 12.69 12.5 
 

Mean 
 

8.80 ± 1.79 6.53 ± 1.14 116.62 ± 19.71 15.66 ± 3.58 13.60 ± 3.20 

tmax – time to reach maximum concentration  
Cmax – maximum concentration 
AUC0-24 – area under the curve from versus time curve 
t1/2 – half life 
t75%Cmax – time span during which concentration is at least 75% of the maximum 
concentration 

Further, the GI transit of the extrudates containing a radio-opaque agent was monitored by 

taking X-Ray images of the intestine at pre-determined time after administration. Looking 

at the radiographs reported in figure 7, it can be noticed that intact extrudates are visible in 

the small intestine 6h after the administration (figure 7, left). Interestingly, 12 hours after 

the administration (figure 7, right) the extrudates are still visible and are located in the 

ascending colonic segment, that is the last absorption window of our model drug and that is 

the place where theophylline is reported to be mainly absorbed (40%)18. It must however 

born in mind that the density of the extrudates changes by the introduction of barium 

                                                 
17 Henrist, D.; Lefebvre, R.A.; Remon, J.P. Bioavailability of starch based hot stage extrusion 
formulations. Int. J. Pharm. 1999, 187 185-191. 
 
18 Yuen, K.H.; Deshmukh, A. A.; Newton, J. M.; Short, M.; Melchor, R. Gastrointestinal transit and 
absorption of theophylline from a multiparticulate controlled release formulation. Int. J. Pharm. 
1993, 97, 61-77. 
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sulphate, thus their transit would probably be slightly different with respect to that of 

extrudates without barium sulphate. 

Eq.(5) fitting to in vitro release data (see figure. 5B. (helical 3 blades, containing 70/30 

theo/wax)) proved to be statistically very good (F(2, 45, 0.95) < 10991) and the following 

constants values were found: A1 = (0.87 ± 0.02), k1 = (0.195 ± 0.005) h-1, A2 = 1 - A1, k2 = 

(1.84 ± 0.7) h-1. Thus, six model parameters (Vb, VT, k12, k21, kel, kab) were still unknowns. 

As their simultaneous determination by means of data fitting to in vivo data was not 

possible due to their high correlation, a different strategy was undertaken. In particular, the 

work of Mitenko and co-workers19 was chosen as starting point. By means of the 

intravenous administration of a drug solution to 16 volunteers, these authors demonstrated 

that theophylline pharmacokinetics needs to be described by a two compartments model 

and the PK constants are VbM = (0.3 ± 0.15) l Kg-1 (blood volume per subject unit mass), kel 

= (0.31 ± 0.2) h-1, k12 = (2.7 ± 2.5) h-1 and k21 = (2.9 ± 2.7) h-1. In the light of the 

mathematical model adopted to fit their experimental data, the authors implicitly assumed 

Vb = VT, i.e f = 1. On the basis of the k12 and k21 found by Mitenko, eq.(7) was fitted to in 

vivo data (see figure 10) assuming Vr = 300 cm3, knowing that M0 = 400 mg and letting kel, 

kab and VbM ( = Vb/Mvw; Mvw = mean volunteers weight = 70 Kg) to freely vary. The 

inspection of figure 10 reveals the very good agreement between model best fitting (red 

line) and in vivo average data (red circles) as also witnessed by the F test result (F(2, 3, 

0.95) < 441). Model fitting parameters red kab = (0.13 ± 0.09) h-1, kel = (0.12 ± 0.004) h-1 

and VbM = (0.27 ± 0.006) l Kg-1. Figure 10 also shows eq.(7) best fitting to the experimental 

data referring to each volunteer. As witnessed by the F test analysis (FS1(2,3,0.95) < 45, 

FS2(2,3,0.95) < 60, FS3(2,3,0.95) < 122, FS4(2,3,0.95) < 44, FS5(2,3,0.95) < 280), the 

agreement is always good. The average values of kab, kel and VbM, coming from eq.(7) best 

                                                 
19 Mitenko, P.A.; Ogilvie, R.I. Pharmacokinetics of intravenous theophylline, Clinical Pharmacol. 
and Ther. 1973, 14, 509-513. 
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fitting to each volunteer, are kab = (0.11 ± 0.09) h-1, kel = (0.14 ± 0.04) h-1 and VbM = (0.24 ± 

0.06) l Kg-1. These values, although characterised by a higher standard deviation, do not 

substantially detach from those determined by eq.(7) best fitting to average in vivo data. It 

is interesting noticing that these results agree with those deducible by fitting eq.(7) to the 

experimental data shown by Leede20 assuming an instantaneous theo release ( ik ∀∞→i ), 

Vr = 300 cm3, Cr0 = 500 µg/cm3, Mvw = 75 Kg and the Mitenko19 values for k12 and k21 (kab 

= (0.075 ± 0.007) h-1, kel = (0.23 ± 0.011) h-1, and VbM = (0.265 ± 0.003) l Kg-1; F(2,8,0.95) 

< 2001). Again, similar results (kab = (0.2 ± 0.08) h-1, kel = (0.20 ± 0.01) h-1 and VbM = 

(0.093 ± 0.003) l Kg-1; F(2,3,0.95) < 166) can be found by eq.(7) fitting to the data reported 

by Quintavalle8 knowing that Vr = 300 cm3, Cr0 = 1166.6 µg/cm3, k12 and k21 are those 

found by Mitenko20 and eq.(5) parameters are: A1 = (0.58 ± 0.02), A2 = (0.40 ± 0.02), A3 = 

1-A1 - A2, k1 = (0.08 ± 0.005) h-1, k2 = (0.75 ± 0.03) h-1, k3 = (28.5 ± 8.6) h-1 (F(4, 13, 0.95) 

< 18988). 

Finally, assuming a geometrical intestinal area A = 1316 cm2 13, the definition of the 

absorption constant kab (see eq.(1)) allowed to conclude that the theophylline apparent 

permeability P evaluated on the basis of this work is, respectively, (5.4 ± 3.6)*10-5 cm s-1 

and (4.0 ± 3)*10-5 cm s-1 when eq.(7) is fitted on averaged in vivo data or when eq.(7) is 

fitted on each volunteer data and then averaged on all volunteers. In the case of Leede20 

and Quintavalle8, P turned out to be similar, being, respectively, equal to (3.2 ± 0.3)*10-5 

cm s-1 and (2.9 ± 1.2)*10-5 cm s-1. 

2.2.4. Conclusions  

Helical and cylindrical extrudates were successfully obtained by a single step extrusion 

process using microcrystalline wax as a thermoplastic binder at a temperature below its 

                                                 
20 de Leede, L.G.J.; de Boer, A.G.; van Velzen, S.L.; Breimer, D.D. Zero order rectal delivery of 
theophylline in man with an Osmotic System. J. Pharmacokin. Biopharm. 1982, 10, 525–537. 
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melting point. The extrudates simply consisted of binary mixtures of drug and 

microcrystalline wax, and permitted the loading of a very high amount of drug, up to 70% 

(w/w). By the appropriate selection of the shape of the extrudates, the release of the model 

drug theophylline was tailored. In particular, the system having 3 blades and the 

composition of 70:30 theo: wax exhibited the desired in vitro theophylline release. The 

shape of the matrix appeared unchanged during dissolution tests, and on the surface of the 

system the number of pores increased with time.  

The in vivo study conducted on healthy volunteers confirmed that the selected helical 

extrudate behaved as a sustained release formulation and remained intact even after 12h 

from the ingestion (as it appeared from X-Ray GI tract images). The mathematical model 

shown in this paper represented a successful attempt of establishing a theoretical 

connection between in vitro and in vivo data. In addition, it had the considerable advantage 

of yielding to an analytical solution, allowing an easy and fast data analysis. Then, the 

results found in this paper were in line with the results coming from different works. 

Finally, this model allowed a simple estimation of GI apparent permeability resorting to the 

oral administration of a delivery system. 
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Abstract 

The new challenge in the drug delivery field, for what concerns mathematical modeling, is 

the combination of mechanistic theories able to realistically describe the simultaneous 

processes of drug release and the subsequent ADME processes within the human body. 

Indeed, in this way, the contribution given by mathematical modelling can play an 

important role not only at the theoretical level but also, hopefully, at the clinical level. 

Accordingly, the aim of this paper was to study, from a mathematical point of view, the 

drug release/ADME processes referring to a model drug released from an inert matrix. In 

particular, the attention was focused on the relations existing between the release process 

in the gastro-intestinal tract (GI) and the following ADME processes. Indeed, usually, the 

release step is always considered either instantaneous or independent from drug absorption, 

metabolism and spreading. Thus, two different models were developed: the first one, more 

mechanistic, accounted for the mutual influence of the release step and the ADME 

processes while, the second, more empirical, disregarded this possible relation. In order to 

simplify the scenario, the attention was focused on matrices that did not undergo neither 

significant swelling nor significant erosion in the GI tract. 
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2.3.1. Introduction 

As firstly pointed out by Siepmann1 and then underlined by other authors2, the new 

challenge in the drug delivery field, for what concerns mathematical modeling, is the 

combination of mechanistic theories able to realistically describe the simultaneous 

processes of drug release and the subsequent ADME processes within the human body 

(drug Absorption by leaving tissues, Distribution among blood/tissues/organs, Metabolism 

and Elimination). Indeed, in this way, the contribution given by mathematical modelling 

can play an important role not only at the theoretical level but also, hopefully, at the 

clinical level. If the understanding of the mechanisms ruling the release kinetics is very 

important for the designer, the possibility of an immediate perception of the delivery 

system potentiality, gained by means of simulations, can be very beneficial from the 

clinical point of view. This, ultimately, goes towards the requirements typical of the new 

emerging concept of personalized medicine. 

Accordingly, the aim of this paper was to study, from a mathematical point of view, the 

drug release/ADME processes referring to a model drug released from an inert matrix. In 

particular, the attention was focused on the relations existing between the release process 

in the gastro-intestinal tract (GI) and the following ADME processes. Indeed, usually, the 

release step is always considered either instantaneous or independent from drug absorption, 

metabolism and spreading. Thus, two different models were developed: the first one, more 

mechanistic, accounted for the mutual influence of the release step and the ADME 

processes while, the second, more empirical, disregarded this possible relation. In order to 

simplify the scenario, the attention was focused on matrices that did not undergo neither 

                                                 
1 Siepmann, J.; Siepmann, F. Mathematical modeling of drug delivery. Int. J. Pharm. 2008, 314, 
101–119. 
 
2 Grassi M.; Lamberti, G.; Cascone, S.; Grassi, G. Mathematical modelling of simultaneous drug 
release and in vivo absorption. Int. J. Pharm. 2011, 418, 130–141. 
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significant swelling nor significant erosion in the GI tract. In particular, the choice fall on 

hydrophobic matrices constituted by microcrystalline wax and produced by means of melt 

extrusion. Indeed, this is a versatile technique that can be applicable to immediate3 and 

sustained release dosage forms4 and that allows the realization of different shaped matrices 

by a suitable design of the die. As one of the most important and accessible designing 

parameters is matrix shape, helical matrices were considered in this study. Indeed, by 

varying the number of blades constituting the helix, it is possible to easily modify matrix 

surface. Accordingly, two, three and four blades helical matrices were realized, being 

matrix composition the same. For its wide diffusion in the pharmaceutical field, 

theophylline was chosen as model drug. 

2.3.2. Materials and Method 

2.3.2.1. Materials 

Anhydrous theophylline (theo), a well-established drug in the treatment of chronic airway 

diseases, was purchased by Polichimica s.r.l. (Bologna, Italy) and microcrystalline wax (or 

paraffinic wax, complex blends of mineral hydrocarbon waxes marketed as Paracera P 

(melting range 58-62°C) (wax) was kindly donated from Paramelt BV (Heerhugowaard, 

Netherlands). The Solvents used were of HPLC grade were purchased by Carlo Erba 

(Milan, Italy). 

2.3.2.1. Methods 

The helical extrudates were prepared using a lab scale ram extruder (Thalassia®, Trieste, 

Italy) as reported in our previous work . In this type of extruder, the cylindrical barrel, 

acting as the materials reservoir, is made of nickel-plated brass, with a capacity of 66 cm3 
                                                 
3 Perissutti, B.; Newton, J.M.; Podczeck, F.; Rubessa, F. Preparation of extruded carbamazepine 
and PEG 4000 as a potential rapid dosage form. Eur. J. Pharm. Biopharm. 2002, 53, 125-132. 
 
4 Michalk, A.; Kanikanti, V.R.; Hamann, H.J.; Kleinebudde, P. Controlled release of active as a 
consequence of the die diameter in solid lipid extrusion, J. Control Rel. 2008, 132, 35-41. 
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and an internal diameter of 2.5 cm. The extrusion chamber can be thermo-stated with an 

electrically heated jacket (maximum temperature 120°C ± 2°C). The production of such 

innovative extrudates was made by using three different unconventional dies (having a flat 

entry, a length of 0.837 cm and three different helical shapes (figure 1)) 5 made of nickel 

plated brass can be attached at the end of the barrel.  

 

Figure 1. Illustration of the three unconventional types of dies, leading to a two-blades 
(A) three-blades (B) four-blades extrudate (C) (middle: upper view, right: longitudinal 

view). 
 

The process conditions used were: extrusion temperature of 50°C, equilibration time of 60 

min, ram velocity of 20 mm/min and an extrusion pressure ranging from 100 to 140 bars. 

                                                 
5 Hasa, D.; Perissutti, B.; Grassi, M.; Zacchigna, M.; Pagotto, M.; Lenaz, D.; Kleinebudde, P.; 
Voinovich, D. Melt extruded helical waxy matrices as a new sustained drug delivery system. 
European J. Pharm. Biopharm. 2011, 79, 592-600. 
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In the basis of preliminary trials three formulations were selected as the most 

representative ones: theo:wax 50:50 w/w, theo wax 60:40 w/w and theo:wax 70:30 w/w. 

After the production, the solid state of the extrudates was in depth characterised. The study 

pursued with the analyses of the in vitro release profiles of all the extrudates having 

different deometrical design and different formulations. The results indicates that in all the 

extrudates (2, 3 and 4 blades) the optimal formulation was theo:wax 70:30 w/w5.  

2.3.2.2. Mathematical Modeling 

As the proposed mathematical model is aimed to yield the drug plasma concentration 

profile following matrices oral administration, it must account for four fundamental 

phenomena: drug release from matrices, drug absorption by the gastro-intestinal (GI) 

mucosa, drug metabolism in the blood stream and drug spreading inside tissues. 

Obviously, in the light of process complexity (release, absorption, metabolism and 

spreading), model building requires the assumption of some important simplifying 

hypotheses. Accordingly, 1) GI tract is considered as a well stirred environment (uniform 

drug concentration in its liquid volume) 2) drug solubility (Cs) in the release environment 

is pH independent 3) apparent drug permeability (P) is constant along the GI tract 4) 

matrices neither undergo swelling nor erosion in the GI tract 5) the release resistance 

exerted by the unavoidable stagnant layer surrounding the matrix is assumed negligible in 

comparison with those competing to drug dissolution and diffusion inside the hydrophobic 

(insoluble) matrix skeleton and 6) our matrix is homogeneous (its porosity and density are 

constant along the entire release process). Obviously, this last assumption implies that drug 

diffusion inside the matrix is characterized by an effective diffusion coefficient De 
6 

embodying all matrix irregularities. Finally, as in many situations the drug fate in the body 

                                                 
6 Peppas, N.A. Mathematical models for controlled release kinetics. In Langer, R. S., Wise, D. L., 
editors. Medical Application of Controlled release. Vol 1. Boca Raton: CRC Press, 1984. 
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can be described by a one or two compartment models7, we assume a two compartments 

model with first order elimination in the blood represents drug pharmacokinetics. The 

advantage of this choice relies in a wider model generality as the one compartment model 

can be seen as a particular case of the two compartments model. 

On the basis of these hypotheses, the whole release – absorption – metabolism - spreading 

process can be schematically represented by the following equations. The first one 

represents the three-(radial (R), axial (Z), angular (ϕ)) mass balance made up on the drug: 
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where t is time, C and Cd are, respectively, the concentrations of the dissolved and not 

dissolved drug concentrations in the matrix, Kt is the dissolution constant and Cs is the drug 

solubility in the release fluid. Eq. (2) accounts for the drug dissolution process occurring 

upon drug contact with the release fluid8,9. Eqs.(1)-(2) need to be coupled with the 

equations ruling drug pharmacokinetics in blood and tissues (two compartments model): 
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7 Holz, M.; Fahr, A. Compartment modelling. Adv. Drug Del. Rev. 2001, 48, 249–264. 
 
8 Abdekhodaie, M.J.; Cheng, Y.L. Diffusional release of a dispersed solute from planar and 
spherical matrices into finite external volume. J. Control. Rel. 1997, 43, 175–182. 
 
9 Grassi, M.; Lapasin, R.; Pricl, S. The effect of drug dissolution on drug release from swelling 
polymeric matrices: mathematical modelling. Chem. Eng. Commun. 1999, 173, 147– 173. 
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where Cb and Vb represent, respectively, the time dependent drug concentration and 

volume (distribution volume) of the blood compartment, Cr is drug concentration in the 

release environment (GI tract fluid), kel and kab are, respectively, the elimination and the 

absorption constants, A is the GI tract geometrical surface (i.e. that not accounting for the 

presence of villi and microvilli that is considerable higher), P is GI apparent permeability, 

k12 and k21 are, respectively, the forward and reverse kinetics constants ruling drug 

exchange between blood and tissues, f is the ratio between blood (Vb) and tissues (VT) 

volumes while mel is the drug amount metabolized. Eqs. (3)-(5) differ from the usual 

expression of pharmacokinetics equations for the assumption that drug distribution among 

blood and tissues is ruled by drug concentrations difference instead of by drug mass 

difference. This leads to the introduction of parameter f that renders the model more 

physiologically oriented as it allows differentiating the extension of blood and tissue 

volumes. It is worth noticing that when f = 1, the two approaches coincide. In addition, 

when k12 and k21 are set to zero, eqs.(3)–(5) represent the simpler one compartment 

pharmacokinetics model. 

Eqs. (1)-(5) solution can be performed under the following constraints: 

initial conditions: 

Cr = 0  Cb = 0   CT = 0       (6) 
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C(R, Z, ϕ) = 0   R, Z, ϕ ∈ matrix      (7) 

 

Cd(R, Z, ϕ) = Cd0  R, Z, ϕ ∈ matrix      (8) 

 

boundary conditions (see also figure 2): 

 

rpCKC =     on matrix surface   (9) 
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where Cd0 is the initial un-dissolved drug concentration inside the matrix, Zc is matrix 

length, Ri and Ro are, respectively, the internal and external blade radii and Kp is the drug 

partition coefficient. In order to close the balance between unknowns and equations, one 

more equation is needed, i.e. the overall drug mass balance made up on GI fluids, blood, 

tissues, eliminated drug and matrices: 
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where M0 (dose) is the initial drug amount contained in the N considered matrices while Vr 

is the volume of the release environment (GI fluids). While eq. (6) sets to zero the initial 

drug concentration in GI fluids, in the blood and in tissues, eqs.(7)-(8) set, respectively, to 

zero and to Cd0 the initial solubilized and un-dissolved drug concentration inside the 

matrix. Eq.(10) establishes the impermeable wall condition (no matter flux) on the 

symmetry plane occurring in ϕ = 0. Finally, eq.(11) imposes the impermeable wall 

condition in the case of three and four blades. Indeed, the volume delimitated by [0 < ϕ < 

ϕ1 ; Ri < R < Ro] represents, respectively, 1/3 and 1/4 of the volume comprised among 

blades in the three and four blades case (figure 2).  

Accordingly, this volume gets never in contact with the external release environment and 

its depletion from drug occurs only in the angular direction in the versus of increasing ϕ. In 

the two blades case, on the contrary, this volume is 1/2 of the volume comprised among 

blades and it is always in contact with the external release environment. Accordingly, its 

boundary conditions in R = Ri and R = Ro are expressed by eq.(9). Due to the simultaneous 

presence of ordinary and partial differential equations in the model, eqs.(1)-(5) solution 

requires a numerical approach. In particular eq.(2)-(5) were discretized according to the 

implicit Euler method10,11 while eq.(1) was discretized according to the control volume 

method12. In the light of blades thinness (0.9 mm) in comparison to matrix length (~ 5 mm) 

and angular extension (~ 3.5 mm), only one control volume was considered in the radial 

direction.  

                                                 
10 Manca, D. Calcolo numerico applicato, Pitagora Editrice, Bologna, Italy, 2007. 
 
11 Chapra, S.C.; Canale, R.P. Numerical method for Engineers. McGraw-Hill, Boston, third 
edition, 1998. 
 
12 Patankar, S.V. Numerical Heat Transfer and Fluid Flow. New York: Hemisphere Publishing, 
1990. 
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Figure 2. Schematic representation of the computational grid on one blade.
blade length, while Ri (= 0.13 cm) and 

and external radii. DR (= Ro - Ri) is the radius of the first line control volumes (
is the angular wideness of the N

volume connecting the different blades (2, 3 or 4). In order to simplify model solution, in 
the case  of 2, 3 and 4 blades, S

blades connecting volume. Consequen
(a+2D

 

The computational grid on which eq.(1) was numerically solved is reported in 

order to ensure model solution accuracy and precision, the axial and angular directions 

were subdivided into 100 parts each, while the integration time step was set equal to 10 s.

It is worth noticing that the above shown model yields to an analytical solution assuming 

that 1) drug release kinetics in the GI fluids is not affected by ADME processes an

be replaced by the in vitro release kinetics and 2) the drug concentration in the blood 
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compartment (Cb) can be always retained negligible in comparison to the drug 

concentration (Cr) in the release environment (GI fluids). In these hypotheses, model 

equations read: 
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where R(t) indicates the drug release kinetics coincident with that measured in vitro. 

Practically, eq.(13) replaces eqs.(1)-(2) of the more general model. It is easy to see that, 

again, the simpler one compartment pharmacokinetics model can be obtained by setting to 

zero k12 and k21. 

In order to complete model formulation, it is necessary defining the expression of R(t). 

Although many other choices can be considered, we focused the attention on two of them, 

in the light of the clear advantages connected with their use. Indeed, their mathematical 

power allows, generally, a good description of in vitro release kinetics. In addition, they 

allow getting and analytical solution of eqs.(13)-(16). The first choice consists of assuming 

that in vitro release kinetics can be described by the following sum of exponential terms: 
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where m, Ai and ki are parameters to be determined by eq.(17) fitting to in vitro data. 

Consequently, R(t) assumes the following expression: 
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Inserting eq.(18) into eq.(13) and assuming that Cr = Cb = CT = 0 for t = 0, model solutions 

reads: 
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where the expressions of z1, z2, G1, G2, G3 and α can be found in Appendix as well as the 

expressions of Cr, CT and mel. It is easy to verify that, when all ki become very large, 

eq.(19) degenerates into the equation describing Cb trend in the case of an instantaneous 

release from the delivery system, i.e. the situation occurring after the oral administration of 

a drug solution. It is also possible to demonstrate that, in the case of one compartment 

model, eqs.(14)-(19) solution becomes: 
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where the expressions of z1, z2 and β can be found in Appendix as well as the expressions 

of Cr, CT, mel and some considerations about eq.(20) derivation. 

When eq.(18) is no longer suitable for the description of in vitro release data, it is 

necessary choosing a more general expression for R(t). Indicating by Cj the in vitro 

experimental drug concentration occurring at time tj, R(t) can be assumed constant inside 

the jth time interval tj-1 < t < tj ad equal to: 
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In so doing, if n is the number of the experimental data, we can define n different 

expression for R(t), each one corresponding to the time interval ∆tj = tj - tj-1. Should the in 

vivo release test be longer than the in vitro one, it would be necessary defining the “n+1” 

expression for R(t). Accordingly, lacking further information, it is assumed that Rn+1 = Rn. 

This expression of R holds in the time interval ∆tn+1 = tn+1 - tn where tn+1 indicates the time 

required for the complete release system depletion from the drug. tn+1 is calculated 

knowing the drug amount still present in the release system at time tn and the release rate 

(Rn+1) in the interval ∆tn+1. If in vivo release test lasts more than tn+1 (this is, generally, the 

case happening in real situations), a new R expression (Rn+2) is defined setting Rn+2 = 0. 

The validity of Rn+2 expression spans from tn+1 up to in vivo release test end. Thus, this 

approach requires, more in general, the definition of “n+2” expressions for the drug release 

rate. It is evident that this strategy allows perfectly describing every kind of experimental 

in vitro data. Model analytical form can be determined assuming, for each time interval 

“ j”, Cr(tj-1) = Cr j-1 and Cb(tj-1) = Cb j-1: 
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where the definitions of α, z1, z2, S1 and S2 can be found in appendix jointly with the 

definitions of CT. The value of Crj-1 appearing in eq.(23) can be deuced by eq.(22) by 

setting t = tj-1. Obviously, t0 = 0. Again, the above mentioned R(t) definition strategy can be 

applied to the simpler one compartment model yielding to: 
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where the definitions of β, z1, z2, M1, M2, N1 and N2 can be found in appendix jointly with 

the definitions of mel.  

2.3.3. Results and discussion 

In order to determine two of the unknown model parameters (see eq.(1)-(5): dissolution 

constant Kt and effective diffusion coefficient De), eqs.(1)-(5) were fitted to in vitro 
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Figure 3. In vitro drug release from matrices composed by 2, 3 and 4 blades.
Solid lines indicate model best fitting while 

constituting the release system. 

Figure 3 reveals a satisfactory agreement between model best fitting (solid line) and data 

(symbols) as also proved by the result of the F test (

F3blades(1,46,0.95) < 11324; 

0.9)*10-8 cm2/s, (8.0 ± 0.5)*10

respectively, Kt always assumed a very huge value (virtually infinite). This witnessed that 

the release process was essentially governed by drug diffusion through matrix channels and 
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mass fraction = 0.7), respectively. Data fitting was performed assuming 

= 25 mg, Kp = 1 and Cs = 12.5 mg/cm3 (37°C) (obviously, in

were set to zero as no distribution inside blood and tissues occurs in 

drug release from matrices composed by 2, 3 and 4 blades.
Solid lines indicate model best fitting while symbols identify the number of blades 

constituting the release system. Ct/Cinf is the fractional release, while vertical bars indicate 
standard error. 

 
Figure 3 reveals a satisfactory agreement between model best fitting (solid line) and data 

also proved by the result of the F test (F2blades

(1,46,0.95) < 11324; F4blades(1,46,0.95) < 5136). While De turned out to be (5.5 ± 

/s, (8.0 ± 0.5)*10-8 cm2/s and (8.0 ± 0.6)*10-8 cm2/s for the 2, 3 and 4 blades, 
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experimental data in the case of matrices constituted by 2, 3 and 4 blades (theophylline 

mass fraction = 0.7), respectively. Data fitting was performed assuming Vr = 900 cm3, Cd0 

(37°C) (obviously, in this case, 

were set to zero as no distribution inside blood and tissues occurs in 

 

drug release from matrices composed by 2, 3 and 4 blades. 
symbols identify the number of blades 

is the fractional release, while vertical bars indicate 

Figure 3 reveals a satisfactory agreement between model best fitting (solid line) and data 

2blades(1,46,0.95) < 2889; 

turned out to be (5.5 ± 

/s for the 2, 3 and 4 blades, 

always assumed a very huge value (virtually infinite). This witnessed that 

the release process was essentially governed by drug diffusion through matrix channels and 
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not by drug dissolution inside the release environment fluid present inside the matrix. It is 

worth noticing that, correctly, De did not significantly modify upon variation of the blades 

number constituting the release system. Indeed, De depends on the internal nature of the 

matrix which is, evidently, independent from blades number. 

Once De and Kt, have been determined, six model parameters (Vb, VT, k12, k21, kel, kab) were 

still unknowns. As their simultaneous determination by means of data fitting to in vivo data 

was not possible due to their high correlation, a different strategy was undertaken. In 

particular, the work of Mitenko and co-workers13 was chosen as starting point. By means 

of the intravenous administration of a drug solution to 16 volunteers, these authors 

demonstrated that theophylline pharmacokinetics needs to be described by a two 

compartments model. Indeed, once reported in a semi-logarithm diagram, the trend of 

theophylline concentration in the plasma was clearly characterized by two main slopes. 

The first was mainly due to drug distribution between blood and tissues while the second 

mainly referred to drug elimination in the blood. In the light of these data and the two 

compartments model adapted to the intravenous administration: 
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the authors found VbM = (0.3 ± 0.15) l/Kg (volume per subject unit mass), kel = (0.31 ± 0.2) 

h-1, k12 = (2.7 ± 2.5) h-1 and k21 = (2.9 ± 2.7) h-1 (see also table 1).  

In the light of the mathematical model adopted to fit their experimental data, the authors 

implicitly assumed Vb = VT, i.e f = 1. These findings clear stated the considerable 

variability of the pharmacokinetics constants. 

                                                 
13 Mitenko, P.A.; Ogilvie, R.I. Pharmacokinetics of intravenous theophylline. Clin. Pharm. and 
Therap. 1973, 14, 509-513. 
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Assuming the mean values of k12 and k21 found by Mitenko13, our model (eqs.(1)-(5)) was 

fitted to in vivo data (3 blades) assuming the De values above determined for 3 blades case, 

Cd0 = 892.4 mg/cm3, Kp = 1, Cs = 12.5 mg/cm3 (37°C), Vr = 300 cm3, M0 = 400 mg and f = 

1, while kel and kab were allowed to change (the initial guess for kel was the mean value 

found by Mitenko). The fitting procedure was repeatedly performed fixing, for each trial, a 

different value of VbM starting from the highest value indicated by Mitenko13 (0.15 ≤ 

VbM(l/Kg) ≤ 0.45 ) down to the smallest value, with a decrement equal to 0.05 l/Kg. The 

VbM value leading to the lowest χ2 (sum of the weighed squared errors) was retained the 

most probable one. 

 

Table 1. Theophylline pharmacokinetics constants. M0 indicates the administered dose, 
Mbod is the subjects mean weight, Ns is the subjects number, k12 and k21 are, respectively, 

the blood – tissues direct and reverse exchange constants, kab is the absorption constant, kel 
is the elimination constant while VbM represents the blood volume per subject unit mass, Vr 
is the volume of the GI tract fluids (release environment) while f is the ratio between blood 

and tissues volume. A.R. stands for administration route. For each column, fitting 
parameters are written in shaded cells, while assumed parameters are reported in white 

cells. When available, parameters are reported with standard deviation. 
 This work 

Eqs.(1)-(13) 
This work 

Eq.(20) or (24) 
Mitenko13 

 
Leede14 

 
Quintavalle15 

 
A R. Oral 

(3 blades) 
Oral 

(3 blades) 
Intravenous 
(solution) 

Oral 
(solution) 

Oral 
(cylinders) 

M0(mg) 400 400 392 150 350 
Mbod(Kg) 70 ± 8 70 ± 8 70 75 ± 5 70 ± 12 
Ns 5 5 16 6 4 
k12(h

-1) 2.7 ± 2.5 2.7 ± 2.5 2.7 ± 2.5 2.7 ± 2.5 2.7 ± 2.5 
k21(h

-1) 2.9 ± 2.7 2.9 ± 2.7 2.9 ± 2.7 2.9 ± 2.7 2.9 ± 2.7 
kab(h

-1) 0.1 ± 0.03 0.1 ± 0.03 - 0.08 ± 0.01 0.2 ± 0.06 
kel(h

-1) 0.14 ± 0.003 0.14 ± 0.003 0.31 ± 0.2 0.23 ± 0.01 0.19 ± 0.004 
VbM (l/Kg) 0.25 0.27 0.3 ± 0.15 0.26 0.1 
Vr(cm3) 300 300 - 300 300 
f(-) 1 1 1 1 1 
 

The inspection of figure 4 reveals the very good agreement between model best fitting 

(solid line) and in vivo data (symbols) as also witnessed by the F test result (F(1, 4, 0.95) < 

562). Model fitting parameters are reported in table 1. It is worth underlying that choosing 
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VbM inside the rage found by Mitenko, 

≤ kel(h
-1) ≤ 0.51). In vivo data were also fitted according to the simplified model 

represented by eq.(19). Accordingly, eq.(17) was fitted to 

figure 3 (3 blades) getting a good fitting (

constants values: A1 = (0.87 ± 0.02), 

± 0.7) h-1. On the basis of these values, eq.(19)

Figure 4. Plasma concentration following the oral administration of a 3 blades system.
indicates theophylline concentration while 
data while vertical bars indicate standard error.  The solid line represents general model 
best fitting (eqs.(1)-(12)). The best fitting of the simplified model (eq.(19)) cannot be 

distinguished by the best fit

As done in the general model case, we assumed 

(2.7 ± 2.5) h-1 and k21 = (2.9 ± 2.7) h

procedure for the determination 

release DDS for class 1 drugs prepared by Hot Melt Extrusion

inside the rage found by Mitenko, kel remained in the range found by Mitenko

data were also fitted according to the simplified model 

represented by eq.(19). Accordingly, eq.(17) was fitted to in vitro release data shown in 

(3 blades) getting a good fitting (F(3, 44, 0.95) < 7165) with the following 

= (0.87 ± 0.02), k1 = (0.195 ± 0.005) h-1, A2 = (0.13 ± 0.02), 

. On the basis of these values, eq.(19) was fitted to in vivo data (see figure 4).

Plasma concentration following the oral administration of a 3 blades system.
indicates theophylline concentration while t is time. Open symbols represent experimental 
data while vertical bars indicate standard error.  The solid line represents general model 

(12)). The best fitting of the simplified model (eq.(19)) cannot be 
distinguished by the best fitting of the general model. 

As done in the general model case, we assumed Vr = 300 cm3, M0 = 400 mg, 

= (2.9 ± 2.7) h-1, while kel and kab were let to freely vary. The fitting 

procedure for the determination kel, kab and VbM was equal to that undertaken for the 

prepared by Hot Melt Extrusion 

remained in the range found by Mitenko13 (0.11 

data were also fitted according to the simplified model 

release data shown in 

(3, 44, 0.95) < 7165) with the following 

= (0.13 ± 0.02), k2 = (1.84 

data (see figure 4). 

 

Plasma concentration following the oral administration of a 3 blades system. Cb 
is time. Open symbols represent experimental 

data while vertical bars indicate standard error.  The solid line represents general model 
(12)). The best fitting of the simplified model (eq.(19)) cannot be 

= 400 mg, f = 1, k12 = 

were let to freely vary. The fitting 

was equal to that undertaken for the 
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general model. While the same values for kel and kab were found, VbM was a little bit bigger, 

i.e 0.27 l/Kg (see table 1). This very small difference was probably due to the simplifying 

hypothesis concerning the negligible value of Cb with respect to Cr (see hypothesis 2 

before eq.(13)). Nevertheless, the practical coincidence of the results descending from the 

two model versions made clear that, in this case, the effect of absorption, elimination and 

drug exchange between blood and tissues did not sensibly affect the release process in the 

GI fluids. As, in our case study, eq.(17) could fit very well in vitro release data (see dotted 

lines in figure 3), the pharmacokinetics parameters (kel, kab and VbM) deduced by eq.(23) 

fitting to in vivo data yielded to the same values competing to eq.(19). In addition, it is 

interesting underlying that the values of the pharmacokinetics parameters found in this 

paper are very similar to those determinable from other literature data14,15. 

Assuming a geometrical intestinal area A = 1316 cm2 16, the definition of the constant kab 

(see eq.(3)) allowed to conclude that the theophylline apparent permeability P is 3.7*10-5 

cm/s and 4*10-5 cm/s according to the general (eq.(1)-(5)) and simplified (eq.(19) or 

eq.(23)) models, respectively. Additionally, in the case of data referring to de Leede14 and 

Quintavalle15, P turned out to be, respectively, 3.2*10-5 cm/s and 2.8*10-5 cm/s. 

2.3.4 Conclusions  

The mathematical model shown in this paper represented a successful attempt of 

establishing a theoretical connection between in vitro and in vivo data. Indeed, it was able 

to reliably describe both in vitro and in vivo data referring to drug release from a 

                                                 
14 de Leede, L.G.; de Boer, A.G.; van Velzen, S.L.; Breimer, D.D. Zero order rectal delivery of 
theophylline in man with an Osmotic System. J. Pharmacokin. Biopharm. 1982, 10, 525–537. 
 
15 Quintavalle, U.; Voinovich, D.; Perissutti, B.; Serdoz, F.; Grassi, G.; Dal Col, A.; Grassi, M. 
Preparation of sustained release co-extrudates by hot-melt extrusion and mathematical modeling of 
in vitro/in vivo drug release profiles. Eur. J. Pharm. Sci. 2012, 33, 282-293. 
 
16 Grassi, M.; Grassi, G.; Lapasin, R.; Colombo, I. Understanding drug release and absorption 
mechanisms: a physical and mathematical approach, CRC Press, Boca Raton (FL, USA), 2007, 1-
627. 
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hydrophobic matrix composed by three blades. This was true not only for the model in its 

more general form, but also for its simplified form that has the considerable advantage of 

yielding to an analytical solution. The very similar results descending from data analysis 

according to the two model versions allowed concluding that, in this case, the effect of 

absorption, elimination and drug exchange between blood and tissues did not sensibly 

affect the release process in the GI fluids. In addition, the hypothesis of a negligible effect 

of drug concentration in the blood on the absorption process was proved. Then, the 

application of the presented model to different data from literature proved that the values 

of the PK constants found in this paper were absolutely reasonable. Finally, this model 

allowed a simple estimation of GI apparent permeability resorting to the oral 

administration of a solution or the oral administration of a delivery system. According to 

this study, theophylline apparent permeability in human beings turned out to be in the 

range (3 - 4)*10-5 cm/s. 

 

 

 

 



 

85 

 

 

Chapter 3. 

 

 Immediate-release DDS for class 2 

drugs prepared via Mechanochemistry  

 

 

3.1. General considerations 



Chapter 3. Immediate-release DDS for class 2 drugs prepared via Mechanochemistry 

86 

3.1.1. The Solubility and Dissolution concepts 

As previously introduced, the solubility and dissolution properties are the most important 

physicochemical factors influencing drug oral absorption. The importance of the solubility 

on the drug oral BA is very well highlighted by the BCS, which sets the regulatory 

framework for the classification of drugs.  

Both solubility and dissolution phenomena represent the formation of a drug molecular 

dispersion in a given liquid solvent. The difference consists in the two thermodynamic 

quantities: while the solubility indicates the maximum number of drug molecules reaching 

the solution in certain conditions, the dissolution indicates the velocity i.e. the necessary 

time to attain a given number of solubilized molecules.  

When a solid drug is added to a solvent (usually an aqueous solvent), the drug molecules 

that are immediately in contact with the liquid can detach from the solid and pass into the 

solvent. This phenomenon is usually named dissolution or solubilization (see below). At 

the same time, the drug molecules that are dispersed in the solvent, due to several factors 

including the Brownian motions, can aggregate with each other, detach from the solvent 

molecules, and re-precipitate as solid. The solubility is the equilibrium point between the 

dissolution and precipitation phenomena. Hence, in standard conditions, the solubility 

represents a unique value. At the equilibrium point, the solution is saturated (saturated 

concentration, Cs). Below this value, the solution is un-saturated i.e. thermodynamically, it 

is still possible to find free solvent molecules able to solvate new drug molecules. 

Moreover, the Brownian motions of the already solubilized molecules allow for other drug 

molecules without influencing the aggregation phenomenon. In other cases, the 

concentration of drug molecules can be higher than the equilibrium value. This situation 

represents a super-saturated solution that usually is an unstable condition and consequently 

will gradually tend to reach the equilibrium (Cs).  
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The factors involved in the precipitation phenomenon are similar but with opposite 

direction to those involved in the solubilization phenomenon.  

Table 1. Descriptive terms of solubility according to the European Pharmacopeia. 

                                                                                                               Concentration 

Very soluble 
less than 1 volume of solvent (ml)  

per gram of solute 
> 1 g/ml 

Freely soluble 
from 1 to 10 volumes of solvent (ml)  

per gram of solute 
100 g/l-1 kg/l 

Soluble 
from 10 to 30 volumes of solvent (ml)  

per gram of solute 
33 g/l-100 g/l 

Sparingly soluble 
from 30 to 100 volumes of solvent (ml)  

per gram of solute 
10 g/l-33 g/l 

Slightly soluble 
from 100 to 1000 volumes of solvent (ml) 

per gram of solute 
1 g/l-10 g/l 

Very slightly soluble 
from 1000 to 10000 volumes of solvent (ml) 

per gram of solute 
0.1 g/l-1 g/l 

Practically insoluble 
more than 10000 volumes of solvent (ml) 

per gram of solute 
< 0.1 g/l 

 
Drugs have different solubility equilibriums and, according to the European Pharmacopeia, 

they range from “very soluble” to “practically insoluble” (table 1). As it can be observed 

from table 1, the concentration ratio between a freely soluble drug (e.g. class 1 drug) and a 

very slightly soluble drug (e.g. class 2 drug) can be up to 10,000. Therefore, it is easy to 

understand how the drug solubility impacts on the oral absorption.  

The solubility of a drug depends on a series of factors that are related to its intrinsic 

properties, the solvent properties, system conditions and the solid properties. 

a) Drug intrinsic properties 

Here are included the molecular structure of the drug i.e. the size, shape and polarity. As a 

general rule, the larger the molecule the lower its solubility. This statement can be 

understood if it is related with the energy necessary for solubilization: when the size of the 

drug molecule is big, the energy needed for its detachment from the solid and subsequent 
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solubilization is high. Consequently, the equilibrium between the dissolution and 

precipitation is reached at a low number of solute molecules in solution.  

In certain conditions, the shape of the molecule can also play an important role in its 

solubility1.  

The drug solubility depends on the molecular structure since the presence of some 

functional groups can promote the solubilization of the drug in a given solvent. For 

example, the presence of hydrophilic groups (OH, COOH etc.) can promote drug 

solubilization in aqueous solvent given that these groups are able to easily establish week 

intermolecular interactions with the aqueous solvent. Moreover, some functional groups 

are ionizable and consequently, the solubility varies according to whether these are found 

in the charged or uncharged form.  

The polarity of the molecule strongly correlates with its solubility. Once again, the 

functional groups determine the molecule’s polarity: non-polar functional groups will 

facilitate drug solubility in organic solvents that have low polarity while polar functional 

groups enhance the solubility in an aqueous solvent. 

b) Solvent properties 

One of the most important properties of the solvent is its pH value, which directly 

influences the charged/uncharged ratio of the drug and therefore its solubility. 

As previously mentioned, the pH value may change in different parts of the GI system. In 

that pH range, the drug may exist in the charged, uncharged or as a mixture of both forms. 

The dissociation constant (Ka*) of a drug is the ratio between the concentrations of the 

charged and the uncharged forms. In the case of an acidic drug, the Ka* is given by: 

 

                                                 
1 Florence, A.T.; Attwood, D. Physicochemical principles of pharmacy. Third edition. Aaron type, 
Easton, Bristol, 1998. 



3.1. General considerations 

89 

                                                  �� ∗ =  (�*+(�3+
(��+                                                            (1) 

 

where [H+ ] is the proton concentration and [A-] [HA] are the acid concentration in the 

charged and uncharged forms, respectively. The dissociation constant of a base (Kb) is 

given by: 

 

                                                    �4 =  (5�3+(6�*+
(6+                                                          (2) 

 

where [OH-] is the hydroxyl concentration and [BH+] [B] are the base concentration in the 

charged and uncharged forms, respectively. 

The negative logarithm of the acidic dissociation constant is referred to as pKa, just as the 

negative logarithm of the hydrogen ion concentration is called the pH. 

 

                                                     p�� = - log �� ∗                                                                      (3) 

 

The correlation between the pH of the solution, pKa of the drug and the rate of 

charged/uncharged molecules is given by the Henderson-Hasselbalch equation.  

in the case of an acidic drug 
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��� − �� = log �����
�� �                                                 (4) 

 

In the case of and basic drug 

��� − �� = ��� � ��
�����                                                 (5) 

 

where the ch and unch are the charged and uncharged forms, respectively. 

While, the rate of solubilisation and the solubility as a function of pH is given by the eqs. 

(6) and (7) respectively: 

for an acid drug: 

��
�� = K ∗ Cs #1 + &'∗

()*+,                                                 (6) 

 

and for a basic drug:  

��
�� = K ∗ Cs #1 + ()*+

&'∗ ,                                                 (7) 

 

c) System conditions 

As mentioned before, the solubility and dissolution phenomena indicate a liquid molecular 

dispersion of the drug (solute) in the solvent. Thus, the drug ceases to be a solid and 

consequently, all the original intermolecular bonds are disrupted. A certain amount of 

energy is necessary to break the intermolecular bonds in the solid and therefore, a certain 

amount of energy may be released during the formation of the new solute/solvent bonds. 
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The final difference of energy (enthalpy) of this two-step phenomenon will determine 

whether (or not) the overall process is energetically favourable. 

It is therefore intuitive that the temperature will drastically influence the solubility of the 

drug. Indeed, for many solids the solubility increases with temperature: for many drugs, 

solubility in hot water (up to 100 °C) is much higher than at the ambient temperature. 

This can be briefly explained with the fact that, as the temperature of a solution increases 

the average kinetic energy of the molecules that make up the solution also increases.  

As a consequence, the solvent molecules become more efficient in breaking apart the 

solute molecules that are held together by intermolecular attractions. 

In addition, the average kinetic energy of the solute molecules increases with temperature, 

destabilizing the solid state. The phenomenon is similar to the solid fusion i.e., by 

increasing temperature, the kinetic energy of the molecules increases and their number of 

vibrations is significantly enhanced. Higher kinetic energy weakens the molecules bonds, 

thus enhancing solubility. 

In some cases, pressure may also influence the solubility of a solid in a given solvent 

although it is more of a key factor in the case of gass solubilization.  

d) Solid properties. 

At the solid state, most organic compounds exist as three-dimensional ordered structures 

where the molecules are held together generally by non-covalent interactions. This order 

ensures a sufficiently low enthalpy and high entropy in order to stabilize the system at 

normal conditions.  

The ordered physical state of the molecules is usually named crystalline state. Solid 

crystals are formed by a periodic repetition in all the directions of an unit structure that can 

be formed by two or more molecules. The unit structure is commonly named unit cell and 

its geometrical design is determined by the chemical structure of the molecules (figure 1). 
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The chemical properties of the molecules can 

three-dimensional directions.  

Figure 1. From the single molecule to the naked eye visible crystalline solid.

The crystals of a given molecule may vary in size and 

crystal habits. 

Different crystal habits may show different solubility 

area per volume in contact with the solvent.

ensuring the maximum order with

law2, in a solid consisting of crystals

of the crystal (eq. 8): 

                                                          

 

where S is the solubility of a solid having a crystal radius r, S is the solubility of the crystal 

with an infinite radius and K is a 

                                                 
2 Adamson A.W.; Gast, A.P. Physical chemistry of surface.
1997.  
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The chemical properties of the molecules can also influence the unit cell periodicity in the 

. From the single molecule to the naked eye visible crystalline solid.

he crystals of a given molecule may vary in size and shape i.e. they may have different 

show different solubility levels due to the different surface 

area per volume in contact with the solvent. Usually, the crystalline state is a physical state 

with the minimum surface area. According to the Kelvin 

, in a solid consisting of crystals, the solubility is inversely proportional to the radius 

                                       
r

K

S

S
=

0

                                                       

where S is the solubility of a solid having a crystal radius r, S is the solubility of the crystal 

with an infinite radius and K is a proportionality constant. 

Physical chemistry of surface. Sixth edition. J. Wiley and Sons

prepared via Mechanochemistry 

influence the unit cell periodicity in the 

 

. From the single molecule to the naked eye visible crystalline solid. 

i.e. they may have different 

due to the different surface 

stalline state is a physical state 

According to the Kelvin 

the solubility is inversely proportional to the radius 

                                                       (8) 

where S is the solubility of a solid having a crystal radius r, S is the solubility of the crystal 

. J. Wiley and Sons Inc. 
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The same molecule may show more than one crystal unit cells. Accordingly, the same 

molecule can take different crystalline shapes named polymorphs. Polymorphism is 

another key parameter of the molecule solubility since the same molecule shows different 

stronger/weaker intermolecular bonds.  

An additional important property of the solid consists of its wettability by a solvent, that is, 

the contact property of the solvent with the particulate mass. The wettability is a process 

where several forces are involved (figure 2). In particular, the surface tension of the solid, 

γS/A, would favour spreading in the liquid had it not been prevented by the solid-liquid 

interfacial tension, γS/L and from the liquid-air surface tension, γL/A. The relationship 

between these forces is given by the Young’s equation: 

 

                              γS/A = γS/L + γL/A cos θ                                                      (9)  

 

where θ is the contact angle. 

From the eq.(9) it can be deduced that the lower the contact angle the higher the solid 

wettability. The drug wettability strongly correlates with the chemical structure of the 

molecules forming the solid. For example, if a solid is immersed in an aqueous solvent (GI 

fluid) its wettability will be high if it contains polar hydrophilic functional groups. 

Conversely, wettability will be poor in presence of non-polar hodrophobic functional 

groups. 

The above-mentioned factors influence the solubility of a crystalline drug by different 

mechanisms. In other words, these factors are able to influence and/or alter the equilibrium 

between the dissolution and precipitation phenomena. However, more often than not, the 

solubility equilibrium is altered by changing the dissolution property of the drug. 
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Figure 2. Relationship of the Young’s equation terms an
highly wettable powder (up, contact angle lower than 90°), and a very poorly wettable 

solid (bottom, contact angle higher than 90°).

Figure 3. Graphical representation of the energ

release DDS for class 2 drugs prepared via Mechanochemistry

 

Relationship of the Young’s equation terms and a schematic illustration
highly wettable powder (up, contact angle lower than 90°), and a very poorly wettable 

d (bottom, contact angle higher than 90°). 

 

. Graphical representation of the energetic steps necessary for the dissolution of a 
crystalline solid phase. 

prepared via Mechanochemistry 

illustration of a 
highly wettable powder (up, contact angle lower than 90°), and a very poorly wettable 

 

dissolution of a 
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The dissolution of a crystalline solid (frequently named solute) in the solvent is rather 

complex, and is determined by a multiplicity of physicochemical properties of the solute 

and the solvent. Hence, a description of the phenomenon by a more intuitive approach is 

particularly important.  

The dissolution of a solid can be considered, regardless of the mechanism by which 

dissolution occurs, as a consecutive process driven by energy changes3 (figure 3).  

The first step consists of the contact of the solvent with the solid and the production of a 

solid-liquid interface, that is, the wetting of the drug molecules by the solvent molecules. 

The second step is represented by the detachment of the drug molecule from the crystalline 

structure. Subsequently, the solute molecule passes the solid-liquid interface (third step). 

The final step consists in the transfer of the solvated molecules from the interfacial region 

into the bulk solution (diffusion).  

Each stage requires a certain amount of energy to take place. Hence, keeping in mind all 

the above-mentioned factors, it can be deduced that the first step depends on the wettability 

of the solid i.e. the microstructure of the solid, the second step depends on the strength of 

the intermolecular interactions in the original solid (crystalline structure), while, the 

solvation and diffusion steps will mostly depend on the solid and solvent chemical nature 

and on the system conditions (temperature). 

One of the simplest models for the description of the dissolution of a solid in the solvent is 

represented by the Nernst’s film theory. In an agitated system, the solid will gradually 

dissolve. Although the agitation system tends to establish uniformity conditions, the 

concentration of the solid molecules nearest to the solid surface is higher than in the bulk, 

and it will be the first part of the dissolution medium to reach the saturation equilibrium, 

that is, CS.  
                                                 
3 Hsia, D.C.; Kim C.K.; Kildsig D.O. Determination of energy change associated with dissolution 
of a solid. J. Pharm. Sci. 1977, 66, 961-965.  
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Hence, despite agitation, it can be assumed that a stagnant film of liquid of constant 

thickness, h, surrounds the solid. On the other hand, the concentration in the bulk solution 

shows a different, not necessarily the Cs value. Thus, it can be indicated as CB. Solid 

molecules will diffuse through this film in order to reach the bulk solution. If the steady 

state conditions are assumed, the Fick’s first law can describe the diffusion phenomenon: 

                                       
s

C
DJ

∂
∂⋅−=      (10) 

 

where J is the diffusion current (defined as the amount of material passing perpendicularly 

through a unit surface area per unit time), D is the diffusion coefficient, and sC ∂∂  is the 

concentration gradient through the film. In this case, sC ∂∂  can be assumed as constant, 

since in the stagnant film laminar condition holds. In other words, there is a linear 

concentration gradient from the solid surface to bulk solution that can be analytically 

expressed as sC ∂∂  = (CB – CS)/h (figure 4).  

Using this expression, and denoting the volume of the solvent V and the surface area of the 

dissolving solid A, eq.(10) becomes: 

 

   ( )SB CC
h

D
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dC

A

V −−=     (11) 

 

If eq.(11) is rearranged, the more familiar form of the dissolution equation can be obtained 

which describes the dissolution of the mass of solid dM in the time dt,: 
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D

dt

dM −=      (12) 
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Devane, J. Oral drug delivery technology: addressing the solubility/permeability paradigm. 
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Figure 5. Schematic representation
drug) in order to ameliorate its solubility properties.

Accordingly, class 2 drugs are manipulated

dissolution properties. The manipulation 

structure. Each type of manipulation includes different strategies (figure 5). 

optimal strategies for the enhancement 

nanocrystallization/amorphysization 

and salt-formation, i.e. changimg

3.1.2.1. Solubility enhancement by 

As previously mentioned, most of organic compounds exist at the soli

that are three-dimensional ordered structure

generally by non-covalent interactions. According to the Kelvin’s law

solubility of a drug inversely correlates with the crystal dimensio

step of the dissolution of a solid consist

original crystal structure.  

release DDS for class 2 drugs prepared via Mechanochemistry

atic representation of the different types of drug manipulation 
) in order to ameliorate its solubility properties. 

 
are manipulated to appropriately ameliorate their solubility

properties. The manipulation occurs either to the solid-state or to the

Each type of manipulation includes different strategies (figure 5). 

for the enhancement of poorly soluble class 2 

amorphysization i.e. destroying the crystalline structure of the drug

changimg the molecule’s polarity by protonation.  

. Solubility enhancement by nanocrystallization and/or amorphization

most of organic compounds exist at the solid state 

dimensional ordered structures where the molecules are held together 

covalent interactions. According to the Kelvin’s law2 

solubility of a drug inversely correlates with the crystal dimension. Moreover, the second 

step of the dissolution of a solid consists in the detachment of the molecule from the 

prepared via Mechanochemistry 

 

manipulation (class 2 

to appropriately ameliorate their solubility and 

to the chemical 

Each type of manipulation includes different strategies (figure 5). However, the 

class 2 drugs are: 

crystalline structure of the drug, 

amorphization.  

d state as crystals 

where the molecules are held together 

 (eq.(8)), the 

n. Moreover, the second 

in the detachment of the molecule from the 



3.1. General considerations 

99 

Hence, it is intuitive that, if the solid drug is manipulated to reduce the dimensions of 

crystals or even to wholly destroy the ordered structure, its solubility and dissolution 

properties will improve. This can be explained by the different energy levels of the 

molecules placed at the surface of the solid crystal with respect the bulk molecules’. 

Research studies conducted with inorganic materials found that the atoms at the surface are 

in a less confined arrangement (fewer inter-atomic bonds) than in the bulk5, so that they are 

more energetic than those in the bulk. Accordingly, lattice breakdown on crystal surface 

would require less energy and therefore it would be favoured over bulk lattice breakdown.  

Experimental data6 and molecular dynamics simulations have supported this theoretical 

interpretation. Indeed, clear differences in the structural dynamics of Au nanocrystals 

surface and bulk atoms were found. In particular, it was found that the coherent electron 

diffraction patterns recorded from individual nanocrystals are very sensitive to the atomic 

structure of nanocrystal surfaces. 

That is, the surface atoms contract in the nanometre-sized Au nanocrystals. Obviously, the 

effect of surface atoms becomes relevant (i.e. appreciable at the macroscopic level) only 

when the number of surface atoms is not negligible compared to that of the bulk atoms. 

This is the case when the crystal surface/volume ratio becomes very high. This 

phenomenon takes place for crystals with size falling in the nanometer range. The above-

mentioned physical frame can be utilized not only for nanocrystals of metals, but also for 

organic nanocrystals7.  

                                                 
5 Lubashenko V.V. Size-dependent melting of nanocrystals: a self consistent statistical approach. J. 
Nanopart. Res. 2010, 12, 1837-1844. 
 
6 Huang, W.J.; Sun, R.; Tao, J.; Menard, L.D.; Nuzzo, R.G.; Zuo, J.M. Coordination-dependent 
surface atomic contraction in nanocrystals revealed by coherent diffraction. Nature Materials. 2008, 
7, 308-313. 
 
7 Jiang, Q.; Shi, H.X.; Zhao, M. Melting thermodynamics of organic nanocrystals. J. Chem. 
Physics. 1999, 111, 2176-2180. 
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Indeed, also the melting entropy of organic crystals is essentially a vibrational one, which 

implies that molecules in organic crystals behave in a similar way as the atoms in metallic 

crystals. Hence, when a molecule is located on the surface of the organic crystal, the 

amplitude of the thermal vibration of the full molecule is larger than that of the molecules 

within the crystal. Accordingly, for molecular solids, the difference in the activation 

energy between the surface and the bulk can be explained by a difference in molecular 

mobility. In other words, a molecule placed at the surface of the nanocrystal in the nearest 

bulk part, requires less energy for its detachment. Thus, it is more soluble than the same 

type of molecule placed in the crystal bulk. The solubility dependence on the crystals 

radius Rc, can be obtained by a classical thermodynamic approach ruling the equilibrium 

between a liquid phase (the solvent) and a solid phase (the drug)8. 

Assuming that only the drug distributes in the two phases (this means that the solvent does 

not get inside the drug), the equilibrium condition requires that the drug fugacity in the 

solid phase 
∧

s
df  equate the drug fugacity in the liquid phase

∧
l

df . By definition, we have: 

 

     s
d

s
d
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ddd

l
d γ fffXf ===
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   (13) 

 

where γd and Xd are, respectively, the drug activity coefficient and solubility (expressed as 

the molar fraction) in the solvent, ldf  is the drug fugacity in the reference state while s
df  is 

the drug fugacity in the solid state. Accordingly, drug solubility in the liquid phase will be 

given by: 

                                                 
8 Prausnitz, J.M.; Lichtenthaler, R.N.; Azevedo, E.G. Molecular thermodynamics of fluid-phase 
equilibria. Third edition. Prentice Hall, Englewood Cliffs, N.J. 1999. 
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The solid crystals at T and P* represent state 1. While state 2 is given by nanocrystals 

heated at constant pressure (P*) up to their melting temperature Tm, state 3 represents the 

completely melted nanocrystals at Tm and P*. Finally, state 4 is achieved by cooling up to 

T, at constant pressure (P*), the liquid drug (under-cooled liquid). Hence: 

 

 ( )433221433221414141 SSSTHHHSTHG ∆+∆+∆−∆+∆+∆=∆−∆=∆  (16) 

 

where ijH∆  and ijS∆  are, respectively, the variation of the molar enthalpy and entropy 

between state “j” and “i”. In details, we have: 
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where s
pc  and l

pc  are, respectively, the solid (drug) and liquid (drug) molar specific heat at 

constant pressure while ∆gm and ∆sm are, respectively, the molar nanocrystals melting 

Gibbs free energy and entropy. Upon rearrangement of eqs.(15)-(19), drug solubility can 

be expressed as a function of determinable parameters: 
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where ∆cp = s
pc - l

pc  and ∆hm is the molar melting enthalpy. Finally, it is convenient to recall 

the relation occurring between the molar solubility Xd and the mass/volume solubility Cs: 

 

   
sol

s

d

d

d
s ρ
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X

X
C =       (21) 

 

where Md and Ms are, respectively, the drug and solvent molecular weight while ρsol is the 

solvent density. Assuming that the activity coefficient, γd, does not vary significantly with 

concentration, eq.(20), in the case of nimesulide (a typical non-steroidal anti-inflammatory 

drug), predicts a solubility increase as reported in figure 79. It can be seen that an 

appreciable increase of nanocrystals solubility occurs for radii smaller than approximately 

10 nm while nanocrystals solubility becomes about 3.5 times the solubility of nimesulide 

macro-crystals (Cs∞) approaching the dimension of the nimesulide unit cell (Rc ≈ 0.8 nm). 

Under certain conditions, the nanocrystal size can be greatly reduced i.e., the physical 

order of the molecules can be limited to the unit cell and no three-dimensional repetition 

takes place. Under extreme conditions, even the unit cell may be destroyed. Explicitly, 

                                                 
9 Coceani, N.; Magarotto, L.; Ceschia, D.; Colombo, I.; Grassi, M. Theoretical and experimental 
analysis of drug release from an ensemble of polymeric particles containing amorphous and nano-
crystalline drug. Chem. Eng. Sci., 2012, 71, 345-355. 
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10 Serajuddin, A.T.M. Salt formation to improve drug solubility. Adv. Drug. Del. Rev
603-616. 
 
11 Stephenson, G.A.; Aburub, A.; Woods, T.A. Physica
state. J. Pharm. Sci. 2011, 100
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Serajuddin, A.T.M. Salt formation to improve drug solubility. Adv. Drug. Del. Rev

Stephenson, G.A.; Aburub, A.; Woods, T.A. Physical stability of salts of week bases in the solid 
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than 50% of marketed drugs12. Salt formation is a simple chemical acid-base reaction that 

involves either a proton transfer or a neutralization reaction and usually requires low 

activation energy. The main requisite in order to have a proton transfer from the acid to the 

base is the pKa difference: an acid-base reaction occurs if the difference between the pKa 

(base) and pKa (acid) is greater than 2 or 313. 

Effectively, in the case of an aqueous solvent, the proton transfer i.e., the ionization of a 

functional group of the drug molecules, brings about an increase of the intermolecular 

interactions’ strength that reduce the influence of the large hydrophobic regions of drug 

molecules. This phenomenon increases the hydrophilicity and wettability of the molecule. 

Hence, salt-formation improves the solubility of the drug in the diffusion layer at the 

surface of the drug and can increase both the solubility and dissolution rates of the drug. 

The biopharmaceutical and physicochemical aspects of the salts are reported in detail in 

literature14. 

3.1.3. The Mechanochemical process  

3.1.3.1. Definitions and a brief history of Mechanochemistry 

Mechanochemistry refers to physicochemical transformations and chemical reactions, 

normally of solids, following the input of mechanical energy. It represents, together with 

electrochemistry, the non-thermally activated branch of chemistry. Mechanochemistry, 

was included as a separate branch of chemistry for the first time by Ostwald in 1919. In 

recent times, mechanochemistry has drawn more attention due to the very important 

                                                 
12 Kumar, L.; Baheti, A.; Bansal, A.K. Effect of a counterion on the glass transition temperature 
(Tg’) during lyophilization of Ganciclovir salt forms. Mol. Pharm. 2011, 8, 309-314. 
 
13 Childs, S.L.; Patrick Stahly, G.; Park, A. The salt-cocrystal continuum: the influence of crystal 
structure on ionization state. Mol. Pharm. 2007, 4, 323-338. 
 
14 Berghe, S.M.; Bighley, L.D.; Monkhouse D.C. Pharmaceutical salts. J. Pharm. Sci. 1977, 66, 1-
19. 
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environmental, economical and human welfare advantages that this branch of chemistry 

may offer. 

Although the real benefits of the mechanochemical process started to be discovered only 

recently, its origins can be found as far as antiquity. The first primitive instruments 

consisted is a mortar and pestle and the mechanical energy was used to prepare foodstuffs, 

mineral plants and more recently, medicines15. The first document of a mechanochemical 

reaction coincides with the earliest surviving document related to chemistry (written by 

Theophrastus, an Aristotle’s student in about 315 B.C.15). In that document, the 

mechanochemical reaction was the reduction of cinnabar to mercury using a copper mortar 

and pestle. Then, in the following 2000 years, no written documents regarding the 

mechanochemical process could be found.  

Systematic mechanochemistry began in the nineteenth century. In this period, the most 

important scientists that reported mechanochemical phenomena conducted their studies 

with inorganic materials, mostly minerals. It is worth mentioning Faraday, M. Carey Lea 

and W. Spring15. Not before 1983 was a mechanochemical reaction performed using 

organic compounds by Ling and Baker. In this period, scientists were already familiar with 

the possibility of performing chemical reactions at the solid state. In fact, Faraday called 

the reduction of silver chloride by grinding with zinc as the “dry way” of inducing 

reactions15. Their instruments were still rudimental (mortar and pestle) whereby the energy 

input is very difficult to quantify, or pressure inducing instruments (W. Spring) that can 

guarantee static forces but not sufficient shear forces. Nowadays, most of the 

mechanochemical processes are performed in apparatus generating high-shear forces such 

as grinding mills. The first scientist to note the high potential of shear stresses as chemical 

reactions activators was M.C. Lea and for this reason he is known as the “father of 

                                                 
15 Takacs, L. The historical development of mechanochemistry. Chem. Soc. Rev. 2013, 
doi:10.1039/c2cs35442j. 
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mechanochemistry”. Ball mill is the most used grinding mill type. However, the extensive 

use of grinding mills was only possible from the 20th century when advanced 

characterization techniques (e.g. X-ray crystallography) allowed scientists to take a closer 

look to the atomistic implications of mechanochemical processes and therefore be aware of 

the benefits of using high-energy tools15. 

As most pharmaceutical processes, mechanochemistry had to deal with the severe 

requirements of pharmaceutical production (GMP, FDA etc.). The grinding mills used in 

inorganic mechanochemistry had to adapt to the pharmaceutical field. However, 

mechanochemistry found immediately its place in pharmaceutics since it could offer great 

advantages by avoiding the use of solvents: this is very important since more than 85% of 

chemicals used in the pharmaceutical field are solvents16. Furthermore, it has been shown 

that mechanochemistry is a very effective process for the oral BA enhancement of poorly 

soluble class 2 drugs since via this process, both physical (crystal structure disruption) 

and/or chemical (salt formation) drug manipulation is possible. 

3.1.3.2. Mechanistic aspects 

Although today mechanochemistry is a well-known branch of chemistry, the mechanisms 

involved do not reveal a straightforward, or as yet complete picture. The difficulty lies in 

the great diversity of reaction types, conditions and materials used. The study is further 

complicated by the difficulty of directly observing the mechanochemical process at 

molecular levels. In this perspective, the first inetesting and complete paper describing an 

                                                 
16 James, S.L.; Adams, C.J.; Bolm, C.; Braga, D.; Collier, P.; Friscic, T.; Grepioni, F.; Harris, 
K.D.M.; Hyett, G.; Jones, W.; Krebs, A.; Mack, J.; Maini, L.; Orpen, A.G.; Parkin, I.P.; Shearouse, 
W.C.; Steed, J.W.; Waddell, D.C. Mechanochemistry: opportunities for new and cleaner synthesis. 
Chem. Soc. Rev. 2012, 41, 413-447. 
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17 Friscic, T.; Halasz, I.; Beldon, P.J.; Belenguer, A.M.; Adams, F.; Kimber, S.A.J.; Honkimaki, V.; 
Dinnebier, R.E. Real-time and 
Chemistry. 2013, 5, 66-73.
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The simplest example is the mechanochemical treatment of a single component inserted in 

the chamber of a ball mill. Under these conditions, the material is energized in pulse form 

i.e., every time it is trapped between two or more grinding media or between the mill wall 

and one or more grinding media18. The mechanical energy is mainly transferred via shear 

and normal stresses acting on the solid material surfaces. The energy is “absorbed” by the 

crystalline structure of the solid inducing a series of events at the microscopic levels, the 

most important being: a) atoms shifting from the equilibrium positions of the ordered 

crystalline state and b) changes of bond length or even excitement of the electronic 

subsystem. Consequently, the crystalline structure (but also the molecules) appears as an 

unstable system containing a higher energy level than the initial state (figure 9).  

The solid will tend to release most of the energy absorbed and the energy relaxation 

process occurs via three different pathways: a) heat or other unaccessible energetic forms 

representing the major and “omnipresent” pathway of the energy relaxation b) solid crystal 

structure disruption and/or c) bonds rupture (chemical reaction, figure 10). 

Of the three pathways represented in figure 10, only two (crystal structure disruption and 

bonds rupture) are useful in order to ameliorate the biopharmaceutical properties of class 2 

drugs.  

The energy transferred to the solid may lead to plastic deformation phenomena inducing a 

partial or total disruption of the original crystal structure. Thus, in this type of energy 

relaxation, the final solid structure will be physically manipulated. Crystal disruption 

mechanism is still not completely clear. However, there are two main theories that tried to 

explain this phenomenon: 

 

                                                 
18 Colombo, I.; Grassi, G.; Grassi, M. Drug mechanochemical activation. J. Pharm. Sci. 2009, 98, 
3961-3986. 
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Chem. Phys. 1992, 96, 5482
 
20 Johnson, W.L.; Li, M.; Krill, C.E. The
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Figure 11. Correlation between the energy supply and the degree of crystalline structure 
disruption. The first zone (1) indicates
starts in zone 2. Subsequent energy supply leads to plastic flow (3), 

grinding (5) and total crystal lattice disruption (amorphization) (6)
 

According to the thermodynamic destabilization theory, the collapse 

structure does not occur immediately but gradually and strongly correlates with the amount 

of the mechanical energy supplied. Hence, the crystalline structure disruption can be 

divided in different steps (degree of disorder) as a 

11). Initially, at low stress levels,

mechanical energy administration leads to the first plastic deformations (zone 2 figure 11). 

Subsequently, a series of other events occur and

of a single crystal (unit cell), its fracture will start leading to a complete crystal lattice 

disruption. In between, different events such as crystal plane defects, anomalous 

distribution of punctual defects etc

absorbed from the solid is not completely released: part of 

retained by the solid material in the form of the so

                                                 
21 Chaikina, M.V.; Aman, S. Fracture, grinding, mechanical activation and synthesis processes in 
solids under mechanical action. Sci. Sint. 2005, 37, 93
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The free energy surplus of the solid reaches its maximum when a complete crystal 

structure disruption (complete amorphization) occurs. Consequently, the amorphous solid 

(but also the nanocrystals one) has a higher activity than the initial crystalline solid 

(usually the original crystal dimensions of the drugs are included at the micrometric order). 

For this reason, when the mechanochemical process is used in order to disrupt the 

crystalline structure i.e., to transform a non-activated microcrystalline form into an active 

amorphous and/or nanocrystalline form, it is often called Mechanical Activation or more 

frequently Mechanochemical Activation (MA). Smekal was the first scientist that used this 

term which observed an increase of the reactivity of solids due to plastic deformation15. 

The term “activation” expresses an intrinsic potentiality of the amorphous solid due to the 

fact that, in the conditions where the solid is subjected to high-shear stresses, the energetic 

barriers hindering the evolution to a new equilibrium are lower than those of an non-

activated system. In other words, in high-shear and normal stress conditions the amorphous 

and nanocrystalline forms are the thermodynamically preferred physical states18: it is 

important to underline the term “thermodynamically” since the real lifetime of the 

activated structures Consist of 101-10-7 sec. Indeed, this period is too short in view of the 

final objective i.e., enhancing the solubility in the GI fluids and consequently the oral BA 

of the drug. Moreover, from a commercial point of view, the final pharmaceutical product 

should be stable for a much longer time (months, even years) and the activated powder 

often do not preserve its properties during storage and tabletting. For these reasons, drugs 

are seldom subjected alone to MA rather than in the presence of a stabilizer agent forming 

a solid dispersion. The stabilizer, which is subjected to MA together with the drug, is able 

to stabilize the activated structures by establishing week intermolecular bonds or reducing 

the mobility of the amorphous and nanocrystalline solid. The simultaneous MA of two or 

more components is called cogrinding.  
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On the other hand, the presence of the stabilizer makes the MA scenario more complex and 

other un-known variables are added to the system. The stabilizier is often called “carrier” 

due to the fact that in most cases its properties can give a further important contribution not 

only to the stability properties of the drug but also to the dissolution properties such as a 

better weattability and lower re-crystallization phenomenon in vitro and in vivo etc22. The 

carriers can be of different types: 

a) inorganic carriers. In this category, different types of silicates represent the top choice 

carriers due to the fact that these materials posses a very large surface area and are able to 

stabilize the drug even when small quantities are used (e.g. drug:carrier in 1:0.5 or 1:1 

weight ratio). Moreover, their chemical structure permits a very high affinity with class 2 

drugs that usually are hydrophobic molecules. However, the main drawback of these 

carriers type is, once again, the large surface area making the solid dispersion very labile, 

for example to the atmospheric conditions (humidity, temperature etc.)  

b) organic polymeric carriers. This class represents the largest group of stabilizers used. 

Here are included different types of carriers: hydrophobic, hydrophilic or amphyphilic, 

water-soluble polymers, insoluble polymers, linear polymers and cross-linked polymers. 

Hence, it is possible to select the suitable carrier on the basis of the physicochemical 

properties of the drug. Usually, cross-linked polymers are used as polymeric carriers due to 

their ability to stabilize both nanocrystalline and amorphous structures by different 

mechanisms.  

c) cyclodextrins. These carriers are a family of cyclic oligosaccharides consisting of 

several D-glucose residues (in particular 6, 7 and 8 residues that form the α, β, and γ-

cyclodextrins, respectively) which are linked by α-(1,4) bonds and their three-dimensional 

structure is represented as cone-shaped. The outer surface of these materials is hydrophilic 

                                                 
22 Shakhtshneider, T.P.; Boldyrev, V.V. Mechanochemical synthesis and mechanical activation of 
drugs. In Reactivity of molecular solids, ed.; Boldyreva, E., Boldyrev, V. Wiley. 1999. 
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due to the presence of OH groups while the inner surface is highly hydrophobic. The drug 

molecules having a suitable size can fit inside the central cavity. Hence, these materials 

usually form inclusion complexes with amorphous drug. 

Beside the MA, mechanical energy can be used to induce a chemical manipulation of the 

drug.  

As previously mentioned, the mechanisms involved are still far from being known. This is 

due to the fact that, despite the macroscopic simplicity, the mechanical energy transfer to 

the solid is very complicated. The first tentative study of these mechanisms started very 

recently, during the Second World War, in the field of the mechanical initiation of 

explosives15. In this direction, most important consideration has been given, once again, to 

the inorganic mechanochemistry where the two most referred theories have been 

developed: 

a) triboplasma theory. It considers that the direct impacts of sufficient energy result in a 

local energy accumulation. In these zones, the temperature can extensively grow giving 

origin to metastable structures that subsequently release a part of the accumulated energy 

in order to pass into a more stable thermodynamic condition. The energy release process 

gives origin to a multistage dissipation of the energy and the lifetime of these events is 

very short (10-11-10-7 sec). After this phase, different excitation processes occur: it is in this 

period that the mechanochemical process takes place18. 

b) hot spot theory. According to this theory (originally developed by considering 

frictional processes between two different surfaces) small protuberances cause plastic 

deformations in very small zones (ca. 1 µm2) bringing about a drastic temperature increase 

(1000°C). Under these conditions, the material will lose its original structure. In particular, 

more brittle materials will tend to crack and propagate these dislocations16. 
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However, in the organic and, in particular, in the pharmaceutical field, these theories must 

be considered very carefully since in the case of drug molecules the degradation 

phenomenon is unavoidable when exposed to such high temperatures (1000 °C). 

Accordingly, in the case of organic molecules, the above-mentioned theories probably are 

a side effect of the main mechanisms (still unknown).  

Kaupp23 proposed a three-step mechanism to explain the reaction of molecular substances 

and the reactivity of molecular organic solids under mechanochemical treatment. The first 

step consists in the diffusion of reactants through a mobile phase. The second step involves 

the nucleation and the growth process of the product phase. Finally, the product phase 

separates to expose fresh reactant surface.  

The knowledge of the mechanisms implicated in a mechanochemical process is important 

since it allows a better control of this process that can offer high quality products.  

The most common approach to perform a chemical reaction involves the use of great 

amounts of solvent, heating, drying and a series of other technological processes. Today, 

these processes are well-known and can be found in most chemical reactions because 

scientists are able to control reactions in the liquid and vapor phase. Their expertise derives 

from thousands of studies developed during hundreds of years. Hence, it is necessary to 

spend the same effort to in depth study the solid-state reactions in order to achieve a better 

control. 

Some effort has already gone in this direction, for example by transferring the principles of 

supramolecular chemistry to mechanochemistry. Also, new mechanochemical techniques, 

where the reactivity of precursors is significantly improved have sted some light. Here, the 

addition of sub-stoichiometric amounts of solvents transforming the “neat chemical 

reaction” into “liquid-assisted chemical reaction” can be mentioned. 

                                                 
23 Kaupp, G. Solid-state molecular syntheses: complete reactions without auxiliaries based on the 
new solid-state mechanism. Cryst. Eng. Comm. 2003, 5, 117-133. 
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A solid-state chemical reaction proceeds exclusively in the contact areas between reagents. 

Accordingly, the total number of contacts between reacting particles will determine the 

progress of a solid-state reaction. For this reason, mechanochemistry represents a key 

process for solid state reactions since it is able to continuously generates new surfaces 

between reagents24.  

3.1.3.3. Mills 

As mentioned above, the origins of mechanochemistry can be found since the Stone Age. 

The main tool used in the mechanochemical process so far is the mortar and pestle. 

However, using this instrument, the mechanical energy input is low and un-quantifiable. 

Today, the most used tool in order to perform a mechanochemical activation/reaction is the 

mill. In particular, in the pharmaceutical field, ball mill represents the most used mill type. 

Moreover, recently scientists have understood that the advancement in mill design and 

grinding technology closely connects to the progress of mechanochemistry.  

Retsch developed the first motorized mill in 192315. However, the first machines were not 

highly efficient in the induction of plastic defects in the crystal structure of the loaded solid 

but rather a general micronization (particle size reduction) could take place. Indeed, the 

machines capable of inducing plastic deformations and to drastically alter the original 

crystalline structure of the loaded solid are also called mechanical activators. Currently, the 

mechanical activators used are able to induce an initial particle size reduction and 

subsequently to disrupt the crystalline structure of the solid. The mechanochemical 

activators, based on the energy transfer pathway can be divided into three main categories: 

1) ball mills, 2) shear action mills, and 3) shock action mills. As previously mentioned, in 

the pharmaceutical field ball mills are the most used mechanical activators. 

                                                 
24 Boldyrev, V.V. Mechanochemistry and mechanical activation of solids. Russ. Chem. Rev. 2006, 
75, 177-189. 
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In the ball mills type, the energy is transferred to the loaded powder through the grinding 

media that usually have a spherical or cylindrical geometrical design. The mechanical 

stress is induced by both shear and normal stresses. It is possible to modulate the 

prevalence of one or another force by modifying the operating conditions.  

The planetary mill (figure 12A) is one of the most used ball mill types in the 

pharmaceutical field but exclusively for laboratory trials. Essentially, the planetary mil is 

made up of a rotating plate connected with a motor which generates its movement 

(rotation). A different number of vials (up to 4) are placed on the rotating plate that co-

rotate or counter-rotate with respect to the plate. This generates an intense movement of 

the grinding elements that collide against vial’s wall (inside wall). The main forces 

generated are friction and impact and the energy transfer takes place in both. The vials and 

the grinding media are made of: agate, zirconia, chrome-steel, tungsten carbide etc. 

The Spex mill (figure 12B), essentially used for laboratory purposes, generates the 

mechanical energy by swinging back and forth thousands times per minute. This motion 

combined with the lateral movements of the vial leads to a typical swing that looks like an 

“8” or “∞”. Consequently, high impact forces are generated in this mill type. 

The Attritor mill  (figure 12C) can be found as lab-scale but also as industrial scale mills. 

This type of mill generates mainly impact forces that are produced by ball-ball, ball-drum 

and ball-impeller impacts. In fact, this type of ball mill is made up of a vertical or 

horizontal drum where a series of impellers (placed at right angles to each other) are 

inserted. The impellers are connected to the motor generating the rotation. The impeller’s 

rotation produces a disordered movement of the grinding media giving origin to high 

impact forces that are transferred to the loaded powder. 
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The industrial scale vibrational mills can operate batch-wise or continuously. The materials 

forming the bowls and the grinding media should meet the restrictive considerations of 

GMP and FDA. 

Very often, the mill is superficially considered only as a tool to obtain our final product via 

MA or mechanochemical reaction. However, the mill represents the energy source, which 

is necessary to obtain the desired reaction. As previously stated, the progress in mill design 

and grinding technology connects closely to the improvement of mechanochemical 

process: our attention hence must be focused on how to optimize and control the 

mechanochemical process. Therefore, it would be useful to optimize and/or to maximize 

the energy transfer from the tool to the charge. The most common and immediate approach 

to maximize the energy transfer consists in the trial and error process until optimal 

conditions are found.  

Mathematical modeling can represent a valid alternative to this common approach in 

particular when a large number of variables must be considered thus making the trial and 

error approach time and cost-inefficient. Yet, the dynamics inside a ball mill are 

complicated and very difficult to be completely understood18.  

Tkáĉová proposed a simple and general approach (i.e. theorically valid for any kind of 

mill) for the estimation of the energy transferred to the loaded powder25. The first 

consideration made was that the mechanical energy is not supplied continuously to the 

powder but rather, through periodic and impulsive events (every time the powder is 

trapped between two or more colliding media). Under these conditions, the energy supplied 

to the loaded powder is given by: 

 

                                                 
25 Tkáĉová, K. Mechanical activation of minerals. Amsterdam, Elsevier, 1989. 
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where W is the mechanical energy supplied to the charge, N is the number of all impulses, 

t1 is the impulse duration υ is the single grinding medium velocity and T* is the impulse 

period. N and υ are expressions and assume different values for each ball mill type. 

Consequently, also W will have different values depending on the mill type used. 

According to this model, the planetary mill is in the pole position i.e., it is the ball mill type 

that transfers the highest mechanical energy to the loaded powder. The second place is 

occupied by the vibrational mill followed by the attritor and tumbling mill18.  

Eq.(22) is a simple tool for the evaluation of the energy transfer in different ball mills. 

However, beside its simplicity, the above reported model is only a rough evaluation of the 

real energy transfer. Models that are more precise require detailed modelling. It is therefore 

necessary to better understand the movement of the grinding media and to divide the 

different energetic contributions (friction, impact etc.). Therefore, suitable mathematical 

models for each mill type (planetary, vibrational, spex and attritor mill) in order to better 

describe the mill dynamics in each particular case are highly desirable. 

For example, Burgio and co-authors reported a mathematical model in order to optimize 

and to maximize the energy transfer in a planetary mill 26. According to this model, the 

specific energy, E*(J/kg), that a planetary mill supplies via the grinding media to the 

loaded powder in the temporal range ∆t, is given by: 

 ( ) tNRRdfE b∆∗= bppvvbb
* φω,,ω,,ρ,      (23) 

                                                 
26 Burgio, N.; Iosanna, A.; Magini, M.; Martelli, S.; Padella, F.. Mechanical alloying of the Fe-Zr 
System. Correlation between Input energy and end products. Il Nuovo Cimento. 1981, 13D, 459-
476. 
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where f*  is a function depending on balls (grinding media) diameter and density (db and ρb, 

respectively), vials radius and angular velocities (Rv and ωv, respectively), mill plate radius 

and angular velocity (Rp and ωp, respectively) while Nb is ball numbers and ϕb is expressed 

by: 

 

      ( )εvb 1φ n−=     
v

2
v

3
bb

v HπR

dN
n =  

( )( )
( )( )








 −
−=

2
v

bbv

10

3

2

25
ε

R

ddR
Log

Log
  (24) 

 

where Hv is the vials height. The eqs.(23)-(24) reveal that once vials (Rv, Hv, ωv ), mill 

plate (Rp, ωp), grinding media (db, ρb) characteristics and ∆t are fixed, E* depends only on 

Nb. Accordingly, the Nb value maximizing E* is given by: 
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This mathematical model helps selecting the appropriate experimental condition to 

maximize the energy transfer to the charge. In a planetary mill Fritsch P5 (Pulverisette, 

Contardi Fritsch s.r.l., Milan, Italy) equipped by four agate cylindrical vials (internal height 

Hv = 2.6 cm, internal radius Rv = 3.2 cm, volume = 27.5 cm3) and adopting agate balls 

(diameter db = 2 cm) the optimal Nb according to eq.(25) is 6 (figure 13). 



The mathematical model 

media, the optimal mass of the charge (considering the powder density) and a series of 

other experimental conditions. The above

used in this research laboratory and will be the basis of the optimization of the grinding 

procedure in this PhD thesis.

 

Figure 13. Selection of the optimal Nb according to the model proposed by Burgio an co

 

 

 

3.1. General considerations

The mathematical model allows for the selection of the optimal number of the grinding 

media, the optimal mass of the charge (considering the powder density) and a series of 

other experimental conditions. The above-reported mathematical model has been already 

used in this research laboratory and will be the basis of the optimization of the grinding 

this PhD thesis. 
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Abstract 

Significant improvement of solubilization kinetics of poorly-soluble vinpocetine was 

obtained through a mechanochemical activation process in presence of micronized 

crospovidone. Drug-to-polymer weight ratio and milling time variables resulted to have 

statistically significant impacts on the activation of the product. The complete 

amorphization was obtained in the coground with the highest crospovidone contents 

(>80% wt), milled for the longest time (180 min). An ad hoc software was then used to 

calculate the dimensions of the drug crystallites in the samples on the basis of the 

calorimetric data. The thermal analyses were then accompanied and confirmed by an 

extensive solid state characterization, performing X-ray diffraction, Raman 

imaging/spectroscopy, DRIFT and SS-NMR spectroscopy, followed by laser diffraction 

and solubilization kinetics tests. All the analyses agreed on attesting the progressive 

loosing of crystalline structure of the drug when increasing milling time and amount of 

polymer in the formulations. This activated status of the drug, that resulted to be 

homogeneously distributed on the coground sample and stable for at least 1 year, was 

reflected on favorable solubilization kinetics. The in vivo studies on rats revealed that 

coground systems promoted a five-fold higher oral bioavailability enhancement in 

comparison to a commercial formulation (Vimpocetin® 5 mg Capsules, Pharma). 
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3.2.1. Introduction 

Vinpocetine (VIN) is a semi-synthetic derivative of the Vinca minor L. alkaloid 

vincamine1. VIN is a poorly water-soluble base-type drug (pKa=7.1)2. In the pH range 

between 1.2 and 8.0, VIN solubility enhanced by a reduction in pH and showed an 

approximately linear relationship between the logarithm of the solubility and pH3. It has 

been shown to improve cerebral circulation and metabolism in the treatment of various 

types of cerebrovascular circulatory disorders, e.g. cerebral infarction, cerebral hemorrhage 

residual and cerebral arteries cirrhosis, etc. VIN was introduced in clinical practice in 

Hungary for the treatment of cognitive disorders and related symptoms4. It is mainly used 

as oral dosage forms, usually in tablets, containing 5 mg of active ingredient, with a daily 

dosage regimen that can vary between 5mg_3/day to 20mg_3/day5. However, existing 

formulations exhibit poor bioavailability (~6.7%)6,7 and poor absorption8. Due to its scarce 

aqueous solubility and wettability, and extensive metabolism during first pass. An oral 

formulation with a high degree of oral absorption would, therefore, be highly desirable.  

                                                 
1 Lorincz, C.; Szasz, K.; Kisfaludy, L. The synthesis of ethyl apovincaminate. Arzneim.-Forsch. 
Drug Res. 1976, 26, 1907–1908. 
 
2 Weinshaar, R.E.; Bristol, J.A. Comprehensive Medicinal Chemistry. Hansch C. Ed. Pergamon 
Press, Oxford, Vol. 2, 501-514, 1990. 
 
3 Ribeiro, L.; Falcao, A.C.; Patricio, J.A.B.; Ferreira, D.C.; Veiga, F.J.B. Cyclodextrin 
multicomponent complexation and controlled release delivery strategies to optimize the oral 
bioavalaibility of vinpocetine. J. Pharm. Sci. 2007, 96, 2018-2028. 
 
4 Csanda, E.; Harcos, P.; Bacsy, Z.; Berghammer, R.; Kenez, J. Ten years of experience with 
Cavinton. Drug Dev. Res. 1988, 14, 185-187. 
 
5 Szatmari S.Z.; Whitehouse P.J. vinpocetine for cognitive impairment and dementia. Cochrane 
database Syst. Rev 1:CD003119, 2003. 
 
6 Grandt, R.; Beitinger, R.; Schateltenbrand, R.; Braun W. Vinpocetine pharmacokinetics in elderly 
subjects. Arzneim.-Forsch. Drug Res. 1989, 39, 1599-1602. 
 
7 Szakacs, T.; Veres, Z.; Vereczkey, L. In vitro-in vivo correlation of the pharmacokinetics of 
vinpocetine. Pol. J. Pharmacol. 2001, 53, 623-628. 
 
8 Kata, M.; Lukacs, M. Enhancement of solubility of vinpocetine base with γ-cyclodextrin. 
Pharmazie. 1986, 41, 151-152. 
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Up to now the strategies that have been carry out to enhance VIN oral bioavailability have 

been mainly focused in two directions: on the one hand, to prepare liquid and solid self 

emulsifying systems, thanks to its good solubility in oils9,10,11 and, on the other hand, 

thanks to its molecular weight/steric encumbrance and lipophylic nature to its inclusion in 

cyclodextrins8,12-19., 1213141516171819  

                                                 
9 Chen, Y.; Li, G.; Wu, X.; Chen, Z.; Hang, J.; Qin, B.; Chen, S.; Wang, R. Self-microemulsifying 
drug delivery system (SMEDDS) of vinpocetine: Formulation development and in vivo assessment. 
Biol. Pharm. Bull. 2008, 31, 118-125. 
 
10 Iosio, T.; Voinovich, D.; Grassi, M.; Pinto, J.F.; Perissutti, B.; Zacchigna, M.; Quintavalle, U.; 
Serdoz, F. Bi-layered self-emulsifying pellets prepared by co-extrusion and spheronization: 
influence of formulation variables and preliminary study on the in vivo absorption. Eur. J. Pharm. 
Biopharm. 2008, 69, 686-697. 
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In this study an alternative approach has been attempted, based on the preparation of 

binary coground systems with micronized crospovidone (PVP-CL) using an optimized 

mechanochemical activation process conducted in planetary mill. This approach has been 

previously successfully applied in the case of another poorly-soluble phytochemical, the 

Sylimarine, from Milk thistle extract20,21. 

After the preparation of the binary systems in several drug to polymer ratios and using 

different milling times according to a experimental design, the effect of the process and 

formulation variables on the thermal properties of the product was studied, including the 

determination of drug crystallite size. Then the systems were analyzed by means of XRD, 

DRIFT, Raman imaging/spectroscopy, SS-NMR spectroscopy, laser light scattering to 

ascertain the solid state resulting from mechanochemical activation and to detect possible 

interactions between components. Finally, the biopharmaceutical performance of the most 

activated systems was tested in vitro, evaluating their solubilization kinetics, and in vivo, 

after oral administration on rats. 

3.2.2. Materials and Methods 

3.2.2.1. Materials 

Vinpocetine was kindly gift from Linnea SA (Riazzino-Locarno, CH*). Micronized 

crospovidone (PVP-CL®-M) was purchased by BASF/Euphar (Milano, Italy). All other 

chemicals, of analytical grade, and solvents of HPLC grade, were provided by Carlo Erba 

(Milan, Italy). Vimpocetin® 5 mg capsules were from Pharma, Hungary and contained the 

following ingredients: 5 mg of vinpocetine, lactose and magnesium stearate.  

                                                 
20 Voinovich, D.; Perissutti, B.; Magarotto, L.; Ceschia, D.; Guiotto, P.; Bilia, A.R. Solid State 
Mechanochemical Simultaneous Activation of the Constituents of the Silybum marianum 
Phytocomplex with Crosslinked Polymers. J. Pharm. Sci. 2009, 98, 215-228. 
 
21 Voinovich, D.; Perissutti, B.; Grassi, M.; Passerini, N.; Bigotto, A. Solid state mechanochemical 
activation of Silybum Marianum dry extract with betacyclodextrins: characterization and 
bioavailability of the coground systems. J. Pharm. Sci. 2009, 98, 4119–4129. 
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3.2.2.2. Preparation of coground mixtures 

Drug and crospovidone were coground in several drug-to-polymer weight ratios according 

to the experimental plan (table I) in a planetary mill Fritsch P5 (Pulverisette, Contardi 

Fritsch s.r.l., Milan, Italy). The planetary mill was equipped by four agate cylindrical 

grinding chambers (internal height Hv=2.6 cm, internal radius Rv=3.2 cm, internal volume 

= 27.5 cm3) adopting agate balls (diameter 2.2 cm) as grinding media. 

Five grams batches, previously blend in the suitable proportions (according to the 

experimental plan below reported) with a stainless steel spatula, were simultaneously 

coground. The following operative conditions were selected on the basis of a previously 

published ad hoc mathematical model:21 maximum velocity (10,000 rpm), bowl loading (5 

g), number of grinding media (6 agate balls). The grinding procedure was pursued for 

different milling times, according to the experimental plan below reported, stopping every 

15 min for homogeneously mixing the mass with a stainless steel spatula. Two factors, a 

process variable (milling time- x1) and a formulation variable (drug to polymer wt ratio- 

x2), were selected for investigation. Each factor was considered in different experimental 

levels: 5 experimental levels for milling time (60, 90, 120, 150, 180 min) and 6 levels for 

drug-to-polymer weight ratio (1:1; 1:2; 1:3; 1:4; 1:7; 1:10). The effect of these variables on 

a solid state coground characteristic (melting enthalpy- y1) was evaluated. Preliminary 

experiments were carried out to select the experimental levels. The experimental plan 

(shown in table 1) was designed using nemrodw program22 and the statistical analysis was 

                                                 
22 Mathieu, D.; Nony, J.; Phan-Tan-Lu, R. NEMRODW (New Efficient Technology for Research 
using Optimal Design) software, LPRAI, Marseille, 1999. 
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performed by standard R package23.To reduce systematic errors experiments were 

completely randomized.  

 

Table 1. Experimental matrix-plan and observed response values. Y is the drug melting 
enthalpy determined by DSC analysis. The independent variables are: T = milling time in 
min, a factor variable with 5 levels: 60 (1), 90 (2), 120 (3), 150 (4), 180 (5); and R = drug-
to-polymer weight ratio, a factor variable with 6 levels 1:1 (A), 1:2 (B), 1:3 (C), 1:4 (D), 

1:7 (E), 1:10 (F). 
 

Run 
 

Run order 
 

Independent Variables  
Observed 
response 

 
  X1  X2  T  

(min) 
R  

(wt ratio) 
Y a  

(J/g)  
1 18 1 1 60 A 45.60 
2 1 2 1 90 A 43.70 
3 20 3 1 120 A 42.60 
4 16 4 1 150 A 38.50 
5 6 5 1 180 A 28.90 
6 19 1 2 60 B 26.50 
7 27 2 2 90 B 23.50 
8 17 3 2 120 B 20.40 
9 3 4 2 150 B 17.80 
10 9 5 2 180 B 13.50 
11 7 1 3 60 C 15.10 
12 13 2 3 90 C 13.30 
13 29 3 3 120 C 9.40 
14 5 4 3 150 C 7.10 
15 2 5 3 180 C 5.60 
16 12 1 4 60 D 9.40 
17 30 2 4 90 D 7.50 
18 14 3 4 120 D 4.50 
19 21 4 4 150 D 2.10 
20 10 5 4 180 D 1.80 
21 22 1 5 60 E 3.30 
22 4 2 5 90 E 2.70 
23 11 3 5 120 E 1.60 
24 26 4 5 150 E 1.10 
25 15 5 5 180 E 0.90 
26 23 1 6 60 F 1.10 
27 24 2 6 90 F 0.40 
28 8 3 6 120 F 0.10 
29 28 4 6 150 F 0.10 
30 25 5 6 180 F 0.10 

a Y drug melting enthalpy determined by DSC analysis. 

 

                                                 
23 R Development Core Team 2006. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Wien, Austria. ISBN 3-900051- 07-0, URL /http://www.R-
project.org. 
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3.2.2.3. Preparation of physical mixtures 

For comparison purposes, physical mixtures (PM) were prepared by manually mixing drug 

and polymer using the same weight ratios as the coground systems. 

3.2.2.4. Differential scanning calorimetry (DSC) 

Calorimetric analyses were carried out using a differential scanning calorimeter (Mod. TA 

4000, equipped with a measuring cell DSC 20 Mettler). The calibration of the instrument 

was performed with indium, zinc and lead for the temperature, and with indium for the 

measurement of the enthalpy. Samples, containing about 2 mg of vinpocetine were placed 

in pierced aluminum pans and heated at a scanning rate of 10°C per min from 30 to 170°C, 

under air atmosphere.  

3.2.2.5. Determination of Nanocrystal fraction and size distribution 

The estimation of nanocrystal (Xncr) and amorphous (Xa) drug fraction jointly with the 

evaluation of nanocrystal size distribution characterizing co-ground systems were led 

according to Coceani et al.24 Briefly, this approach starts from the results of the Brun and 

co-workers theory25 according to which the following relations holds among nanocrystal 

melting temperature (Tmr), specific enthalpy (∆hmr) and radius Rnc:  
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24 Coceani, N.; Magarotto, L.; Ceschia, D.; Colombo, I.; Grassi, M. Melting temperature, enthalpy 
and solubility dependence on crystal radius. The case of co-ground Nimesulide. J. Phys. Chem C. 
2010 (submitted). 
 
25 Brun, M.; Lallemand, A.; Quinson, J.F.; Eyraud, C. Changement d’etat liquide-solide dans les 
milieux poreux. II Etude theorique de la solidification d’un condensat capillaire. J. Chim. Phys. 
1973, 70, 979–989. 
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where Tm∞ is the infinite radius crystal melting temperature, γlv and γsl are, respectively, 

liquid drug-vapor and solid drug-liquid drug surface tensions while ρs and ρl are, 

respectively, solid and liquid drug density. Eq.(1) is based on the hypothesis that the 

liquid-vapor curvature radius (Rlv) is infinite, this happening when the crystal is embedded 

in a large amount of amorphous drug. Thus, crystal melting occurs inside a large amount of 

liquid phase. On the contrary, eq.(2) relies on the hypothesis that Rlv is coincident with Rnc, 

this occurring when many crystals are packed together and, upon melting, each crystal is 

surrounded by a thin liquid film. Thus, while eq. (1) applies for low nanocrystal fractions 

(Xncr ≈ 0), eq. (2) holds in the opposite case (Xncr ≈ 1). As in real systems nanocrystals can 

undergo melting in both the above mentioned conditions, a reasonable way accounting for 

this mixed condition is weighing the contribute of eqs.(1) and (2) right hand side terms 

according to Xncr as follows: 
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In order to solve Eq. (3), the approach of Zhang and co-workers26expressing the ∆hmr 

dependence on Tmr and Rnc was adopted: 

                                                 
26 Zhang, M.; Efremov, M.Y.; Schiettekatte, F.; Olson, E.A.; Kwan, A.T.; Lai, S.L.; Wisleder, T.; 
Greene, J.E.; Allen, L.H. Size dependent melting point depression of nanostructures: 
nanocalorimetric measurements. Phys. Rev. B. 2000, 62, 10548–10557. 
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where ∆hm∞ is the specific melting enthalpy referred to the infinite radius drug crystal, ∆Cp 

is the difference between the liquid and the solid drug specific heat capacity at constant 

pressure. As ∆Cp is almost temperature invariant, the third term on the right hand side of 

eq. (4) can be approximated by ∆Cp(Tm∞ - Tmr) without relevant errors. The determination 

of ∆hmr(R
nc), Tmr(R

nc) and Xncr is achieved by means of an iterative, numerical, 

simultaneous solution of eqs.(3)-(4). Starting from a first guess value for Xncr (typically, 

Xncr = 0) eqs. (3)-(4) are solved to have a first evaluation of the functions ∆hmr(R
nc), 

Tmr(R
nc). Then, Xncr is recalculated according to: 
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where ∆hcg is the experimentally determined co-ground system melting enthalpy referred 

to the system unit mass (drug plus polymer) and evaluated at Tmr (as our carrier, the 

polymer, is amorphous, ∆hcg is only due to drug melting), ωd is the drug mass fraction 

characterizing both the physical mixture and the co-ground system,  ∆hmix is the melting 

enthalpy referred to the physical mixture (drug plus polymer) unit mass and evaluated at 

Tm∞ and ωd while ∆hr and ∆hT are the specific enthalpy corrections (referred to pure drug 

unit mass) representing, respectively, the nanocrystal melting enthalpy reduction due to 

nanocrystal radius reduction and melting temperature reduction (see, respectively, the 

second and third term in the right hand side of eq.(4)). ∆hr and ∆hT are determined in the 
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simultaneous solution of eqs.(3)-(4). As our coground systems did not show macrocrystal 

melting, the amount of amorphous drug fraction (Xa) is simply given by: 

 

 ncra 1 XX −=                     (6) 

The determination of nanocrystals size distribution relies on the knowledge of ∆hmr(R
nc), 

Tmr(R
nc), Xncr and on the relation occurring among the volume dVr occupied by nanocrystals 

of radius lying in the range Rnc – (Rnc + dRnc) and their specific melting enthalpy (J/Kg) 

∆hmr, melting enthalpy (J) ∆Hmr and density ρs: 
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where t is time, Q&  is the signal registered by DSC (mW) and v is the DSC heating speed 

(°C/min). The determination of nanocrystals differential volume distribution (f(Rnc)) can be 

computed as:  
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where nc
maxR  and nc

minR  represent, respectively, the maximum and minimum value assumed 

by Rnc. 

3.2.2.6. X-ray Powder Diffraction Studies (XRD) 

Solid state of the samples was studied by means of XRD technique using a D500 (Siemens, 

Munich, Germany) diffractometer with Cu-Kα radiation (1.5418 Å), monochromatized by 
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a secondary flat graphite crystal. The current used was 20 mA and the voltage 40 kV*. The 

scanning angle ranged from 5 to 35° of 2θ, steps were of 0.05° of 2θ, and the counting 

time was of 5 sec/step. 

3.2.2.7. Transmission Electron Microscopy (TEM) 

TEM images were taken on a Philips EM 208 (Philips, Eindhoven, NL) at an accelerating 

voltage of 100 kV*. 

3.2.2.8. Diffuse Reflectance Infrared Fourier Transform  spectroscopy (DRIFT) 

Diffuse Reflectance Infrared Fourier Transform spectra were obtained on a FT-IR 

spectrometer (FT-IR Perkin Elmer Spectrum One, Monza, Italy) using the abrasive pad 

method. The samples (drug, carrier, 1:4 and 1:10 wt coground, and corresponding PM) 

were previously added to anhydrous KBr (FT-IR grade) in a 1:15 weight ratio (sample to 

KBr) and gently ground using a pestle, thus avoiding solid transition possibly induced by 

extended grinding and yet sample particles are small and evenly dispersed. The scanning 

range was 450–4000 cm-1 and the resolution was 4 cm-1, scan number was 8 and scan 

speed 0.20 cm/s. 

3.2.2.9. Raman imaging/spectroscopy  

Raman spectra and images were acquired for coground composite, physical mixture and 

pure components using an inVia Raman system (Renishaw plc, Wotton-under-Edge, UK), 

equipped with a 300 mW diode NIR laser emitting at 785 nm (Renishaw) and a 

ProScanTMII motorized stage (Prior, Cambridge, UK). The laser was focused on the 

sample (consisting of 300mg tablets with flat surfaces, prepared from physical and 

coground mixtures having different drug-polymer ratios, and from pure components) by a 

50X objective (0.75 N.A.). To ensure a better sampling for each tablet by taking into 

account local variations in composition, an area of 84x84 µm was mapped with a grid of 
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2.8 µm (corresponding to 900 spectra per map) for each sample, using the StreamlineTM 

fast imaging configuration and the WiRE 3.1 software (Renishaw), with an total collection 

time of 13 min/map. Raman maps were then pre-processed (cosmic rays removal and 

baseline correction) and analyzed with the HyperSpec software package;27 an average 

spectrum was calculated for each map, and images depicting the intensity ratio between 

VIN 1610 cm-1 band and the PVP-CL 1668 cm-1 band were produced.  

3.2.2.10. Solid-state nuclear magnetic resonance spectroscopy(SS-NMR) 

NMR spectra of solid samples were recorded on Varian Unity Inova 300 MHz NMR 

spectrometer equipped with 5 mm Magic Angle Probe and Varian NMR System 600 MHz 

NMR spectrometer equipped with 3.2 mm NB Double Resonance HX MAS Solids Probe. 

Larmor frequencies of protons and carbon nuclei were 302.98 MHz and 76.19 MHz at 300 

MHz NMR spectrometer, respectively and 599.77 MHz for protons at 600 MHz NMR 

spectrometer. The proton and 13C CP/MAS NMR spectra were externally referenced using 

adamantine or hexamethylbenzene (HMB), respectively. All samples were spun at the 

magic angle with 5 kHz spinning frequency during 13C measurements at 300 MHz NMR 

spectrometer and 20 kHz during 1H measurements at 600 MHz NMR spectrometer. The 

proton spectra were acquired using spin echo sequence. Repetition delay in all experiments 

was 5 s. The number of scans was 16. The pulse sequence used for acquiring the 13C 

CP/MAS spectra was a standard cross-polarization MAS pulse sequence with high-power 

proton decoupling during acquisition. Repetition delay in all experiments was 3 s and the 

number of scans was between 8000 and 27000 depending on the signal-to-noise ratio. 

3.2.2.11. Particle size measurements 

                                                 
27 Beleites, C.; Sergo, V. http://hyperspec.r-forge.r-project.org) for R (R Development Core Team, 
R:A language and environment for statistical computing., R Foundation for Statistical Computing, 
Vienna, 2009, http://www.R-project.org 
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Particle size measurements of the coground were determined using a laser light scattering 

technique (Malvern Particle Size Analyzer Model No. 2000, Malvern, UK). Before 

analysis, about 10 mg of composite were dispersed by sonication in 100 ml of water.  

3.2.2.12. Release kinetics 

Release tests, performed in triplicate, were led in 150 cm3 of 0.2 M KH2P04/0.2 M NaOH 

(pH 7.4) at 37°C. At this pH value the solubility was 1.6 mg/L. At time zero, a suitable 

amount of sample (as a pure drug or in binary systems) to give 5 mg of active was added to 

the release environment. Uniformity conditions were ensured by means of an impeller 

(rotational speed 200 rpm). The use of a fiber optic apparatus (HELLMA, Italy), connected 

to a spectrophotometer (ZEISS, Germany, wavelength 270.19 nm), allowed the 

determination of vinpocetine concentration without perturbing the release environment 

(each release test lasted 180 minutes). Moreover, this methodology allowed to easily 

overcome the problem connected to drug concentration measurement in presence of a 

dispersion of solid particles. Indeed, while the maximum vinpocetine absorption occurred 

at 270.19 nm, the scattering effect due to polymeric particles uniformly occurred at every 

wavelength. Accordingly, the real absorbance related to vinpocetine concentration was the 

difference between the absorbance measured at 270.19 nm and that measured at 500.49 nm 

(at 500.49 nm vinpocetine did not absorb). Non-sink conditions were attained in release 

environment. Results were the average of three replicates and standard deviations did not 

exceed 5%. 

3.2.2.13. In vivo absorption studies 

Experiments on animals complied with the Italian D.L. n. 116 of 27 January 1992 and 

associated guidelines in the European Communities Council Directive of 24 November 

1986 (86/609 ECC). 
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Animals used were male Sprague-Dawley rats (450 g weight) and were supplied by Centro 

Servizi Polivalenti di Ateneo (University of Trieste). Rats, with free access to water, were 

fasted overnight. Each experimental formulation was administered to 4 rats by gastric 

gavage as 2 ml of aqueous suspensions (corresponding to a dose 11 mg/kg of vinpocetine).  

Blood samples (600 µl) were collected using the “cannulated” tail artery method28 in 

heparinized tubes at 30, 60, 90, 120, 180 and 360 min after administration. Blood samples 

were added of 66 µl of a 40 mM tetrasodium EDTA solution, centrifuged at 1500 rpm for 

10 min and plasma was separated and immediately frozen at -20°C, and stored at this 

temperature till the analysis. 

3.2.2.14. Assays of Vinpocetine in powder and plasma samples 

HPLC Sample preparations 

For the determination of the drug content in the physical mixtures, coground systems and 

commercial sample the procedure was the following: a suitable amount of powdered 

sample was accurately weighted and transferred to a 100 ml volumetric flask and diluted 

with acetonitrile. The mixture was sonicated for 10 min and then filtered through a syringe 

filter (RC 0.45 µm, Phenomenex, Castel Maggiore, Bologna) to remove any particle. The 

first 5 µl of the filtrates were discarded and the subsequent were collected. Then, an 

appropriate amount of the filtrate was diluted with acetonitrile and assayed by a validated 

high pressure liquid chromatographic (HPLC) with mass spectrometry (MS) detection 

method,29 later described into details. 

                                                 
28 Cadelli, G.; Zarattini, P.; Stebel, M. Further refinements of tail artery cannulation in conscious 
rats, Centro Coordinamento e Sviluppo progetti e Apparecchiature (CSPA). Settore stabulario e 
sperimentazione  animale. Università di Trieste, FELASA-ICLAS Joint Meeting 2007 –Villa Erba, 
Cernobbio (Co), 2007. 
 
29 Vlase, L.; Bodiu, B.; Leucuta, S.E. Pharmacokinetics and comparative bioavailability of two 
vinpocetine tablet formulations in healthy volunteers by using the metabolite apovincaminic acid as 
pharmacokinetic parameter. Arzneim-Forsch. Drug Res. 2005, 55, 664-668. 
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As for the determination of vinpocetine in plasma samples the following procedure was 

adopted: briefly, to 200 µl plasma, 600 µl methanol were added, and the mixture was 

vortexed for 10 min. After centrifugation (5000 rpm for 6 min), 5 µl of the organic solution 

was injected. The vinpocetine determination was carried out using the same HPLC-MS 

method. 

HPLC analysis  

The HPLC system consisted of a Varian LC212 with a 500-MS IT mass detector. The 

chromatographic separation was conducted at room temperature, using a Varian C 18 

Polaris column (3 µm, 2.0 x 50 mm). The mobile phase was composed of water with 0.1% 

formic acid (solvent A) and acetonitrile (solvent B). Isocratic conditions were used with A 

57: B 43, total run time was 3 min. The flow rate was 200 µl/min.  

MS conditions: ESI (positive mode), needle voltage 5350 V*, drying gas temperature was 

400° C, capillary voltage was set to 100 V* and RF loading was set to 100%, nebulizer gas 

pressure was 25 psi; drying gas pressure was 15 psi. The detector was set to monitor m/z= 

290-390.  

The calibration curve for vinpocetine ranged from 14.5 to 142.40 ng/ml (plasma). The limit 

of quantification was 2 ng/mL. The precision and accuracy were under 3% for all 

calibration points. 

3.2.2.15. Pharmacokinetic analysis 

Pharmacokinetic parameters of coground, physical mixtures and commercial tablets were 

calculated on the plasma curves. The area under the plasma concentration-time curve 

extrapolated to the last sampling time at which a quantifiable concentration is found 

(AUClast) was calculated using the log-linear trapezoidal method. Time and value of 
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maximum concentration (tmax and Cmax, respectively) were reported as observed. The 

relative bioavailability after oral administration (Frel) was calculated in eq. 9:  
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F =        (9) 

Pharmacokinetic analysis was performed using WinNonlin Version 2.1 (Pharsight 

Corporation, Mountain View , CA ) software.  

3.2.3. Results and Discussion 

As previously stated, the aim of the work was to employ the mechanochemical activation 

process for enhancing the solubility of vinpocetine, thus possibly improving its oral 

bioavailability. In this case, the phytochemical drug was coground with a crosslinked 

polymer, PVP-CL, in different drug to polymer weight ratios and using different milling 

times, according to an experimental plan (table 1), to check the effect of these formulation 

and process variables on the characteristics of the coground product. The process was 

conducted in a Fritsch P5 planetary mill that is particularly suitable for its lab scale for 

performing a study of screening among variables. In this apparatus the solid state 

activation is mainly achieved by the creation of shearing interactions, as a result of the 

rolling of ball elements on the wall of the grinding container. As the experimental response 

of the experimental plan, the drug melting enthalpy in the coground system (determined by 

DSC analysis) was considered. It is in fact well known that the melting enthalpy is related 

to crystallinity of the sample, and hence this parameter can be very useful to check possible 

structural changes in the product evidence of the “activation” of the product. As a first 

step, it is hence very important to select the optimal process and formulation conditions for 

reducing drug melting enthalpy through an appropriate experimental design.  
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Due to the fact that single runs were carried out, a full two

interaction was not adoptable. In fact, the number of observations is equal to the number of 

parameters. Actually, the parameters could be estimated, but no further inference would be 

possible. In this case, the literature suggests the graphical approach to evid

interaction between independent variables

Figure 1. Interaction plots of the experimental variable with the 2 independent variables 
considered at different levels: milling time 

                                                 
30 Faraway, J.J. Linear Models with R. Chapman & H
2004. 
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possible. In this case, the literature suggests the graphical approach to evid

interaction between independent variables30. 

 

Interaction plots of the experimental variable with the 2 independent variables 
considered at different levels: milling time T (A) and drug-to-polymer weight ratio (B).

Faraway, J.J. Linear Models with R. Chapman & Hall/CRC Texts in Statistical Science vol. 63, 

prepared via Mechanochemistry 

way ANOVA model with 

ction was not adoptable. In fact, the number of observations is equal to the number of 

parameters. Actually, the parameters could be estimated, but no further inference would be 

possible. In this case, the literature suggests the graphical approach to evidence the 

Interaction plots of the experimental variable with the 2 independent variables 
polymer weight ratio (B). 

all/CRC Texts in Statistical Science vol. 63, 
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As it can be observed from figure 1, the drug melting enthalpy Y decreased for growing 

milling times T, and slightly faster for higher drug-to-polymer weight ratio R. In both cases 

the curves were not perfectly parallel. 

For the purposes of the present study and for the sake of simplicity, no interactions were 

assumed. The following model without interaction was thereby fitted: 

 

                               Yij  = µ + αi +  βj + εij               (10) 

 

where µ is the ground state of Y, and αi and βj  are the effect of milling time T and drug-to-

polymer weight ratio R, respectively. The results obtained using the standard R package (R 

Development Core Team)23 is listed in table 2. 

 

Table 2. Summary of the two-way ANOVA model (R2 = 97.82%, Adjusted R2 = 96.84%). 
As basic levels (response = intercept) of the independent variables T = 60 min, and R = 1:1 
(level A) are assumed. By applying the Shapiro-Wilk normality test for the residuals, ε has 

p-value = 40.22% (thus normality cannot be rejected). Significance codes (α): ***= 0.001, 
*=0.05 

 Estimate Std. Error t-value Pr(>|t|) 

(Intercept) 43.753 1.481 29.545 < 2e-16*** 

T = 90 -1.650 1.481 -1.114 0.278416 

T = 120 -3.733 1.481 -2.521 0.020303* 

T = 150 -5.717 1.481 -3.860 0.000975*** 

T = 180 -8.367 1.481 -5.650 1.57e-05*** 

R = B (1:2) -19.520 1.622 -12.033 1.30e-10*** 

R = C (1:3) -29.760 1.622 -18.345 5.58e-14*** 

R = D (1:4) -34.800 1.622 -21.451 2.82e-15*** 

R = E (1:7) -37.940 1.622 -23.387 5.34e-16*** 

R = F (1:10) -39.500 1.622 -24.349 2.45e-16*** 
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From the overall analysis of the figure 1 and table 2 it appears that the most significant 

changes of drug solid state are obtained with longest milling times (150 and 180 min) and 

with all the performed variations of coground composition. 

This behavior is quite reasonable. In fact, from one hand vinpocetine can be easily get 

trapped into the amorphous physically crosslinked polymer as the polymer amount 

increased. Once embedded, it would be probably stabilized in the metastable amorphous or 

nanocrystalline form. From the other hand, the time factor is also important: as the milling 

time increased, a higher quantity of mechanical energy due to the tangential mechanical 

strain of the planetary mill is transferred to the material, thus inducing more pronounced 

structural changes in the sample. 

For brevity, the systems prepared with the longest milling time (180 min) will be selected 

for further considerations. 

Looking at the DSC traces of the coground systems (figure 2), in comparison to native 

drug and simple physical mixtures, the following considerations can be also drawn. 

The pure drug showed an endothermal event at 149.6° (figure 2a-A), whilst the amorphous 

polymer exhibits only an endothermic hump due to its dehydration upon heating (figure 

2a-B). The physical mixtures prepared in different drug to polymer ratios showed a 

complete absence of interactions among components. In fact, the thermograms (figure 2, 

traces from C to H) are the sum of the thermal events of the drug and the polymer, whereas 

the drug melting enthalpy is proportional to the drug content in the systems. The DSC 

traces of the systems coground in different drug-to-polymer weight ratios for the same 

milling time (180 min) are compared in figure 2b. In this image the vinpocetine melting 

peak noticeably shifted to lower temperatures when increasing the amount of PVP-CL. 

Further, the drug melting event is characterised by a progressive broadening of the 
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endotherm and by a progressive reduction of relative enthalpy with increased proportions 

of carrier. 

Figure 2. a) DSC traces of pure vinpocetine (A), PVP
1:4  (F), 1:7 (G), 1:10 (H) wt physical mixtures; b) DSC traces of 1:1 (A), 1:2 (B), 1:3 (C), 
1:4  (D), 1:7 (E), 1:10 (F) systems coground for 180 min; c)

mixture (A) and 1:4 wt systems coground for 60 (B), 90 (C), 120 (D), 150 (E), 180 (F) 

Mechanochemically activated composite of vinpocetine a

endotherm and by a progressive reduction of relative enthalpy with increased proportions 

. a) DSC traces of pure vinpocetine (A), PVP-CL (B) and 1:1 (C), 1:2 (D), 1:3 (E), 
1:4  (F), 1:7 (G), 1:10 (H) wt physical mixtures; b) DSC traces of 1:1 (A), 1:2 (B), 1:3 (C), 
1:4  (D), 1:7 (E), 1:10 (F) systems coground for 180 min; c) DSC traces of 1:4 wt physical 

mixture (A) and 1:4 wt systems coground for 60 (B), 90 (C), 120 (D), 150 (E), 180 (F) 
minutes. 
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endotherm and by a progressive reduction of relative enthalpy with increased proportions 

 

CL (B) and 1:1 (C), 1:2 (D), 1:3 (E), 
1:4  (F), 1:7 (G), 1:10 (H) wt physical mixtures; b) DSC traces of 1:1 (A), 1:2 (B), 1:3 (C), 

DSC traces of 1:4 wt physical 
mixture (A) and 1:4 wt systems coground for 60 (B), 90 (C), 120 (D), 150 (E), 180 (F) 
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In addition, the effect of milling time on the drug melting event can be seen in fig

(for the sake of brevity only the 1:4 w

of drug melting enthalpy and drug melting peak can be observed with increasing the 

milling time. The decreasing and the broadening of the melting peak indicate the formation 

of nanocrystalline structure, whereas the decreasing of melting enthalpy indicates the 

presence of amorphous vinpocetine

DSC features to ascertain not only the degree of crystallinity reached by each coground 

sample, but also the size of drug crystallites and their distribution in each sample.

Figure 3. Differential distribution of the nanocrystal radius in the coground systems 
depending on their compostion. Due to its total amorphouness (see table 3), the plot of the 

1:10 wt cogro

                                                 
31 Magarotto, L.; Bertini, S.; Cosentino, C.; Torri, G. Characterisation of nimesulide/
cyclodextrin composite obtained by solid state activation. Mat
648. 
 

release DDS for class 2 drugs prepared via Mechanochemistry

In addition, the effect of milling time on the drug melting event can be seen in fig

(for the sake of brevity only the 1:4 wt fraction is reported) where a progressive reduction 

of drug melting enthalpy and drug melting peak can be observed with increasing the 

milling time. The decreasing and the broadening of the melting peak indicate the formation 

, whereas the decreasing of melting enthalpy indicates the 

esence of amorphous vinpocetine31 Hence, it would be interesting on the basis of the 

DSC features to ascertain not only the degree of crystallinity reached by each coground 

ze of drug crystallites and their distribution in each sample.

Differential distribution of the nanocrystal radius in the coground systems 
depending on their compostion. Due to its total amorphouness (see table 3), the plot of the 

1:10 wt coground system is not reported. 

Magarotto, L.; Bertini, S.; Cosentino, C.; Torri, G. Characterisation of nimesulide/
cyclodextrin composite obtained by solid state activation. Mat. Sci. forum. 2001, 

prepared via Mechanochemistry 

In addition, the effect of milling time on the drug melting event can be seen in figure 2c 

t fraction is reported) where a progressive reduction 

of drug melting enthalpy and drug melting peak can be observed with increasing the 

milling time. The decreasing and the broadening of the melting peak indicate the formation 

, whereas the decreasing of melting enthalpy indicates the 

Hence, it would be interesting on the basis of the 

DSC features to ascertain not only the degree of crystallinity reached by each coground 

ze of drug crystallites and their distribution in each sample. 

 

Differential distribution of the nanocrystal radius in the coground systems 
depending on their compostion. Due to its total amorphouness (see table 3), the plot of the 

Magarotto, L.; Bertini, S.; Cosentino, C.; Torri, G. Characterisation of nimesulide/β−- 
2001, 360-362, 643-
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Table 3. Different nanocrystalline and amorphous percent fractions in the systems 
coground for 180 min. 

Drug-to-polymer 
weight ratio 

Tmr (°C)1 ωd
2 ∆hmix(Tm∞)

3 ∆hmix 

(Tmr)
4 

∆hcg Xncr (%)6 Xa (%)7 

1:1 148.4 0.5 46.56 45.83 27.70 60.50 39.50 

1.2 144.4 0.33 30.32 29.10 13.81 47.50 52.50 

1:3 142.5 0.25 22.40 21.15 6.38 30.20 69.80 

1:4 142.2 0.2 17.98 17.04 2.73 16.00 84.00 

1:7 139.9 0.125 11.05 10.28 0.91 8.80 91.20 

1:10 133.5 0.091 7.67 6.74 0.01 0.10 99.90 

1Tmr  = nanocrystal melting temperature determined by DSC analysis, 
2ωd = drug mass fraction, 
3∆hmix(Tm∞) = melting enthalpy referred to the physical mixture unit mass and evaluated at 
Tm∞ (149.6 °C) and ωd,  
4∆hmix (Tmr) = melting enthalpy referred to the physical mixture evaluated at Tmr and ωd, 
5∆hcg = experimentally determined co-ground system melting enthalpy evaluated at Tmr 
6Xncr (%)= nanocrystalline drug percentage  
7Xa (%) = amorphous drug percentage. 
 

These information were obtained by DSC data analysis according to the home-made 

MELTINGDSC software whose principles were briefly presented in the “Determination of 

Nanocrystal fraction and size distribution” paragraph. The resulting percentages of 

amorphous and/or nanocrystalline drug in the coground systems are reported in table 3, 

whilst the differential distribution of the crystal radius in the composites depending on 

their composition is depicted in figure 3. 

In the coground systems treated for 180 min, the percentage of amorphous drug increased 

as the polymer content augmented whilst that of nanocrystalline drug simultaneously 

diminished. Further, the drug melting point and the drug melting enthalpy progressively 

diminished as the polymer content increased. These thermal phenomena were thus 

evidence of the progressive destructuration of crystalline lattice of vinpocetine and of its 

progressive conversion with increased polymer content. The complete destructuration of 
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drug crystal lattice is achieved wit

(Xa =99.90%). 

As for the differential distribution of the crystal radius in the composites in the various 

compositions, from figure 3 it appears that while peak frequency is almost constant 

(around 5 nm), size distribution is progressively narrowing as polymer content increased. 

This underlines the importance played by polymer content in getting a homogeneous 

system (from the nanocrystal size distribution point of view). Probably, this behavior can 

be explained by the polymer stabilization action that should be proportional to polymer 

content. 

Figure 4. In vitro solubilization kinetics in pH 7.4 of pure vinpocetine (
1:10 wt PM (●) and the coground systems with different wt composit

1:3 

release DDS for class 2 drugs prepared via Mechanochemistry

drug crystal lattice is achieved with the 1:10 wt system, appearing completely amorphous 

As for the differential distribution of the crystal radius in the composites in the various 

igure 3 it appears that while peak frequency is almost constant 

nm), size distribution is progressively narrowing as polymer content increased. 

This underlines the importance played by polymer content in getting a homogeneous 

system (from the nanocrystal size distribution point of view). Probably, this behavior can 

explained by the polymer stabilization action that should be proportional to polymer 

solubilization kinetics in pH 7.4 of pure vinpocetine (○), compared to the 
) and the coground systems with different wt compositions (1:1 

1:3 ■, 1:4 ◊, 1:7 ♦, 1:10 □). 

prepared via Mechanochemistry 

h the 1:10 wt system, appearing completely amorphous 

As for the differential distribution of the crystal radius in the composites in the various 

igure 3 it appears that while peak frequency is almost constant 

nm), size distribution is progressively narrowing as polymer content increased. 

This underlines the importance played by polymer content in getting a homogeneous 

system (from the nanocrystal size distribution point of view). Probably, this behavior can 

explained by the polymer stabilization action that should be proportional to polymer 

 

), compared to the 
ions (1:1 ▲, 1:2 ∆, 
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To verify the achievement of the aim of the research, so to enhance the oral vinpocetine 

bioavailability, the subsequent step consisted in the evaluation of the in vitro dissolution 

performances of the coground systems using the solubilization kinetics method in 

comparison to the physical mixtures and to the pure vinpocetine (figure 4). In particular, in 

the light of the aforementioned statistical analysis, the systems treated for the longest time 

and having 6 different polymer content were analyzed.  

The simple physical mixtures, independently from the polymer content, displayed 

dissolution profiles not significantly different and almost super-imposable to that of pure 

drug (see figure 4, where for brevity, only 1:10 wt PM is reported). Conversely, the 

activated state of the coground systems, demonstrated by previous thermal analyses, was 

reflected in a remarkable improvement of dissolution performance in comparison to the 

physical mixtures and to the pure drug. In fact, less energy is required to dissolve the 

“activated” drug (nanocrystalline and/or amorphous drug) with respect to the original 

stable crystalline phase.  

Among different coground systems, the best performances both in terms of rate and extent 

of dissolution can be achieved from the systems containing more than 80% wt of PVP-CL. 

These mechanochemically treated systems after 180 min showed an increase of the 

solubilized amount ranging from 124 to 190 fold, depending on the composition, with 

absence of supersaturation phenomena. Amongst the 3 best performing coground systems, 

the 1:4 and 1:10 wt, representing the compositions at the boundaries, were selected for 

further characterizations. 

In particular, the following analyses were performed to complete the solid state 

investigation: X-ray diffraction, DRIFT, Raman imaging/spectroscopy, and SS-NMR 

analysis. 
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Figure 5 reports the diffractograms of the 1:4 and 1:10 wt coground systems compared to 

the PM and the raw materials. Beside

typical of amorphous materials, detected in 

shows intense reflections (figure 

diffractogram is very similar to that previously

the major peaks are appearing in the range between 10 and 25° of 2

Figure 5. XRD pattern of pure vinpocetine (a), 1:4 wt coground for 180 min (b), 1:4 wt 
PM (c), 1:10 wt coground for 180 min (d), 1:10 wt PM (e) and PVP

 

Observing the XRD patterns of the 1:4 active to polymer wt ratios binary system coground 

for 3 h the major drug reflections are still detectable (figure 

corresponding PM (figure 5c), a dramatic reduction of their intensity, a slight broadening 

of the reflections, and a remarkable underneath scattering phenomenon can be noticed. 

These facts are evidence of the partial conversion of the original crystal lattice into an 

release DDS for class 2 drugs prepared via Mechanochemistry

Figure 5 reports the diffractograms of the 1:4 and 1:10 wt coground systems compared to 

Beside the complete lack of peaks and the halo pattern, 

typical of amorphous materials, detected in the pattern of PVP-CL (figure 

(figure 5a) indicating its crystalline nature. In particular, the 

diffractogram is very similar to that previously reported for vinpocetine by Ribeirio et al.

the major peaks are appearing in the range between 10 and 25° of 2θ. 

XRD pattern of pure vinpocetine (a), 1:4 wt coground for 180 min (b), 1:4 wt 
PM (c), 1:10 wt coground for 180 min (d), 1:10 wt PM (e) and PVP-CL (f).

Observing the XRD patterns of the 1:4 active to polymer wt ratios binary system coground 

ctions are still detectable (figure 5b). When compar

5c), a dramatic reduction of their intensity, a slight broadening 

of the reflections, and a remarkable underneath scattering phenomenon can be noticed. 

These facts are evidence of the partial conversion of the original crystal lattice into an 

prepared via Mechanochemistry 

Figure 5 reports the diffractograms of the 1:4 and 1:10 wt coground systems compared to 

peaks and the halo pattern, 

CL (figure 5f), the drug 

5a) indicating its crystalline nature. In particular, the 

reported for vinpocetine by Ribeirio et al.16: 

 

XRD pattern of pure vinpocetine (a), 1:4 wt coground for 180 min (b), 1:4 wt 
CL (f). 

Observing the XRD patterns of the 1:4 active to polymer wt ratios binary system coground 

5b). When comparing to the 

5c), a dramatic reduction of their intensity, a slight broadening 

of the reflections, and a remarkable underneath scattering phenomenon can be noticed. 

These facts are evidence of the partial conversion of the original crystal lattice into an 
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amorphous and/or nanocrystalline phase, in agreement to previous thermal analyses. 

Interestingly, the XRD pattern 1:4 wt coground

not lead to the formation of polymorphs as the peaks are exactly tho

(see figure 5a). 

XRD analysis also testified that in the case of the coground system 1:10 VIN:PVP

the complete amorphization

be recognized, resulting from the polymer that shows its apices at about 12 and 22 ° 2

(see figure 5f). On the contrary, no peaks referred 

As in the XRD pattern of the 1:10 

emerged, VIN peaks disappearing in the XRD pattern of the coground system 1:10 

VIN:PVP-CL wt cannot be attributed to the simple attenuation of the drug signals due to 

the high amount of crospovidone. 

Figure 6. TEM image of samples coground for 180 min in the 1:4 wt (a) and  1:10 wt (b) 

Further, the same coground samples (1:4 and 1:10 wt)  were assayed by TEM analysis. The 

1:4 wt coground sample (

Mechanochemically activated composite of vinpocetine a

amorphous and/or nanocrystalline phase, in agreement to previous thermal analyses. 

Interestingly, the XRD pattern 1:4 wt coground (figure 5b) revealed that co

not lead to the formation of polymorphs as the peaks are exactly tho

XRD analysis also testified that in the case of the coground system 1:10 VIN:PVP

amorphization was reached (figure 5d). In this pattern two large humps can 

be recognized, resulting from the polymer that shows its apices at about 12 and 22 ° 2

5f). On the contrary, no peaks referred to VIN can be detected (see figure 

As in the XRD pattern of the 1:10 wt PM (figure 5e) the VIN characteristics peaks 

emerged, VIN peaks disappearing in the XRD pattern of the coground system 1:10 

not be attributed to the simple attenuation of the drug signals due to 

the high amount of crospovidone.  

image of samples coground for 180 min in the 1:4 wt (a) and  1:10 wt (b) 
drug-to-polymer ratios. 

 
Further, the same coground samples (1:4 and 1:10 wt)  were assayed by TEM analysis. The 

1:4 wt coground sample (figure 6a) appeared as spherical structures f
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amorphous and/or nanocrystalline phase, in agreement to previous thermal analyses. 

5b) revealed that co-grinding did 

not lead to the formation of polymorphs as the peaks are exactly those related to pure VIN 

XRD analysis also testified that in the case of the coground system 1:10 VIN:PVP-CL wt 

this pattern two large humps can 

be recognized, resulting from the polymer that shows its apices at about 12 and 22 ° 2θ 

to VIN can be detected (see figure 5a). 

5e) the VIN characteristics peaks 

emerged, VIN peaks disappearing in the XRD pattern of the coground system 1:10 

not be attributed to the simple attenuation of the drug signals due to 

 

image of samples coground for 180 min in the 1:4 wt (a) and  1:10 wt (b) 

Further, the same coground samples (1:4 and 1:10 wt)  were assayed by TEM analysis. The 

6a) appeared as spherical structures formed by the polymer 
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embedding the active. In particular, the crosslinked network of PVP

seen together with the nanocrystalline drug formations (dark structures) having dimensions 

compatible with those previously calculated by the MELTING

in agreement to previous characterizations, the 1:10 wt coground samples appeared 

completely amorphous (figure 6b). It can be concluded that TEM pictures provided direct 

evidence of the existence of nanocrystalline phase only in the

Figure 7. DRIFT spectra of (a) PVP
wt PM, (f) 1:10 wt COG (1800

release DDS for class 2 drugs prepared via Mechanochemistry

embedding the active. In particular, the crosslinked network of PVP-CL can be clearly 

seen together with the nanocrystalline drug formations (dark structures) having dimensions 

compatible with those previously calculated by the MELTINGDSC program. Once again 

in agreement to previous characterizations, the 1:10 wt coground samples appeared 

6b). It can be concluded that TEM pictures provided direct 

evidence of the existence of nanocrystalline phase only in the case of 1:4 wt composite.

DRIFT spectra of (a) PVP-CL, (b) VIN, (c) 1:4 wt PM, (d) 1:4 wt COG, (e) 1:10 
wt PM, (f) 1:10 wt COG (1800-500 cm-1 range). 

prepared via Mechanochemistry 

CL can be clearly 

seen together with the nanocrystalline drug formations (dark structures) having dimensions 

DSC program. Once again 

in agreement to previous characterizations, the 1:10 wt coground samples appeared 

6b). It can be concluded that TEM pictures provided direct 

case of 1:4 wt composite. 

 

CL, (b) VIN, (c) 1:4 wt PM, (d) 1:4 wt COG, (e) 1:10 
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The characterization was then pursued by means of DRIFT technique, since vibrational 

changes can serve as probes of intermolecular interactions in solid materials. For brevity, 

in figure 7 the region of 1800

features of 1:4 wt and 1:10 wt coground system with corresponding PMs and starting 

materials. The major difference between PMs and coground systems can be noticed in the 

VIN C=O stretching band (originally at 1713 cm

aforementioned disruption of the crystalline lattice mainly leads to changes in the 

conformation or orientation of this group. 

spectroscopy. 

Figure 8. 1550-1800 cm
1:4 wt PM (d) and coground, (e) 1:10 wt PM and coground (f); (c) 

obtained from Raman maps of 84×84 µm containing 900 spectra each. The 1700
1 spectral region of (e) and (f

attributed to VIN which are present only in the coground mixtures are labeled in bold, 
PVP-CL C=O stretching is labeled in italic. Excitation wavelength is 785 nm.

Mechanochemically activated composite of vinpocetine a

The characterization was then pursued by means of DRIFT technique, since vibrational 

can serve as probes of intermolecular interactions in solid materials. For brevity, 

region of 1800-500 cm-1 of DRIFT spectra was reported, comparing the 

features of 1:4 wt and 1:10 wt coground system with corresponding PMs and starting 

rials. The major difference between PMs and coground systems can be noticed in the 

VIN C=O stretching band (originally at 1713 cm-1). This fact seems to  indicate that the 

aforementioned disruption of the crystalline lattice mainly leads to changes in the 

conformation or orientation of this group. More information was gathered from Raman 

1800 cm-1 regions of Raman spectra of tablets of (a) PVP
1:4 wt PM (d) and coground, (e) 1:10 wt PM and coground (f); (c) 

obtained from Raman maps of 84×84 µm containing 900 spectra each. The 1700
spectral region of (e) and (f) is shown on the upper right with re-scaled intensity. Bands 
attributed to VIN which are present only in the coground mixtures are labeled in bold, 

CL C=O stretching is labeled in italic. Excitation wavelength is 785 nm.
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The characterization was then pursued by means of DRIFT technique, since vibrational 

can serve as probes of intermolecular interactions in solid materials. For brevity, 

of DRIFT spectra was reported, comparing the 

features of 1:4 wt and 1:10 wt coground system with corresponding PMs and starting 

rials. The major difference between PMs and coground systems can be noticed in the 

). This fact seems to  indicate that the 

aforementioned disruption of the crystalline lattice mainly leads to changes in the 

More information was gathered from Raman 

 

s of Raman spectra of tablets of (a) PVP-CL, (b) VIN, (c) 
1:4 wt PM (d) and coground, (e) 1:10 wt PM and coground (f); (c) – (f) are averages 

obtained from Raman maps of 84×84 µm containing 900 spectra each. The 1700-1800 cm-

scaled intensity. Bands 
attributed to VIN which are present only in the coground mixtures are labeled in bold, 

CL C=O stretching is labeled in italic. Excitation wavelength is 785 nm. 
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Raman spectra collected from tablets prepared with physical and coground mixtures of 

different VIN/PVP-CL wt ratios show bands of both drug and polymer (figure 8).  

Spectra of physical mixtures are an exact superposition of the two components, all bands 

being unaffected in frequency or relative intensity, suggesting little or no interaction 

between VIN and PVP-CL.  

Also in coground mixtures, most bands are unshifted with respect to the pure components, 

with the exception of some bands in the 1550-1800 cm-1 region, which shows some 

spectral changes. In the coground mixtures the VIN band at 1610 cm-1, attributed to an 

aromatic C=C stretching, broadens toward higher frequencies. This broadening is present 

in all the coground samples and increases with the relative ratio of polymer, being most 

pronounced in the spectrum of the 1:10 ratio mixture, where a distinct shoulder at 1615 cm-

1 can be observed (figure 8f). Increasing the ratio of polymer in the coground samples also 

causes the VIN band at 1716, assigned to the C=O stretching, to shift at 1728 cm-1 , 

together with the appearance of a band at 1774 cm-1, which is clearly observed in the 1:10 

mixture. These spectral changes are present exclusively in the coground mixtures, and 

suggest an interaction between the drug and the polymer which is absent in the physical 

mixtures. The exact nature of this interaction is difficult to assess, although some 

hypotheses can be drawn. The absence of any shift in the PVP-CL C=O stretching band at 

1668 cm-1 indicates that hydrogen bonding plays little or no role in the polymer-drug 

interaction32. This is not surprising since both molecules in their neutral forms contain H-

bond acceptors but no donors.  

However it noticeable the shift of the VIN C=O stretching band, that indicates an alteration 

of the carbonyl environment with respect to the pure substance or to the drug in the 

physical mixture, similarly to what detected in the FTIR spectra. 

                                                 
32 Taylor, L.S.; Zografi, G. Spectroscopic Characterization of Interactions between PVP and 
Indomethacin in Amorphous Molecular Dispersions. Pharm. Res. 1997, 14, 1691-1698. 
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Most important, the shift of the VIN aromatic C=C stretching band at 1610 suggests a 

perturbation of the aromatic moiety

between the drug and the polymer, or a polymer

interactions. A similar effect has been reported in the case of the aromatic C=C stretching 

band of ibuprofen in its mixtures with PVP

broadening, which could be justified by the rigid VIN molecular structure, these changes in 

the Raman spectra of the coground mixtures could be interpreted as the disruption of the 

drug crystals by the co-grinding process, which induces an alteration in the C=O and C=C 

stretching of VIN. 

Figure 9. Images depicting the density distribution of VIN in tablets consisting of physical 
mixtures (PM, left) and coground (COG, right) of VIN and PVP
1:4 (below) ratios. Images are constructed from Raman maps upon imaging the intensity 
ratio between the 1610 cm

                                        
33 Rawlinson, C.F.; Williams, C.A.; Timmins, P.; Grimsey IPolymer
crystallinity. Int.J.Pharm. 2007, 336, 42

Mechanochemically activated composite of vinpocetine a

Most important, the shift of the VIN aromatic C=C stretching band at 1610 suggests a 

perturbation of the aromatic moiety of VIN, possibly indicating a hydrophobic interaction 

between the drug and the polymer, or a polymer-induced change of drug

interactions. A similar effect has been reported in the case of the aromatic C=C stretching 

ts mixtures with PVP-CL33. Despite the absence of a general band 

broadening, which could be justified by the rigid VIN molecular structure, these changes in 

the Raman spectra of the coground mixtures could be interpreted as the disruption of the 

grinding process, which induces an alteration in the C=O and C=C 

Images depicting the density distribution of VIN in tablets consisting of physical 
mixtures (PM, left) and coground (COG, right) of VIN and PVP-CL 
1:4 (below) ratios. Images are constructed from Raman maps upon imaging the intensity 
ratio between the 1610 cm-1 band (C=C stretching) of VIN and the 1668 cm

stretching) of PVP-CL. 

                                                 
Rawlinson, C.F.; Williams, C.A.; Timmins, P.; Grimsey IPolymer-mediated disruption of drug 

crystallinity. Int.J.Pharm. 2007, 336, 42-48. 
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Most important, the shift of the VIN aromatic C=C stretching band at 1610 suggests a 

hydrophobic interaction 

induced change of drug-drug hydrophobic 

interactions. A similar effect has been reported in the case of the aromatic C=C stretching 

. Despite the absence of a general band 

broadening, which could be justified by the rigid VIN molecular structure, these changes in 

the Raman spectra of the coground mixtures could be interpreted as the disruption of the 

grinding process, which induces an alteration in the C=O and C=C 

 

Images depicting the density distribution of VIN in tablets consisting of physical 
CL in 1:10 (above) and 

1:4 (below) ratios. Images are constructed from Raman maps upon imaging the intensity 
band (C=C stretching) of VIN and the 1668 cm-1 band (C=O 

mediated disruption of drug 
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Raman spectroscopy has been also used to 

the spatial heterogeneity of the mixtures at microscopic level. The analysis of the Raman 

maps of tablets prepared from physical and coground mixtures having different drug

polymer ratios showed that VIN is

samples than in the physical mixtures (

Figure 10. 13C CP/MAS NMR spectra of a) VIN, b) polymer PVP
1:4 wt, d) physical mixture 1:10 wt, e) coground mixture 1:4 wt  and

1:10 wt. In a) and b) carbonyl atoms are marked.

release DDS for class 2 drugs prepared via Mechanochemistry

Raman spectroscopy has been also used to evaluate the effect of the co-grinding process on 

the spatial heterogeneity of the mixtures at microscopic level. The analysis of the Raman 

maps of tablets prepared from physical and coground mixtures having different drug

polymer ratios showed that VIN is distrubuted much more homogenously in the coground 

samples than in the physical mixtures (figure 9). 

C CP/MAS NMR spectra of a) VIN, b) polymer PVP-CL, c) physical mixture 
1:4 wt, d) physical mixture 1:10 wt, e) coground mixture 1:4 wt  and f) coground mixture 

1:10 wt. In a) and b) carbonyl atoms are marked. 

prepared via Mechanochemistry 

grinding process on 

the spatial heterogeneity of the mixtures at microscopic level. The analysis of the Raman 

maps of tablets prepared from physical and coground mixtures having different drug-

distrubuted much more homogenously in the coground 

 

CL, c) physical mixture 
f) coground mixture 
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Solid state NMR has been then used to further study the solid state of the samples and to 

understand the nature of interactions between components.

 The 13C CP/MAS NMR spectra of solid s

are reported in figure 10a and b, respectively. 

narrow signals indicating the crystalline nature of the sample, whilst fig

spectrum of polymer PVP

NMR spectra of physical mixtures of the aforementioned pure compounds in 1:4 and 1:10 

drug-to-polymer wt ratios are shown in 

the pure compounds in phys

comparison of the signal intensities in carbonyl region of NMR spectra.

Figure 11. Carbonyl region of 
1:10 wt physical mixture (b), 1:4 wt coground mixture (c) and 1:10 wt coground mixture 

In order to establish crystalline or amorphous nature of investigated compounds, the 

signals corresponding to c

spectra it can be nicely seen that the signals corresponding to the C20 atom of VIN inside 

physical mixtures of both studied wt ratios are still narrow (
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Solid state NMR has been then used to further study the solid state of the samples and to 

understand the nature of interactions between components. 

C CP/MAS NMR spectra of solid samples of the pure materials, VIN and PVP

igure 10a and b, respectively. Figure 10a shows a spectrum of VIN with 

narrow signals indicating the crystalline nature of the sample, whilst fig

spectrum of polymer PVP-CL having broad signals as typical of amorphous substances. 

NMR spectra of physical mixtures of the aforementioned pure compounds in 1:4 and 1:10 

polymer wt ratios are shown in figures 10c and 10d, respectively. Weight ratio of 

the pure compounds in physical mixtures can be nicely seen, for instance, from the 

comparison of the signal intensities in carbonyl region of NMR spectra.

Carbonyl region of 13C CP/MAS NMR spectra of 1:4 wt physical mixture (a), 
1:10 wt physical mixture (b), 1:4 wt coground mixture (c) and 1:10 wt coground mixture 

(d). 
 

In order to establish crystalline or amorphous nature of investigated compounds, the 

signals corresponding to carbonyl groups has been enlarged (figure 11) In this part of the 

spectra it can be nicely seen that the signals corresponding to the C20 atom of VIN inside 

physical mixtures of both studied wt ratios are still narrow (figures 11a and b). This 
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Solid state NMR has been then used to further study the solid state of the samples and to 

amples of the pure materials, VIN and PVP-CL, 

10a shows a spectrum of VIN with 

narrow signals indicating the crystalline nature of the sample, whilst figure 10b shows the 

ing broad signals as typical of amorphous substances. 

NMR spectra of physical mixtures of the aforementioned pure compounds in 1:4 and 1:10 

igures 10c and 10d, respectively. Weight ratio of 

ical mixtures can be nicely seen, for instance, from the 

comparison of the signal intensities in carbonyl region of NMR spectra. 

 

CP/MAS NMR spectra of 1:4 wt physical mixture (a), 
1:10 wt physical mixture (b), 1:4 wt coground mixture (c) and 1:10 wt coground mixture 

In order to establish crystalline or amorphous nature of investigated compounds, the 

igure 11) In this part of the 

spectra it can be nicely seen that the signals corresponding to the C20 atom of VIN inside 

igures 11a and b). This 
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observation suggests that the nature of the compound in the physical mixture did not 

change with respect to the original compound.  

In the case of coground mixture at ratio of polymer PVP-CL and VIN molecules of 1:4, a 

narrow signal corresponding to the C20 carbon atom of VIN molecule can be still observed 

(figure 11c). According to the feature of VIN C=O group in the Raman spectra, the 

observed signal in this case has a broad shoulder on the right-hand side, suggesting that 

VIN molecules are partially in an amorphous state. It means that different types of VIN 

molecules are present in this sample: both crystalline and amorphous forms. When 

increasing the amount of PVP-CL in the coground sample (1:10 wt system), only broad 

signals have been observed for carbonyl C20 atom of VIN (Figure 11d). Broad nature of 

the signals indicates the complete transformation of VIN molecules in an amorphous form 

at this weight ratio. These findings are in complete agreement with previous DSC and 

XRD results.  

1H NMR spectra of the parent compounds VIN and PVP-CL as well as physical and 

coground mixtures (figure 12) have been also recorded with the purpose of further 

ascertain the absence of hydrogen bonding in the samples. 

In proton spectra, signals belonging to protons involved in hydrogen bonds were not 

observed, in accordance to the aforementioned Raman data. A spectrum of polymer PVP-

CL shows three sharp signals with chemical shifts of 4.19, 3.65 and 1.23 ppm indicating 

the presence of water molecules in different environments inside the solid sample (figure 

12b). Signals with higher chemical shift (4.19, 3.65) most likely belongs to clusters of pure 

water somewhere on the surface of the molecule, whilst the signal at δ* 1.23 ppm 

corresponds to monomeric water. 

In order to ascertain the nature of these three sharp signals and if they indeed belong to the 

water molecules, the sample has been dried (at 40°C for 24h under vacuum). The proton 
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NMR spectrum of dried PVP

thermogravimetrical analysis (TA In

content < 1%, did not longer exhibit the above mentioned sharp signals.

In the case of VIN we did not observe any sharp signals but only two large humps, 

originated from signals much lower than those 

Spectra of physical mixtures (figures 12c and 12d) and 

12f) in various proportions of VIN and PCP

4.02  or 4.05 or 4.11 ppm.

Figure 12. 1H MAS NMR spectra of a) VIN, b) polymer PVP
wt, d) physical mixture 1:10 wt, e) coground mixture 1:4 wt  and f) coground mixture 1:10 

As a completion of this research, the 

administration in rats of the 1:4 and 1:10 wt coground systems and corresponding physical 

mixtures was assessed in comparison with a commercial vinpocetine oral formulation 

Mechanochemically activated composite of vinpocetine a

NMR spectrum of dried PVP-CL sample (data not shown), having at the 

thermogravimetrical analysis (TA Instruments, New Castle, DE, USA

content < 1%, did not longer exhibit the above mentioned sharp signals.

In the case of VIN we did not observe any sharp signals but only two large humps, 

originated from signals much lower than those belonging to PVP-CL protons (figure 12a).

Spectra of physical mixtures (figures 12c and 12d) and coground mixtures (figures 12e and 

in various proportions of VIN and PCP-CL show only the major water signal at 

4.02  or 4.05 or 4.11 ppm. 

H MAS NMR spectra of a) VIN, b) polymer PVP-CL, c) physical mixture 1:4 
wt, d) physical mixture 1:10 wt, e) coground mixture 1:4 wt  and f) coground mixture 1:10 

wt. 
 

As a completion of this research, the in vivo bioavailability of the vinpocetine after 

administration in rats of the 1:4 and 1:10 wt coground systems and corresponding physical 

mixtures was assessed in comparison with a commercial vinpocetine oral formulation 
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CL sample (data not shown), having at the 

New Castle, DE, USA) a residual water 

content < 1%, did not longer exhibit the above mentioned sharp signals. 

In the case of VIN we did not observe any sharp signals but only two large humps, 

CL protons (figure 12a). 

coground mixtures (figures 12e and 

CL show only the major water signal at δ* 

 

CL, c) physical mixture 1:4 
wt, d) physical mixture 1:10 wt, e) coground mixture 1:4 wt  and f) coground mixture 1:10 

bioavailability of the vinpocetine after oral 

administration in rats of the 1:4 and 1:10 wt coground systems and corresponding physical 

mixtures was assessed in comparison with a commercial vinpocetine oral formulation 
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(Vimpocetin 5 mg capsules, Pharma). In 

presented whilst the pharmacokinetic parameters are listed in 

Figure 13. Mean plasma levels (±S.D.) of vinpocetine obtained after single oral dose (11 
mg/kg): in 1:4 wt coground system (

in 1:10 wt PM (∆) and in commercial sample (Vimpocetin

Table 4. Vinpocetine pharmacokinetic parameters after oral administration in rats of the 
coground Systems, corresponding physical mixtures and commercial reference (mean ± 

Formulations Cmax 

Coground 1:10 wt 101.0 ± 

PM 1:10 wt 61.3 ± 4.5

Coground 1:4 wt 199.2 ± 39.0

PM 1:4 wt 57.9 ± 4.8

Vimpocetin® 5mg 33.0 ± 5.0

release DDS for class 2 drugs prepared via Mechanochemistry

5 mg capsules, Pharma). In figure 13 the plasma concentration profiles are 

presented whilst the pharmacokinetic parameters are listed in table 4.  

Mean plasma levels (±S.D.) of vinpocetine obtained after single oral dose (11 
mg/kg): in 1:4 wt coground system (●), in 1:10 wt coground system (○), in 1:4 wt PM (

) and in commercial sample (Vimpocetin 5mg)(■
 
 

pharmacokinetic parameters after oral administration in rats of the 
coground Systems, corresponding physical mixtures and commercial reference (mean ± 

S.D., n = 4) 

max (ng/ml) ±SD 
tmax 

(min) 
AUC(last) 

(ng h/ml) 

101.0 ± 28.4 30 141.4 ± 36.6 

61.3 ± 4.5 30 91.5 ± 12.9 

199.2 ± 39.0 30 397.7 ± 62.5 

57.9 ± 4.8 30 84.5 ± 11.8 

33.0 ± 5.0 120 78.5 ± 14.7 

prepared via Mechanochemistry 

igure 13 the plasma concentration profiles are 

 

Mean plasma levels (±S.D.) of vinpocetine obtained after single oral dose (11 
), in 1:4 wt PM (▲), 

■). 

pharmacokinetic parameters after oral administration in rats of the 
coground Systems, corresponding physical mixtures and commercial reference (mean ± 

Frel 

 1.8 

1.2 

 5.1 

1.1 
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Both physical mixtures, thanks to the presence of 

little bioavailability enhancement with respect to the drug in the marketed formulation, but 

the very remarkable increase of drug bioavailability was achieved in the binary systems 

treated by mechanochemical activation

led to an oral relative bioavailability of 5.1 and 1.8 n comparison to Vimpocetin

respectively. Further, differently from the commercial formulation having his t

min, the plasma profiles of both

testifying that this approach is a viable means to achieve an oral system with faster 

absorption times.  

Differently from the in vitro

with the 1:4 wt coground system. This fact is quite interesting and testified that high 

amounts of crospovidone are not necessary in the formulation to promote an in vivo 

vinpocetine bioavailability enhancement. This means a reduced drug dilution in the final 

formulation. Further it gives evidence that the process has a preponderant effect on the in 

vivo bioavailability. 

Figure 14. Particle size distribution of 1:4 (

Mechanochemically activated composite of vinpocetine a

Both physical mixtures, thanks to the presence of the hydrophilic polymer showed a very 

little bioavailability enhancement with respect to the drug in the marketed formulation, but 

the very remarkable increase of drug bioavailability was achieved in the binary systems 

treated by mechanochemical activation. In particular, 1:4 and 1:10 wt coground systems 

led to an oral relative bioavailability of 5.1 and 1.8 n comparison to Vimpocetin

respectively. Further, differently from the commercial formulation having his t

min, the plasma profiles of both coground systems revealed their C

testifying that this approach is a viable means to achieve an oral system with faster 

in vitro performances, the highest oral bioavailability was obtained 

the 1:4 wt coground system. This fact is quite interesting and testified that high 

amounts of crospovidone are not necessary in the formulation to promote an in vivo 

vinpocetine bioavailability enhancement. This means a reduced drug dilution in the final 

formulation. Further it gives evidence that the process has a preponderant effect on the in 

Particle size distribution of 1:4 (○, A) and 1:10 (●, B) drug
coground. 
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the hydrophilic polymer showed a very 

little bioavailability enhancement with respect to the drug in the marketed formulation, but 

the very remarkable increase of drug bioavailability was achieved in the binary systems 

. In particular, 1:4 and 1:10 wt coground systems 

led to an oral relative bioavailability of 5.1 and 1.8 n comparison to Vimpocetin®, 

respectively. Further, differently from the commercial formulation having his tmax at 120 

coground systems revealed their Cmax after only 30 min, 

testifying that this approach is a viable means to achieve an oral system with faster 

performances, the highest oral bioavailability was obtained 

the 1:4 wt coground system. This fact is quite interesting and testified that high 

amounts of crospovidone are not necessary in the formulation to promote an in vivo 

vinpocetine bioavailability enhancement. This means a reduced drug dilution in the final 

formulation. Further it gives evidence that the process has a preponderant effect on the in 

 

, B) drug-to-polymer wt ratio 
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A possible explanation of the behavior of the 1:10 wt can be found checking the particle 

size of the coground particles. In figure 14 the particle volume percentage as a function of 

the diameter in a log scale of the 1:4 wt system coground for 180 min is depicted and 

compared to the 1:10 wt system also coground for 180 min. It can be noticed that both 

samples showed a monomodal distribution, with a peak frequency value of 3.9 µm (d 0.5, 

modal size fraction) in the case of 1:4 wt coground (figure 14A), and of about 15.6 µm for 

1:10 wt coground (figure 14B). Further, whilst 1:4 systems exhibited a narrow bell-shaped 

distribution with most particles ranging from 1.1 to 15 µm (d 0.1 - d 0.9, respectively), 1:10 

composite distribution is very wide and ranged from 3.3 to 77.9 µm. This data attest that 

increasing the amount of polymer, the particle size raised remarkably and the distribution 

became significantly wider. Hence, also in this case, in accordance to previous 

mechanochemical experiences with crospovidone,20,34  the presence of large amount of this 

polymer can be responsible for the undesired formation of agglomerates, especially with 

the longest milling times. The presence of crospovidone, that contains 5% water content at 

the time of manufacture,33 may cause the formation of large agglomerates, with a 

phenomenon probably similar to a wet granulation process.  

These different dimensions of the coground samples can give reason for the differences in 

the in vivo performances. A possible explanation is hence that the larger agglomerates 

found in the coground containing high amounts of PVP-CL are responsible for the 

unexpected reduced in vivo performance.  

Moreover, the unexpected lesser bioavailability of the 1:10 wt coground can be due to 

biological and hydrodynamic conditions: the little volume (2ml) administered to the 

animals is probably not enough to efficiently disperse the entire dose in a 1:10 wt ratio 

                                                 
34 Grassi, M.; Coceani, N.; Magarotto, L.; Ceschia, D. Effect of milling time on release kinetics 
from co-grounded drug-polymer systems. Proceedings of the AAPS Annual Meeting and 
Exposition, October, Salt Lake City, USA. 2003. 



3.2. Mechanochemically activated composite of vinpocetine and crospovidone 

163 

with the polymer. Conversely, the 1:4 wt sample, having less amount of powder can be 

dispersed, and thus absorbed easier.  

Another possible explanation is the presence of a thin stagnant layer originated by PVP-CL 

particle aggregation and adhesion on the intestine wall. In particular in previous 

investigations,35 clusters between intestinal mucus and ground polymeric particles were 

noticed. In this case, the difference in the thickness of stagnant layer, in layer viscosity and 

in the interaction inside these clusters due to different amounts of crospovidone can 

explain the different absorption across the intestine membrane, and thus the different 

plasma profiles. 

Aging studies  

The drug solid state in the selected coground samples (1:4 and 1:10 wt) was studied by 

repeating the DSC analyses every 4 months for a period of 1 year (data not shown). These 

curves are completely superimposable to that of freshly prepared samples, attesting the 

stability of the activated status (completely amorphous in the 1:10 wt and partially 

nanocrystalline in the case of 1:4 wt). Once embedded in the polymeric network, as clearly 

visible in TEM images reported in figure 6a,  the drug is stabilized in the metastable 

amorphous or nanocrystalline form. It is reasonable that the recrystallization is prevented 

by restricting drug mobility thanks to the aforementioned interactions with the polymeric 

carrier and/or to the antiplasticizing effect of the polymer, that increases the viscosity of 

the binary systems and thereby decreases the diffusion of drug molecules necessary to 

form the lattice36 In the case of PVP-CL, the stabilizing potential has been reported in 

                                                 
35 Meriani, F.; Coceani, N.; Sirotti, C.; Voinovich, D.; Grassi, M. In Vitro Nimesulide Absorption 
from Different Formulations. J. Pharm. Sci. 2004, 93, 3540-3552. 
 
36 Van den Mooter, G.; Wuyts, M.; Blaton, N.; Busson, R.; Grobet, P.; Augustijns, P.; Kinget, R. 
Physical stabilisation of amorphous ketoconazole in solid dispersions with polyvinylpyrrolidone 
K25, Eur. J. Pharm. Sci. 2000, 12, 261-269. 
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several cogrinding experiences.20,37 The stability of the nanocrystalline/amorphous state of 

the drug is further facilitated by the energetic contribution of the mechanochemical 

activation.  

3.2.4. Conclusions 

Vinpocetine was successfully coground in a planetary mill, which made possible an 

enhancement of bioavailability through a solid state activation. The effect of the amount of 

crospovidone and of the milling time on vinpocetine activation in coground mixtures was 

statistically investigated. The drug release rate resulted directly related to the amount of 

polymer and milling time. In fact, as these variables increased, the drug was progressively 

transformed into an amorphous and/or nanocrystalline state extremely favorable for the in 

vitro dissolution. A multidisciplinary approach employed in the study of the sample 

permitted an extensive characterization of the changes induced on the drug solid state after 

mechanochemical activation. These analyses revealed the perturbation of the VIN carbonyl 

environment as a results of the disruption of the crystalline lattice, the absence of hydrogen 

bonding between components and the insurgence of hydrophobic interaction between 

crospovidone and VIN. Further the characterizations attested that the activated drug solid 

state was homogeneously present n the coground systems and was stable for at least one 

year. 

A comparison with an oral commercial formulation (Vimpocetin®) revealed that the 

coground were able to enhance the oral bioavailability of 5 folds.  

It can be concluded that the solid state mechanochemical process in presence of 

micronized crospovidone is a viable means to improve the oral bioavailability of 

vinpocetine through its transformation into a highly soluble-readily absorbable form. 

                                                 
37 Shin, S.C.; Oh, I.J.; Lee, Y.B.; Choi, H.K.; Cho, C.W. Enhanced dissolution of furosemide by 
coprecipitating or cogrinding with crospovidone. Int. J. Pharm. 1998, 175, 17–24. 
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Abstract 

The importance of studying oral drug absorption is well recognised by both research 

facilities/institutions and the pharmaceutical industry. The use of mathematical models can 

represent a very profitable and indispensable tool to understand oral drug absorption. 

Indeed, mathematical models can verify the correctness of the mechanisms proposed to 

describe drug release, absorption, distribution and elimination thus reducing the number of 

expensive and time consuming experiments. In this paper we develop a mathematical 

approach able to model both the polymeric particle mediated delivery and the gastro-

intestinal absorption-metabolism-excretion (ADME) of a given drug. As a model drug a 

poorly water soluble drug (vinpocetine) in both the amorphous and nanocrystalline state is 

considered. The delivery system is obtained by drug co-grinding with a polymer 

(crosslinked polyvinilpirrolidone). As the proposed mathematical model can properly fit 

the in vivo data on the basis of information obtained in vitro, it represents a powerful 

theoretical tool connecting in vitro and in vivo behaviour. 
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3.3.1. Introduction 

Many pharmaceutical systems are essentially made up by a polymeric carrier hosting the 

active agent (drug) inside its three-dimensional network1,2. Especially in the case of oral 

administration, they are often prepared as particulate systems since these forms present 

remarkable advantages over the single unit devices. The easier dispersion inside the 

stomach reflects into an appreciable reduction of the local drug concentration which is 

usually responsible for gastric irritation3. Moreover, they are very versatile and powerful as 

drug loading into crosslinked polymers can represent a profitable tool to increase the drug 

dissolution rate in aqueous media and, thus, the bioavailability of slightly water soluble 

crystalline drugs4. Indeed, for example, by means of solvent swelling, co-grinding 

techniques or supercritical CO2
5,6,7, the drug can be loaded inside the polymeric network in 

form of macro-crystals, nanocrystals and amorphous state. Interestingly, drug nanocrystals 

and amorphous state are characterised by increased water solubility (in virtue of their small 

crystal size, strictly connected to small curvature radii) with respect to macro-crystal and 

                                                 
1 Lee, P.I. Diffusion-Controlled Matrix Systems. In Treatise on Controlled Drug Delivery. 
Kydonieus, A Ed. Marcel Dekker Inc.: New York, Basel, Hong Kong, 1992. 
 
2 Peppas, N.A. Mathematical Models for Controlled Release Kinetics. In Medical Applications of 
Controlled Release: Applications and Evaluations, volume II. Langer, R.S.; Wise, D.L. Eds. CRC 
Press, Boca Raton, 1984. 
 
3 Tapia, C.; Buckton, G.; Newton, J.M. Factors influencing the mechanism of release from 
sustained release matrix pellets, produced by extrusion /spheronisation. Int. J. Pharm. 1993, 92, 
211–218. 
 
4 Grassi, M.; Grassi, G.; Lapasin, R.; Colombo I. Understanding drug release and adsorption 
mechanisms: a physical and mathematical approach. CRC Press, Boca Raton, 2007. 
 
5 Grassi, M.; Colombo, I.; Lapasin, R. Drug release from an ensemble of swellable crosslinked 
polymer particles. J. Contr. Rel. 2000, 68, 97–113. 

 
6 Colombo, I.; Grassi, G.; Grassi, M. Drug Mechanochemical Activation. J. Pharm. Sci. 2009, 98, 
3961-3986. 
7 Debenedetti, P.G.; Tom, J.W.; Yeo, S.D. Application of supercritical fluids for the production of 
sustained delivery devices. J. Contr. Rel. 1993, 24, 27-44. 
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this, obviously, reflects into increased bioavailability 6. Unfortunately, however, 

thermodynamically speaking, drug nanocrystals and amorphous state are, usually, far from 

being stable compared to the lifetime required to a pharmaceutical product (months or 

years). Accordingly, the addition of at least one more component (stabilizer), usually a 

polymer, is required. Indeed, drugs can interact, for example, via Van der Waals or 

hydrogen bonds, with the stabiliser yielding to pharmaceutically stable products 

conserving their activation for a long time6. In addition, in the case of polymeric 

stabilizers, the physical presence of the polymeric chains hinders macro-crystals formation 

since macro-crystals can form and grow as long as that the network meshes are sufficiently 

wide. Obviously, upon contact with the aqueous external release environment (gastro-

intestinal (GI) fluids), the stabiliser action ends and drug nanocrystals or amorphous state 

tend to come back to the more stable form (re-crystallisation), i.e. to the macro-crystals 

condition, according to different kinetics depending on the carrier and drug type. 

Accordingly, the release process takes place as the drug were characterised by a decreasing 

solubility4. Interestingly, despite the re-crystallisation phenomenon, the average solubility 

and, thus, bioavailability of the drug are neatly increased7. 

Whereas the mathematical modelling of drug release from an ensemble of poly-disperse 

polymeric particles have been matched in literature4, few modelling attempts have been 

performed on the combination of drug release, absorption, elimination and metabolism 

(ADME)8,9. The reasons for this probably rely on the mathematical difficulties connected 

                                                 
8 Di Muria, M.; Lamberti, G.; Titomanlio, G. Modeling the pharmacokinetics of extended release 
pharmaceutical systems. Heat & Mass Transfer. 2009, 45, 579-589. 
 
9 Di Muria, M.; Lamberti, G.; Titomanlio, G. Physiologically Based Pharmacokinetics: A Simple, 
All Purpose Model. Ind. Eng. Chem. Res. 2010, 49, 2969–2978. 
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to this task. However, as recently pointed out by Siepmann10, one of the major challenges 

to be addressed in the future is the combination of mechanistic theories describing drug 

release out of the delivery systems with mathematical models quantifying the subsequent 

drug transport within the human body in a realistic way. Accordingly, the aim of this paper 

is to present a mathematical model able to account for 1) the in vivo drug release from an 

ensemble of polymeric particles containing a drug in the amorphous and/or nanocrystalline 

condition, 2) the simultaneous drug absorption from the GI mucosa and 3) the final 

accumulation/elimination/metabolism in the blood. The proposed mathematical model is 

applied to study the in vitro and in vivo release of a poorly water soluble drug (vinpocetine) 

from a system realised by co-grinding for three hours micronized crosslinked 

polyvinilpirrolidone (PVP-clm) and vinpocetine (w/w ratio 4:1). Indeed, preliminary in 

vivo tests on rats proved the efficacy of this system in improving the bioavailability of 

vinpocetine 11. 

3.3.2. Experimental Section 

3.3.2.1. Materials 

Vinpocetine, a kind gift from Linnea SA (Riazzino-Locarno, CH*), is a semi-synthetic 

derivative of the Vinca minor L. alkaloid vincamine12. VIN is base-type drug (pKb = 7.1) 

whose solubility in buffer (0.2 M KH2P04/0.2 M NaOH (pH 7.4) at 37°C) is 1.6 µg/cm3 13. 

It has been shown to improve cerebral circulation and metabolism in the treatment of 

various types of cerebrovascular circulatory disorder, e.g. cerebral infarction, cerebral 

                                                 
10 Siepmann, J.; Siepmann F. Mathematical modeling of drug delivery. Int. J. Pharm. 2009, 364, 
207–212. 
11 Hasa, D. Attivazione meccanochimica di un composto contenente vinpocetina. Graduate thesis. 
University of Trieste, Department of Pharmaceutical Sciences. 2009. 
 
12 Lorincz, C., Szasz, K., Kisfaludy, L. The synthesis of ethyl apovincaminate. Arzneim.-Forsch. 
Drug Res. 1976, 26, 1907–1908. 
 
13 Weinshaar, R.E.; Bristol, J.A. Selective inhibitors of phospho- diesterases. In Comprehensive 
Medicinal Chemistry Vol. 2. Hansch, C. Ed. Pergamon Press, Oxford, 1990. 
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haemorrhage residual etc. It is mainly used as oral dosage forms, usually in tablets, 

containing 5 mg of active ingredient, with a daily dosage regimen that can vary between 

5mg to 20mg for three consecutive days14. However, existing formulations exhibit poor 

bioavailability (~6.7%)15,16 and poor absorption17 due to its scarce aqueous solubility, 

wettability and extensive metabolism during first pass. Micronized crospovidone (PVP-

clm) was purchased by BASF/Euphar (Milano, Italy). All other chemicals, of analytical 

grade, and solvents of HPLC grade, were provided by Carlo Erba (Milan, Italy). The 

delivery system was prepared by co-grinding for three hours the drug and the polymer (1:4 

w/w ratio) in a planetary mill Fritsch P5 (Pulverisette, Contardi Fritsch s.r.l., Milan, Italy). 

3.3.2.2. In vitro test 

Release tests, performed in triplicate, were led in 250 cm3 of 0.2 M KH2P04/0.2 M NaOH 

(pH 7.4) at 37°C. Two different release tests were performed. In the first case, at time zero, 

25 mg of the co-ground system (this corresponds to 5 mg of vinpocetine) were added to the 

release environment while, in the second case, 12.5 mg of the co-ground system (this 

corresponds to 2.5 mg of vinpocetine) were added to the release environment. Uniformity 

conditions were ensured by means of an impeller (rotational speed 200 rpm). The use of a 

fibre optic apparatus (HELLMA, Italy), connected to a diode array spectrophotometer 

(ZEISS, Germany, wavelength 270.19 nm), allowed the determination of vinpocetine 

concentration without perturbing the release environment (each release test lasted 180 

                                                 
14 Szatmari, S.Z.; Whitehouse, P.J. Vinpocetine for cognitive impairment and dementia. Cochrane 
database Syst Rev. 2003, 1: CD003119. 
 
15 Grandt, R.; Beitinger, R.; Schateltenbrand, R.; Braun, W. Vinpocetine pharmacokinetics in 
elderly subjects, Arzeim.-Forsch. Drug Res. 1989, 39, 1599-1602. 
 
16 Szakacs, T.; Veres, Z.; Vereczkey, L. In vitro-in vivo correlation of the pharmacokinetics of 
vinpocetine. Pol. J. Pharmacol. 2001, 53, 623-628. 
 
17 Kata, M.; Lukacs, M. Enhancement of solubility of vinpocetine base with γ-cyclodextrin. 
Pharmazie. 1986, 41, 151-152. 
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minutes). Moreover, this methodology allowed to easily overcome the problem connected 

to drug concentration measurement in presence of a dispersion of solid particles.  

Indeed, the UV spectrophotometer, recording the UV absorption spectrum in the 

wavelength range 210-620 nm, can automatically subtract the scattering absorption due to 

the polymeric particles from the vinpocetine maximum UV absorption occurring at 270.19 

nm. As the scattering effect does not depend on wavelength in the wavelength range 

considered, it was evaluated at 500.49 nm, i.e. very far from 270.19 nm. 

3.3.2.3. In vivo test 

10 mg vinpocetine dose (this corresponds to 50 mg of co-ground system) was orally 

administered to eight healthy male volunteers, aged between 25 and 50 years and weighing 

on average 75 kg. The test was subdivided in two steps. In the first step, the co-ground 

system was administered two five volunteers while the second step regarded the last three 

volunteers and was performed 4 months later. Written informed consent was signed by 

each subject participating in the study. The research followed the tenets of the Declaration 

of Helsinki promulgated in 1964 and was approved by the institutional human 

experimentation committee. All the volunteers had normal hepatic and renal function. All 

subjects were asked not to take any drugs before and to fast from 12 hours before 

administration until lunch on the treatment day. They were also not allowed to smoke, not 

to take coffee or alcoholic beverages 12 hours before and 48 hours after the study drug 

administration. The subjects were all given a standard lunch 5.5 hours after the dosing and 

were allowed to drink water during the treatment period. Blood samples (5 ml) were drawn 

at 0.5, 1, 2, 4 and 6 hours after administration for the first five volunteers while blood 

samples (5 ml) were drawn at 0.25, 0.5, 1, 1.5, 2, 3, 4 and 6 hours after administration for 

the remaining three volunteers. Each sample was collected in a heparinised tube; the 

plasma was then immediately separated by centrifugation (at 4000 rpm for 45 min) and 
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stored at -20°C until analysis. The determination of vinpocetine concentration in the 

plasma implied the addition of 600 µl methanol to 200 µl plasma. This mixture was 

vortexed for 10 min. After centrifugation (5000 rpm for 6 min), 5 µl of the organic solution 

were assayed by a validated HPLC analysis with mass spectrometry detection18 . HPLC 

system consisted of a Varian LC212 with a 500-MS IT mass detector. The 

chromatographic separation was conducted at room temperature, using a Varian C 18 

Polaris column (3 µm, 2.0 x 50 mm). The mobile phase was composed of water with 0.1% 

formic acid (solvent A) and acetonitrile (solvent B). Isocratic conditions were used with A 

57: B 43, total run time was 3 min. The flow rate was 200 µl/min. MS conditions: ESI 

(positive mode), needle voltage 5350 V*, drying gas temperature was 400° C, capillary 

voltage was set to 100 V* and RF loading was set to 100%, nebulizer gas pressure was 25 

psi; drying gas pressure was 15 psi. The detector was set to monitor m/z= 290-390. The 

calibration curve for vinpocetine ranged from 14 to 200 ng/ml (plasma). The limit of 

quantification was 2 ng/ml. The precision and accuracy were under 3% for all calibration 

points. 

3.3.3. Mathematical modelling 

3.3.3.1. In vivo drug release, absorption, distribution, metabolism and elimination 

The complete description of all the phenomena involved in the release kinetics from drug 

loaded particulate systems is not a trivial task as release kinetics is ruled by many 

phenomena such as matrix swelling and erosion, drug dissolution, re-crystallization and 

diffusion, drug-matrix network interactions, drug distribution and concentration inside the 

matrix and finally, particle size distribution. The scenario is, then, made more complex 

when the modelling aim is not limited to the description of the release kinetics in the 

                                                 
18 Vlase, L.; Bodiu, B.; Leucuta, S. E. Pharmacokinetics and comparative bioavailability of two 
vinpocetine tablet formulations in healthy volunteers by using the metabolite apovincaminic acid as 
Pharmacokinetic parameter. Arzeim.-Forsch. Drug Res. 2005, 55, 664-668. 
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release environment (GI fluids), but it also has to describe drug absorption (by the GI tract 

mucosa), distribution (among blood, tissues and organs), metabolism and elimination, i.e., 

the so called ADME processes. Indeed, the mathematical model must account for drug 

permeation through cellular membranes and distribution/elimination in the blood, tissues 

and organs. 

In the light of process complexity, model building could be based on the following 

simplifying assumptions 4,5,19: 1) GI tract is considered as a well stirred environment 

(uniform drug concentration in its liquid volume), 2) drug release in the GI fluids is 

substantially equal to in vitro drug release (to make this assumption as reasonable as 

possible, the definition of more and more sophisticated in vitro techniques to test the drug 

release is required) 3) drug solubility (Cs) in the release environment (GI fluid) and drug 

permeability (P) are constant along the GI tract, 4) even if more complex approaches could 

be considered, for the sake of simplicity, drug pharmacokinetics is represented by two 

“external” compartments, blood and tissues, an the central one, i.e. the GI environment, 5) 

the polymeric powder is made up by spherical particles that do not undergo significant 

erosion. In addition, the particle size distribution in the dry state (this corresponding to the 

initial powder condition), is supposed to be conveniently described by the Weibull 

equation20, even if, in principle, any distribution equation could be used: 
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19 Quintavalle, U.; Voinovich, D.; Perissutti, B.; Serdoz, F.; Grassi, G.; Dal Col, A.; Grassi, M. 
Preparation of sustained release co-extrudates by hot-melt extrusion and mathematical modelling of 
in vitro/in vivo drug release profiles. Eur. J. Pharm. Sci. 2008, 33, 282-293. 

 
20 Tenchov, B.G.; Yanev, T.K. Weibull distribution of particle sizes obtained by uniform random 
fragmentation. J. Coll. Int. Sci. 1986, 111, 2-10. 
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where Rp and Rmin are the generic particle radius and the minimum particle radius, 

respectively, η and δ are two parameters regulating the Weibull size distribution, while V0 

and V are the total volume occupied by the ensemble of polymeric particles and the volume 

occupied by particles having a radius lower than or equal to Rp, respectively. 

In order to describe the whole release process, two mass balances, referred to the solvent 

(water or GI fluid) uptake and to the drug release, respectively, must be taken into 

consideration and solved for all the particles. Although the model accounts for particle 

volume increase due to polymer swelling, it assumes that the drug diffusion process does 

not reflect in any volume variation. Accordingly, the solution of the problem may be 

achieved by first solving the solvent mass balance and then, once the solvent concentration 

profile is known inside each particle, by solving the drug mass balance. Due to the 

viscoelastic nature of the polymer/solvent system, solvent uptake needs to be described 

according to a not-fickian approach. Among the huge variety of models proposed in the 

past4, that proposed by Camera-Roda and Sarti provides a simple but reasonable way to 

account for the relaxation of viscoelastic materials in the analysis of diffusional 

problems21. This theory assumes that the global solvent flux J can be subdivided into two 

contributions: 

 

J = Jf + Jr          (2) 

 

where Jf represents the fickian contribution to the solvent flux, while the second term Jr is 

the relaxation contribute representing the viscoelastic nature of the polymeric-solvent 

system. In a spherical coordinate system, Jf and Jr read: 

 

                                                 
21 Camera-Roda, G.; Sarti, G.C. Mass transport with relaxation in polymers. AIChE J. 1990, 36, 
851-860. 
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where Cp represents solvent concentration at the radial position R, t is the time, D0 is the 

solvent diffusion coefficient in the dry polymeric network, Dr is the diffusion coefficient of 

the not-fickian flux while τ is the relaxation time characteristic of the polymer–solvent 

system. Dr and τ dependence on local solvent concentration is given by: 
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where Cpeq is the solvent concentration in the completely swollen polymeric network 

(thermodynamic equilibrium), τeq and Deq are the relaxation time and the solvent diffusion 

coefficient in equilibrium conditions (indeed, solvent diffusion coefficient, according to 

eqs.(2)-(4), is given by Dr + D0 and, at equilibrium, Dr = Deq – D0 according to eq.(5)), 

respectively, f and g are two model parameters. For each particle class “ j” (particles having 

the same radius Rp) into which the continuous particles size distribution (see eq.(1)) can be 

subdivided in, solvent mass balance reads: 
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Assuming that no volume variations occur upon polymer-solvent mixing (ideal behaviour), 

particles volume increase and solvent concentration profile inside particles are evaluated 

on the basis of a microscopic (eq.(7)) and a macroscopic mass balance made up on each 

spherical shell (control volume22) into which the generic particle can be subdivided in (for 

each particle class “j” we have Nv control volumes). The macroscopic mass balance simply 

states that, at each time, the volume of the generic spherical shell is given by the sum of the 

polymer volume (constant with time) and the volume of the solvent contained in the 

spherical shell (local solvent amount). Obviously, local solvent volume depends on local 

solvent concentration that is time dependent. The spherical shell radius Rj depends on local 

solvent concentration according to: 

 

( ) ( )( )3
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3
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00

C
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where ρs and Cpj are, respectively, solvent density and local concentration while j1R  and 

j2R  represent the radii of the inner and outer spherical shells sandwiching of the spherical 

shell characterised by radius Rj. In addition, ( )0j1R  and ( )0j2R  indicate, respectively, the 

values of j1R  and j2R  when solvent concentration is zero (shrunken, dry condition). 

Eq.(7) is numerically solved22 assuming that, initially, particles are solvent free, that 

solvent flux, for symmetry reasons, is zero in the particle centre and solvent concentration 

at the particle surface is ruled by:  

                                                 
22 Patankar, S.V. Numerical Heat Transfer and Fluid Flow. Hemisphere Publishing, New York, 
1986. 
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where Nc is the number of classes into which the continuous particle size distribution 

(eq.(1)) has been subdivided in and Rpj is the time dependent radius of particles belonging 

to class “j”. Eq.(9) states that at the particle surface (R = Rpj(t)), solvent concentration does 

not immediately reach the equilibrium value (Cpeq) but its increase depends on the local 

relaxation time τ defined by eq.(6). 

The drug release process can be solved by writing a proper mass balance for each of the Nc 

classes into which the particle size distribution can be subdivided in: 
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where Cj is the concentration of the dissolved drug evaluated at radius Rj inside the 

particles of the jth class, am
djC , nc

djC  and mc
djC are, respectively, the concentrations of the not 

dissolved drug in the amorphous, nanocrystalline and macro-crystalline state evaluated at 

radius Rj inside the particles of the jth class, D is the drug diffusion coefficient (depending 

on Cpj(Rj)), K rules the drug dissolution process inside each particle and it is independent 

on drug status (amorphous, nano- and macrocrystals)23, nc
sC  and mc

sC  are, respectively, the 

drug nano- and macro-crystal solubility, Vr is the volume of the release environment and Cr 

is the drug concentration in the release environment. Eq.(11’) expresses, according to the 

theory of Nogami23, the reduction of amorphous drug solubility at the solid-liquid 

interface. Indeed, upon dissolution, the amorphous phase re-crystallises on the solid 

surface in form of macro-crystals and the original amorphous surface is replaced by the 

macro-crystalline one. Consequently, amorphous drug solubility at the solid-solvent 

interface ( am
sC ) reduces from the initial value am

s0C  to the final one mc
sC  according to the 

exponential law represented by eq.(11’). While Kr rules drug re-crystallisation inside the 

particles, Krb rules drug re-crystallisation in the release environment and Mc is the drug 

amount re-crystallised in the release environment. It can be noted that in the drug mass 

balance referred to the jth particle class (Eq. (10)), four contributes appear in the right hand 

side term. While the first one is related to the diffusion process, the following three 

represent, respectively, the dissolution process of amorphous, nanocrystals and macro-

crystals drug. The dissolution process of the not dissolved drug in its three possible 

                                                 
23 Nogami, H.; Nagai, T.; Youtsuyanagi, T. Dissolution phenomena of organic medicinals 
involving simultaneous phase changes. Chem. Pharm. Bull. 1969, 17, 499–509. 
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conditions (amorphous, nanocrystalline and macro-crystalline) is represented by eqs.(11)-

(13), whose right hand side term is set to zero when am
djC , nc

djC  and mc
djC  disappear (solid 

drug has completely solubilised).  

As drug diffusion coefficient in the polymeric network mainly depends on the local solvent 

concentration, the D dependence on Cp suggested by Peppas–Reinhart24,25 is considered:  
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where Dds is the drug diffusion coefficient in the pure solvent, B is a model parameter 

while ϕ is the local polymer volume fraction and ρs is the solvent density. Eq.(10) is 

numerically solved22 assuming that the initial drug concentration in the release 

environment is zero, that, initially, no dissolved drug exists inside the particles (only solid 

or amorphous drug can be found in the polymeric network) and that the solid and/or 

amorphous drug concentration is uniform inside the particles (the model could easily 

account for more complex drug distributions). Finally, for symmetrical reasons, drug flux 

in the particles centre is set to zero and the usual drug partitioning condition at the 

particle/solvent interface is considered (Kp is the drug partition coefficient). 

In order to complete the model, the equations related to drug absorption, distribution and 

elimination must be considered. For this purpose, it is convenient to refer to figure 1 which 

reports the physical situation that the model mimics. 

                                                 
24 Peppas, N.A.; Reinhart, C.T. Solute Diffusion in Swollen Membranes. I. A New Theory. J. 
Membr. Sci. 1983, 15, 275-287. 
 
25 Reinhart, C.T.; Peppas, N.A. Solute Diffusion in Swollen Membranes. II. Influence of 
Crosslinking on Diffusive Properties. J. Membr. Sci. 1984, 18, 227-239. 
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Figure 1. Schematic representation of drug release (from drug loaded polymeric particles), 
absorption, elimination/metabolism and exchange with tissues. 

 

Drug concentration in the blood (Cb) increases due to the drug flux coming from the GI 

tract fluid and crossing the GI mucosa (( )br CCAP − ). At the same time, Cb decreases 

because of the elimination/metabolism process (-b
*
elCK ) and it is affected by the 

distribution within the surrounding tissues/organs ( T
*
21b

*
12 CKCK +− ; CT = drug 

concentration inside tissues/organs). Thus the differential equation accounting for Cb 

variation is: 
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where t is time and Vb, A and P are, respectively, the blood compartment volume, the GI 

tract geometrical surface (without considering the presence of villi and microvilli that 

would considerably increase the surface) and the average apparent permeability of the GI 
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tract. The adjective “apparent” is due to the fact that P does not refer to the real absorption 

surface of the GI but to the geometrical one. Nevertheless, as the product AP is equal to the 

product of real permeability and surface area, in principle, there is no need for the exact 

knowledge of real A and P. Analogously, the variation of drug concentration inside 

tissues/organs CT is given by: 
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where VT is the tissues/organs volume while *12K  and *
21K  are, respectively, the direct and 

reverse exchange constants between the blood and the tissues/organs compartments. The 

above mentioned equations can be conveniently re-written as: 
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where the absorption constant is defined by Ka = AP/Vb, the elimination constant is defined 

by b
*
elel VKK = , the exchange constants are defined by b

*
1212 VKK =  and b

*
2121 VKK =  

while f = Vb/VT. 

In order to close the balance between the unknowns (drug concentration profile inside each 

particles class, Cr, Cb, and CT) and the equations, we need one more equation. This 

equation is an overall mass balance ensuring that the sum of the drug mass present in the 

GI fluid (VrCr), in the delivery system  
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tissues/organs (VTCT) plus the amount of drug re-crystallised in the release environment 

(Mc) and that eliminated/metabolised in the blood (Me) is always equal to the initial drug 

mass administered, i.e. drug dose (M0): 
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where Vr is the release environment volume and Npj indicates the number of particles 

belonging to the “j” class. While eqs.(7) are solved according to the fully implicit control 

volume method22 assuming Nv = 10, Nc = 20 and a time step of 2.5 s, ordinary differential 

equations (eqs. (18), (19)) are solved by considering an implicit finite difference approach. 

3.3.3.2 Evaluation of model parameters 

As the presented model needs many parameters, the majority of them have to be 

determined in advance in order to minimise the number of fitting parameters. Accordingly, 

the parameters ruling solvent uptake are set according to previous findings4: Cpeq = 0.31 

g/cm3, Deq = 10-7 cm2/s, D0 = 10-10 cm2/s, g = 51.75, τeq = 0.35 and f = 12. Particle size 

distribution can be described by eq.(1) assuming η = 60*10-4 cm, δ = 1 and 10-4 cm ≤ Rp ≤ 

140*10-4 cm11. Vinpocetine physical properties were determined elsewhere11 and are 

reported in table 1. While, for the sake of simplicity, vinpocetine partition coefficient (Kp) 

is set to 1, its diffusion coefficient in water at 37°C is evaluated according to the well 
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known Stokes-Einstein equation (Dds = 4.7*10-6 cm2/s). In addition, the parameter B of 

eq.(15) is set to one 26. 

Table 1. Vinpocetine physicochemical characteristics. Mw is the drug molecular weight, 
pKb indicates the pH value for vinpocetine dissociation, mc

sC  is the solubility, ρs and ρl are, 

respectively, the solid and liquid density, Tm and ∆Hm are, respectively, the melting 
temperature and enthalpy, ∆Cpls is the difference between the specific heat at constant 

pressure in the liquid and solid state, γsl is the solid-liquid vinpocetine surface tension, γlv is 
the liquid-vapour vinpocetine surface tension, γsv is the solid-vapour vinpocetine surface 
tension, θH2O and θCH2I2 are, respectively, the water and diiodemethane contact angles on 

solid vinpocetine11. 
Mw pKb mc

sC (µµµµg/cm3) (37°C, H2O, pH = 7.4) 

350 7.3 1.6  
ρρρρs(Kg/m3)  ρρρρl(Kg/m3)  Tm(°C)  ∆∆∆∆Hm(J/Kg)  ∆∆∆∆Cpls(J/Kg°K)  

1268 1217 149.6 94600 374 
γγγγsl(mJ/m2)  γγγγlv(mJ/m2)  γγγγsv(mJ/m2)  θθθθH2O(°) θθθθCH2I2(°) 

8.9 29.5 38.4 81 33 
 

Finally, the determination of vinpocetine nanocrystals solubility ( nc
sC ) is needed. 

Unfortunately, this information cannot be experimentally retrieved because of many 

factors among which the Ostwald ripening4 is one of the most important. This phenomenon 

consists in larger crystal growth at the expense of smaller ones and the asymptotic 

reduction of solution solubility. Indeed, the dissolution of small crystals, characterised by 

higher solubility, renders the liquid phase over-saturated with respect to big crystals, 

characterised by lower solubility. Thus, part of the solute leaves the solution and provokes 

bigger crystals growth. This is the reason why the estimation of am
sC  can be performed only 

on a theoretical basis. The starting point is the thermodynamic equation representing the 

equilibrium between a liquid and a nanocrystalline solid phase, in the hypothesis that the 

liquid phase does not spread in the solid one: 

                                                 
26 Grassi, M.; Lapasin, R.; Coviello, T.; Matricardi, P.; Di Meo, C.; Alhaique, F. 
Scleroglucan/borax/drug hydrogels: Structure characterisation by means of rheological and 
diffusion experiments. Carbohydrate Polym. 2009, 78, 377-383. 
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where γd and Xd are, respectively, the drug activity coefficient and solubility (molar 

fraction) in the liquid phase, ldf  is the drug fugacity in the reference state, s
df  is the drug 

fugacity in the nanocrystalline solid state while Msw is the solvent molecular weight. 

Assuming l
df  as the fugacity of pure drug in the state of under-cooled liquid at the system 

temperature (T) and pressure, eq.(21) becomes4: 
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where Tmr and ∆Hmr are, respectively, nanocrystals melting temperature and enthalpy. The 

determination of Tmr and ∆Hmr relies on the relations existing among Tmr, ∆Hmr and the 

nanocrystals radius Rnc 4: 
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where Xncr indicates the mass fraction of nanocrystals constituting the solid phase (the 

remaining part of the solid phase is represented by amorphous drug that can not melt). 
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While eq.(23) is a modification of the Brun theory27, the second one (eq.(24)) is the 

equation of Zhang28. The simultaneous, iterative, numerical solution of eqs.(23)-(24) 

allows the determination of the Tmr and ∆Hmr dependence on Rnc once Xncr is fixed (see 

figure 2a and 2b). On this basis and knowing that Xd = 5.27* 10-8 mol/l (= 1.6 µg/ml), it is 

possible estimating γd = 911460. Assuming that γd does not modify with Rnc, it is possible 

to estimate the dependence of vinpocetine nanocrystals solubility on Rnc according to 

eq.(20) (see figure 3). Figures 2-3 make clear that the variation of nanocrystals mass 

fraction (Xncr) does not sensibly affect the trend of vinpocetine melting enthalpy (∆Hmr), 

melting temperature (Tmr) and solubility ( nc
sC ) versus nanocrystals radius (Rnc). 

  

Figure 2a. Vinpocetine melting enthalpy (∆Hmr) reduction with nanocrystals radius Rnc for 
different values of the nanocrystals mass fraction (Xncr). 

                                                 
27 Brun, M.; Lallemand, A.; Quinson, J.F. ; Eyraud, C. Changement d’etat liquide – solide dans les 
milieux poreux. J. De Chimie Physique. 1973, 70, 979 – 989. 

 
28 Zhang, M.; Efremov, M.Y.; Schiettekatte, F.; Olson, M.Y.; Kwan, A.T.; Lai, S.L.; Wisleder, T.; 
Greene, J.E.; Allen, L.H. Size-dependent melting point depression of nanostructures: 
nanocalorimetric measurements. Physical Review B, 2000, 62, 10548–10557. 
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Figure 2b. Vinpocetine melting temperature (Tmr) reduction with nanocrystals radius Rnc 
for different values of the nanocrystals mass fraction (Xncr) 

 

Figure 3. Dependence of vinpocetine solubility (nc
sC ) on the dimension of nanocrystals 

curvature radius (Rnc) for different values of the nanocrystals mass fraction (Xncr). 
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3.3.4. Results 

Due to model complexity, the study of the in vivo behaviour of our co-ground system 

needs to fit in advance the model to in vitro data in order to determine three very important 

model parameters, namely the amorphous vinpocetine solubility ( am
s0C ), dissolution (K) and 

re-crystallisation (Kr, Krb) constants. Essential prerequisite for in vitro data fitting is the 

determination of drug condition inside the coground system, i.e. the fraction of vinpocetine 

present in form of macro-crystals, nanocrystals and amorphous drug. On the basis of the 

thermal behaviour of the co-ground system (obtained by differential scanning calorimeter 

analysis11) and the data shown in table. 1, eqs.(23)-(24) can be iteratively solved to 

determine the mass fraction of nanocrystals (Xncr). In particular, we find that vinpocetine 

macro-crystals are absent (no melting peak appeared at 149.6 °C) while the mass fraction 

(Xncr) of nanocrystalline vinpocetine is 0.17, the remainder being amorphous vinpocetine 

(0.83). As the average nanocrystalline radius Rnc is equal to 5 nm, it can be concluded that 

vinpocetine nanocrystals solubility nc
sC  is approximately 2.4 µg/cm3 (see figure 3). 

Knowing the information on the vinpocetine state in the co-ground system, drug 

concentration in the particles (am
djC = 211060 µg/cm3 ; nc

djC  = 31537 µg/cm3 ; mc
djC  = 0 

µg/cm3; j = 1, ….. N) and assuming the values of all other model parameters as previously 

set, the model can be fitted to in vitro data referring to 5 mg dose (open circles in figure 4). 

Obviously, at this stage, model fitting is performed setting all the pharmacokinetic 

constants equal to zero as no ADME processes take place in vitro test. Figure 4 reports the 

comparison between model best fitting (solid thick line) and the in vitro experimental 

results referring 5 mg dose (open circles). It can be seen that the fitting is satisfactory as 

also proved by the statistical F-test (F(1,10,95) < 945). Fitting parameters read Kr = Krb = 

0, K* am
s0C  = 1000 ± 100 µg/cm3. Unfortunately, the absence of macro-crystals and the 
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relatively small fraction of nanocrystals makes parameters K and Csa highly correlated (see 

eqs.(11)-(13)). Accordingly, we can estimate only their product setting K = 1 s-1 and letting 

am
s0C  to change during the fitting procedure. However, the correctness of these findings is 

proved by the comparison between model prediction (solid thin line in figure 4) and release 

data referring to 2.5 mg dose (filled circles in figure 4). Model prediction is obtained by 

assuming all the parameters coming from model fitting to 5 mg dose data except for the 

amount of the co-ground system that is one half. Relying on these findings, it is possible to 

fit the model on in vivo data assuming that the volume of the release environment Vr (GI 

fluids) is equal to 250 cm3 29 and knowing that the dose (M0, see eq.(20)) is equal to 10 mg 

(this corresponds to 50 mg of the co-ground system). Figure 5a shows, for each one of the 

eight volunteers considered in this study, the time course of vinpocetine concentration in 

the blood (Cb) after oral administration of 50 mg of the co-ground system, corresponding 

to a dose of 10 mg of vinpocetine. 

In order to check its reliability also in the in vivo case, the model is fitted on the 

experimental subset represented by the first five volunteers (open circles in figure 5b, 

sampling at 0.5, 1, 2, 4 and 6 h) and then this fitting is compared with the other 

experimental subset represented by the remaining three volunteers (filled circles in figure 

5b, sampling at 0.25, 0.5, 1, 1.5, 2, 3 4 and 6 h). In so doing, we can evaluate the general 

validity of model findings on other, uncorrelated subjects, and we can see model reliability 

in predicting the vinpocetine blood concentration corresponding to sampling times (0.25, 

1.5 and 3 h) different from those used (0.5, 1, 2, 4 and 6 h) for model fitting. 

A preliminary fitting procedure led on the first experimental subset (open circles in figure 

5b), assuming Vb, VT Ka, Kel, K12 and K21 as fitting parameters, reveals that K12 and K21 are 

unnecessary as they turn out to be statistically not different from zero. Accordingly, data 
                                                 
29Macheras, P.; Iliadis, A. Modeling in biopharmaceutics, pharmacokinetics and pharmacodinamics 
– homgeneous and heterogeneous approaches. Springer, New York, 2006.  
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fitting is repeated assuming Vb, Ka and Kel as fitting parameters. In order to speed up fitting 

procedure (we are dealing with a mathematical model requiring a heavy numerical 

solution), model fitting is led fixing Vb and letting Ka and Kel to vary in order to minimise 

χ2. 

 

Figure 4. Vinpocetine concentration increases (Cr) in the release environment in in vitro 
test. Open circles indicate the experimental data referring to a drug dose of 5 mg while 

filled circles indicate the experimental data referring to a drug dose of 2.5 mg (vertical bars 
indicate standard error). Solid thick line indicates model best fitting while solid thin line 
represents model prediction determined on the basis of parameters determined by model 

fitting to 5 mg dose data. 
 

This procedure is repeated for different values of Vb starting from an initial guess 

determined by fitting the in vivo data referring to the first blood concentration Cb measured 

at 1, 2 4 and 6 hours, see figure 5b) by means of a simple Cb exponential decay with time: 
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Basically, this equation assumes that drug elimination is the leading process after 1 hour. 

Accordingly, Vb first guess is fg
bV  = (55000 ± 6000) cm3 (we also find that Kel = (0.32 ± 

0.04) h-1). Whereas χ2 increases for Vb > fg
bV , it decreases for smaller values up to a critical 

Vb value after which, further Vb decrease leads to χ2 increase. Assuming Vb critical value as 

the true one, model fitting results in: Vb = 36200 cm3, Ka = (0.11 ± 0.6) h-1 and Kel = (0.5 ± 

0.03) h-1. As figure 5b clearly shows, the fitting (solid line) is accurate, as also indicated by 

the F-test result (F(1,3,0.95) < 165). In addition, the comparison between model best fitting 

(solid line) and the second subset of experimental data (gray circles) indicates a general 

agreement between them also in the case of sampling performed at 0.25, 1.5 and 3 hours 

 

Figure 5a. Time course of vinpocetine concentration in the blood (Cb) after oral 
administration of 50 mg of the co-ground system, corresponding to a dose of 10 mg of 
vinpocetine (17% nanocrystalline and 83% amorphous). Each symbol represents one 

volunteer whose characteristics are listed in table 1. 
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Figure 5b. Time course of vinpocetine concentration in the blood (Cb) after oral 
administration of 50 mg of the co-ground system, corresponding to a dose of 10 mg of 

vinpocetine (17% nanocrystalline and 83% amorphous). Open circles indicate the 
experimental data on which the model was fitted to, while gray circles serve to check the 
reliability of the model prediction. Model best fitting is represented by the continuous line 

and vertical bars indicate datum standard error. 
 

Table 2. Age, sex and weight of the 8 healthy volunteers involved in this study. 

N sex Age (years) Weight (Kg) 

1 male 25 72 

2 male 50 75 

3 male 31 78 

4 male 26 68 

5 male 31 85 

6 male 45 77 

7 male 39 81 

8 male 28 77 

average - 34 ± 9 77 ± 5 
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3.3.5. Discussion 

An inspection of figure 3 reveals that, regardless of nanocrystals mass fraction Xncr, an 

interesting increase of vinpocetine solubility takes place only for nanocrystals radius 

smaller than 2 nm. For smaller radii, solubility increases up to around 35 µg/cm3 

(approximately 22 times that of the original macro-crystalline vinpocetine), this 

corresponding to the half side of the smallest vinpocetine crystal, i.e. the crystalline unit 

cell (~ 0.6 nm)11. Although we could not separately determine amorphous vinpocetine 

solubility ( am
s0C ) and dissolution constant (K), figure 3 would suggest that the assumption 

am
s0C  ≈ 1000 µg/cm3 is not so unreasonable. In addition, for the in vivo fitting, we do not 

need an exact knowledge of both K and am
s0C  as, in our case (absence of macro-crystals and 

predominance of amorphous fraction on the nanocrystalline one), drug dissolution is 

essentially ruled by the product K* am
s0C  (see eqs.(11)-(13)). In the light of these 

considerations, we can conclude that a real improvement of vinpocetine solubility occurs 

essentially when it is reduced to its amorphous state. The results coming from the model 

fitting on the experimental in vitro data make clear that the vinpocetine re-crystallisation 

process is very slow as a vanishing Kr value turns out for the description of three hours 

lasting experiments (figure 4). Although re-crystallisation will surely occur at longer time 

points, its importance on in vivo behaviour is very limited as after three hours the 

predominant part of the absorption process has been completed (see figure 5a and b). 

The value of Vb, neatly bigger than the theoretical blood volume (~ 3250 cm3 for a human 

being weighing 75 Kg30 ), can be explained by vinpocetine binding to plasma proteins18. 

Vinpocetine elimination constant (Kel = 0.5 h-1) results to be comparable to that of 

                                                 
30 Berezhkovskiy, L.M. Determination of Mean Residence Time of Drug in Plasma and the 
Influence of the Initial Drug Elimination and Distribution on the Calculation of Pharmacokinetic 
Parameters. J. Pharm. Sci. 2008, 98, 748-762. 
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Acetaminophen (0.28 h-1), Gentamicin (0.35 h-1) and Lidocaine (0.43 h-1) while it is neatly 

bigger than that of Diazepam (0.021 h-1), Digoxin (0.017 h-1) and Theophylline (0.063 h-

1)31. Finally, the evaluation of the absorption constant (Ka = AP/Vb) allows the estimation 

of the vinpocetine apparent permeability P as blood volume (Vb) has been determined and 

the GI tract geometrical surface A is around 13116 cm2 4. Accordingly we have P ≈ 8*10-5 

cm/s, this putting vinpocetine in the class II drugs (poor solubility and good permeability) 

according to the Amidon bio-pharmaceutics classification29,32. 

3.3.6. Conclusion 

This work proves that it is possible to build up a mathematical model able to describe the 

in vivo fate of a drug orally administered. In particular, the proposed model can account for 

the simultaneous processes of in vivo drug release and ADME processes following the oral 

administration of a drug dispersed, in form of nanocrystals and amorphous state, inside 

polymeric particles of different dimensions. For this purpose, the model needs to know 

information on the polymer and drug physicochemical properties. In addition, some fitting 

parameters have to be determined by model fitting to in vitro release data. Once all the 

parameters are known, it is possible to use the model to predict or, at least, to give a 

reasonable idea of the effect of the different parameters on the time course of the drug 

concentration in the blood. Accordingly, this model should be an important tool helping to 

drive and to focus experimental tests to a fixed target, allowing to save money and time. 

Future development of this model will regard the variation of both drug solubility and 

permeability through the GI tract. 

                                                 
31 Ritschel, W.A. Handbook of Basic Pharmacokinetics; Drug Intelligence Publications: Hamilton, 
IL, 2nd ed. 1980. 

 
32 Amidon, G.; Lennernas, H.; Shah, V.; Crison, J. A theoretical basis for a biopharmaceutic drug 
classification: the correlation of in vitro drug product dissolution and in vivo bioavailability. 
Pharm. Res. 1995, 12, 413-420. 
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Abstract 

The aims of this research were to prepare highly bioavailable binary cogrounds 

(vincamine- AcDiSol® or PVP-Cl) by means of a mechanochemical process and to study 

the mediation of each poliymer in the induction of physical transformations of the drug. 

From a set of fifteen cogrounds for each crosslinked polymer, two samples were selected 

in each group on the basis of the AUC of in vitro dissolution profiles with the help of a 

statistical comparison. The chosen samples were analysed by means of TEM, XRPD, 

Raman-spectroscopy/imaging, SSNMR, also including the study of 1H spin-lattice 

relaxation times. The research encompassed in vivo oral absorption studies in rats, 

pharmacokinetic analysis and physical stability studies during 1 year. An intimate drug-

polymer mixing was found in the coground samples with domain average dimensions 

smaller than 100 Å; this reflected in a remarkable enhancement of the in vitro and in vivo 

bioavailability. Different disordered states were detected in the coground samples as a 

function of cogrinding time and the type and amount of polymer used. 

Though both crosslinked polymers produced a remarkable enhancement of the oral 

bioavailability, coground systems based on AcDiSol® are preferable in terms of 

pharmacokinetic performance and physical stability. 
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3.4.1. Introduction 

Vincamine (VIC), an indole alkaloid originally isolated from the leaves of Vinca Minor L., 

is an important drug used against brain sclerosis as well as in post-operative states of the 

central nervous system. VIC main activity concerns vasodilatory effects in the brain, and 

exhibits also neuroprotective effects by cerebral metabolism reduction and through 

diminution of the oxygen utilisation. The vasodilatatory and nootropic properties of VIC 

are of particular interest in neurodegenerative conditions such as Parkinson’s and 

Alzheimer’s diseases1,2,3. From the physicochemical point of view, VIC is a highly 

crystalline powder when recrystallised from acetone or methanol4. VIC and its derivatives 

are lipophilic compounds as demonstrated by their octanol-water partition coefficients5. 

Due to its pKa of 6.17, VIC shows a pH-dependent dissolution/solubility, being sparingly 

soluble in intestinal fluid and soluble at a more acidic pH6. Thus, as a consequence of its 

scarce wettability and low solubility/dissolution in intestinal fluid, VIC suffers from poor 

oral bioavailability (20%)7. 

                                                 
1 Karpati, E.; Biro, K.; Kukorelli, T. Investigation of vasoactive agents with indole skeletons at 
Richter Ltd. Act. Pharm. Hung. 2002, 72, 25-36. 
 
2 Vas, A.; Gulyas, B. Eburnamine derivatives and the brain. Med. Res. Rev. 2005, 25, 737-757. 
 
3 Vereczkey, L. Pharmacokinetics and metabolism of vincamine and related compounds. Eur. J. 
Drug Metab. and Pharmacokinet. 1985, 10, 89-103. 
 
4 Budavari, S.; O'Neil, M.J.; Smith, A.; Heckelman, P.E.; Kinneary, J.F. The Merck Index- An 
encyclopedia of chemicals, drugs, and biological, 12th ed., Merck, Whitehouse Station, NJ, 1996. 
 
5 Mazak, K.; Vamos, J.; Nemes, A.; Racz, A.; Noszal, B.; Lipophilicity of vinpocetine and related 
compounds characterised by reverse-phase thin-layer chromatography. J. Chromat. A. 2003, 996, 
195-203. 
 
6 Emara, L.H.; El-Menshawi, B.S.; Estefan, M.Y. In vitro-In vivo correlation and comparative 
bioavailability of vincamine in prolonged-release preparations. Drug Dev. Ind. Pharm. 2000, 26, 
243-251. 
 
7 Maincent, P.; Le Verge, R.; Sado, P.; Couvreur, P.; Devissaguet, J.P. Disposition Kinetics and 
oral bioavailability of Vincamine loaded polyalkyl cyanoacrilate nanoparticles. J. Pharm. Sci. 1986, 
75, 955-958. 
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Whilst for some VIC derivatives (in particular for vinpocetine) several studies have been 

carried out with the aim to enhance their solubility/bioavailability 8-12 8,9,10,11,12VIC has been rather 

neglected by the Pharmaceutical literature. Furthermore, very little information can be 

found  about its solid-state. At our knowledge, with the exception of its transformation into 

the corresponding hydrochloride salt form13, no strategies have been reported in literature 

to improve its oral bioavailability. So far, there is a need to improve VIC solubility and 

oral absorption.  

In the present study in order to improve VIC solubility and, as a consequence, its oral 

bioavailability we aimed to induce physical modifications onto the drug. This has been 

achieved either by forming highly disordered structures such as nanocrystalline or 

amorphous phases or by obtaining a molecular dispersion of the drug into the carrier. 

Cogrinding is a solvent-free process that can represent an interesting means to obtain the 

                                                 
8 Hasa, D.; Voinovich, D.; Perissutti, B.; Bonifacio, A.; Grassi, M.; Franceschinis, E.; Dall’Acqua, 
S.; Speh, M.; Plavec, J.; Invernizzi, S. Multidisciplinary approach on characterizing a 
mechanochemically activated composite of vinpocetine and crospovidone. J. Pharm. Sci. 2011, 
100, 915-932. 
 
9 Hasa, D.; Voinovich, D.; Perissutti, B.; Grassi, M.; Bonifacio, A.; Sergo, V.; Cepek, C.; Chierotti, 
M.R.; Gobetto, R.; Dall’Acqua, S.; Invernizzi, S. Enhanced oral bioavailability of vinpocetine 
through mechanochemical salt formation: physico-chemical characterization and in vivo studies. 
2011, Pharm. Res. 28, 1870-1883. 
 
10 Iosio, T.; Voinovich, D.; Grassi, M.; Pinto, J.F.;  Perissutti, B.; Zacchigna, M.; Serdoz, F.; 
Quintavalle, U. Bi-layered self-emulsifying pellets prepared by co-extrusion and spheronisation: 
influence of formulation variables and preliminary study on the in vivo absorption. Eur. J. Pharm. 
Biopharm. 2008, 69, 686-97. 
 
11 Kata, M.; Lukacs, M. Enhancement of solubility of vinpocetine base with γ-cyclodextrin. 
Pharmazie. 1986, 41, 151-152. 
 
12 Ribeiro, L.; Falcao, A.C.; Patricio, J.A.B.; Ferreira, D.C.; Veiga, F.J.B. Cyclodextrin 
multicomponent complexation and controlled release delivery strategies to optimize the oral 
bioavailability of vinpocetine. J Pharm Sci. 2007, 96, 2018-28. 
 
13 Ritschel, W.A.; Agrawala, P. Biopharmaceutic and pharmacokinetic aspects of vincamine HCl. 
Methods Find. Exp. Clin. Pharmacol. 1985, 7, 129-36. 
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aforementioned activated structures14. High levels of mechanical energy are transferred to 

the loaded powder, provoking sufficient strain in solid particles to cause crystal lattice 

defects and consequently crystal long order disruption. These phenomena generate 

metastable structures that can be stabilised by interaction with a suitable stabilising agent 

(usually a cross-linked polymer)14,15,16  

In the present study two cross-linked polymers, polyvinylpyrrolidone (PVP-Cl) and 

croscarmellose sodium (AcDiSol®) were selected as VIC carriers in virtue of their different 

physicochemical properties: the former has an amphyphilic character while the latter is 

hydrophilic. Due to their different chemical affinity, they are expected to interact in a 

different way with VIC. Moreover, both carriers are excipients of choice for the purpose of 

solubility/bioavailability enhancement of a poorly soluble drug. Since several workers 

have documented interactions between these polymers and drug compounds in solid 

dispersions and coground environments, the understanding of the mechanism of interaction 

between VIC and PVP-Cl or AcDiSol®, their different features, and the influence of these 

differences on the solid-state structure and performances of the new composites was 

considered as a second focus of this research. Further, their different stabilisation 

mechanisms with regards to the drug metastable state were also studied.  

During the first phase of the study, binary coground samples based on VIC:PVP-Cl or 

VIC:AcDiSol® were analysed by dissolution kinetics test (DKT) with the aim of selecting 

the best performing sample in each group. Then, an in depth examination of the selected 

coground samples by different solid-state analyses such as transmission electron 
                                                 
14 Colombo, I.; Grassi, G.; Grassi, M. Drug Mechanochemical Activation. J. Pharm. Sci. 2009, 98 , 
3961-3986. 
 
15 Hsia, D.C.; Kim, C.K.; Kildsig, D.O. Determination of energy change associated with dissolution 
of a solid. J. Pharm. Sci. 1977, 66, 961-965. 
 
16 Shakhtshneider, T.P.; Boldyrev, V.V.; Mechanochemical synthesis and mechanical activation of 
drugs. In: Boldyreva, E.; Boldyrev V.; (Eds.), Reactivity of molecular solids, Wiley, Chichester, 
1999. 
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microscopy (TEM), X-Ray Powder Diffraction (XRPD), Raman Spectroscopy-Imaging 

and Solid-State NMR Spectroscopy (SSNMR) was carried out. In vivo studies were also 

performed in order to check the oral bioavailability of selected coground samples. Finally, 

one year physical stability studies of the selected composites were carried out. 

3.4.2. Materials and methods 

3.4.2.1. Materials 

VIC was a kind gift from Linnea SA (Riazzino-Locarno, CH*). Cross-linked 

polyvinylpyrrolidone (PVP-Cl) was purchased from BASF (Ludwigshafen, Germany). 

Croscarmellose sodium (AcDiSol®) was provided by Shilling (Milan, Italy). All other 

analytical-grade chemicals and solvents of HPLC grade were provided by Carlo Erba 

(Milan, Italy).  

3.4.2.2. Methods 

3.4.2.2.1. Preparation of coground mixtures (Cog) 

Binary systems consisting of VIC:PVP-Cl or VIC:AcDiSol® were coground in 3 drug-to-

polymer weight ratios and 4 milling times selected during preliminary trials. Three 

VIC:PVP-Cl or VIC:AcDiSol® weight ratios were considered, as following: 1:2, 1:4 and 

1:7, and, as milling times: 45, 90, 120 and 180 min. For each polymer used, 12 different 

composites and 3 physical mixtures were prepared. The grinding process was performed in 

a planetary mill Fritsch P5 (Pulverisette, Contardi Fritsch s.r.l., Milan, Italy) which was 

equipped by 4 agate cylindrical grinding chambers (internal height Hv=2.6 cm, internal 

radius Rv=3.2 cm, internal volume = 27.5 cm3). As grinding media, agate balls having a 2.2 

cm diameter were adopted.  

 In order to maximize the energy transfer from the mill to the loaded powder, via the 

grinding media, the grinding process was optimised according to a previously published 
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mathematical model. Hence the following process conditions were adopted: maximum 

velocity and number of grinding media (6 agate balls). As for the bowl loading the weight 

depended on the relative amount of the components, and resulting volume of the mixture, 

obtaining a mean weight of 3.7g and 4.5g for the VIC:PVP-Cl or VIC:AcDiSol® systems, 

respectively. Based on previous experiences, the grinding process was stopped every 15 

min for homogeneously mixing the mass with a stainless steel spatula17,18. 

3.4.2.2.2. Preparation of physical mixtures (PM) 

Physical mixtures (PM) were prepared in batches having mean weights of 20 g and 25 g 

for VIC:PVP-Cl or VIC:AcDiSol® systems, respectively, by manually mixing drug and 

polymer with a stainless steel spatula for the standardised time of 8 min. The component 

weight proportions were the following: 1:2, 1:4 and 1:7 w/w. Then a mean weight of 3.7 g 

and 4.5 g for VIC:PVP-Cl or VIC:AcDiSol® (the weight depends on the relative amount of 

the components and resulting volume of the mixture) were used for cogrinding 

experiments, and the rest was used as PM for comparison purposes (X1=0 in table 1). 

3.4.2.2.3. X-ray Powder Diffraction Studies (XRPD) 

XRPD patterns were recorded using a D500 (Siemens, Munich, Germany) diffractometer 

with Cu-Kα radiation (1.5418 Å), monochromatised by a secondary flat graphite crystal. 

All the analyses were performed in duplicate using a current at 20 mA and the voltage was 

set at 40 kV*. The powder samples were scanned in the range from 5 to 35° of 2θ angle, 

steps were of 0.05° of 2θ, and the counting time was of 5 sec/step. 

                                                 
17 Voinovich, D.; Perissutti, B.; Grassi, M.; Passerini, N.; Bigotto, A.; Solid state mechanochemical 
activation of Silybum Marianum dry extract with betacyclodextrins: characterization and 
bioavailability of the coground systems. J. Pharm. Sci. 2009, 98, 4119–4129. 
 
18 Voinovich, D.; Perissutti, B.; Magarotto, L.; Ceschia D.; Guiotto P.; Bilia, A.R.; Solid State 
Mechanochemical Simultaneous Activation of the Constituents of the Silybum marianum 
Phytocomplex with Crosslinked Polymers. J. Pharm. Sci. 2009, 98, 215-228. 
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3.4.2.2.4. Raman imaging/spectroscopy  

Raman spectra and images were acquired for coground composites, PM and pure 

components using an inVia Raman system (Renishaw plc, Wotton-under-Edge, UK), 

equipped with a 300 mW diode NIR laser emitting at 785 nm (Renishaw) and a 

ProScanTMII motorised stage (Prior,  Cambridge, UK). The laser was focused on the 

sample (consisting of 300-mg tablets with flat surfaces, prepared from physical and 

coground mixtures having different drug-to-polymer weight ratios, and from pure 

components) by a 50X objective (0.75 N.A.). To ensure a better sampling for each tablet 

by taking into account local variations in composition, an area of 84×84 µm was mapped 

with a grid of 2.8 µm (corresponding to 900 spectra per map) for each sample, using the 

StreamlineTM fast imaging configuration and the WiRE 3.1 software (Renishaw), with a 

total collection time of 13 min/map. Raman maps were then pre-processed (cosmic rays 

removal and baseline correction) and analyzed with the HyperSpec software package19 for 

R20, an average spectrum was calculated for each map, and images depicting the intensity 

ratio between the 1600 cm−1 band of VIC and a band characteristic of the polymer (at 1668 

cm−1 for PVP-Cl and at 1397 cm-1 for AcDiSol®, respectively) were produced. 

3.4.2.2.5. Solid-state Nuclear Magnetic Resonance (SSNMR) spectroscopy 

SSNMR spectra were recorded on a Bruker Avance II 400 instrument operating at 400.23, 

100.64 and 40.55 MHz for 1H, 13C and 15N nuclei, respectively. Cylindrical 4 mm o.d. 

zirconia rotors with a sample volume of 120 µL were employed and spun at 12 (13C) and 7 

(15N) kHz. A ramp cross-polarisation pulse sequence was used with a contact time of 3-4 

ms, a 1H 90° pulse of 2.9 µs, recycle delays of 8 s, and 1000-30000 transients. A two pulse 

                                                 
19 Beleites, C.; Sergo, V. http://hyperspec.r-forge.r-project.org for R. 2009. 
 
20 R Development Core Team, 2009. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Wien, Austria, ISBN 3-900051- 07-0, available from: 
http://www.R-project.org. (accessed on January 20, 2012). 
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phase modulation (TPPM) decoupling scheme was used with an rf field of 75 kHz. 13C and 

15N chemical shift scales were referenced with the resonance of hexamethylbenzene (13C 

methyl signal at 17.4 ppm) and (NH4)2SO4 (15N signal at 355.8 ppm with respect to 

CH3NO2). Spectral editing experiments were performed by using a CPPISPI pulse 

sequence with a polarization inversion time of 85µs in order to obtain CH3 and Cq positive, 

CH null and CH2 negative. Proton spin-lattice relaxation times, 1H T1, were obtained by 

the 13C-detected Inversion Recovery Cross Polarisation technique [1H(180°-τ-90°)-CP-

13C(FID)], where one measures the 13C magnetisation that appears through the CP process 

after relaxation of the 1H magnetisation during the time τ. 

3.4.2.2.6. Dissolution kinetic tests (DKT)  
 
Dissolution kinetic tests were performed in triplicate. The dissolution medium was 150 

cm3 of 0.2 M KH2PO4/0.2 M NaOH (pH 7.4) at 37°C, since VIC solubility is pH-

dependent and is particularly poor in intestinal buffer. According to Nogami et al.21, non-

sink conditions were attained in release environment (Cs= 41.6 mg/L, see below) adding a 

suitable amount of pure drug or binary system to give 20 mg concentration of active 

ingredient to the release environment at time zero. Each release test lasted 180 min. 

Uniformity conditions were ensured by an impeller (stirring rate 200 rpm). The use of a 

fibre optic apparatus (HELLMA, Milano, Italy), connected to a spectrophotometer (ZEISS, 

Germany, wavelength 268.49 nm), allowed the determination of VIC concentration 

without perturbing the dissolution environment. Moreover, this methodology allowed to 

easily overcome the problem connected to drug concentration measurement in presence of 

a dispersion of solid particles. The scattering effect due to polymeric particles occurred at 

every wavelength (both PVP-Cl and AcDiSol® are insoluble polymers), while VIC 

                                                 
21 Nogami, H.; Nagai, T.; Youtsuyanagi. T. Dissolution phenomena of organic medicinals 
involving simultaneous phase changes. Chem. Pharm. Bull. 1969, 17, 499–509. 
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absorbed at 268.49 nm. No Tyndall effect was observed. Moreover, the dissolution vessel 

was covered by an aluminium foil to avoid additional scattering effects. Thus, to calculate 

the real absorbance related to VIC concentration, the difference between the absorbance 

measured at 268.49 nm and that measured at 500.49 nm (at 500.49 nm VIC did not absorb) 

was computed. Results were the average of three replicates.  

3.4.2.2.7. Solubility studies 

VIC solubility at equilibrium (Cs) was determined by adding an excess of pure VIC (2 g) in 

150 cm3 of pH 7.4 buffer (0.2 M KH2PO4/0.2 M NaOH) maintained at 37°C and stirred at 

200 rpm. The solutions were then assayed using the same fibre optic apparatus used for 

DKT and absorbance measurements were recorded at 268.49 nm for 36 h. The adequate 

time for equilibration was reached after 26 h of testing. The experiment was performed in 

triplicate and the mean value ± S.D. obtained was recorded. 

3.4.2.2.8. Transmission Electron Microscopy (TEM)  

The samples were post fixed in 1 % osmium tetroxide for 12 hour at 4°C and embedded in 

Dow Epoxy Resin (DER 332). Ultrathin sections were cut by an ultratome Leica Ultracut 

UCT8 (Leica, Mikrosysteme Aktiengesellschaft, Wirn, Austria), double stained with 

uranyl acetate and lead citrate and examined with a Philips EM 208 transmission electron 

microscope (Philips, Eindhoven, the Netherlands) with an accelerating voltage of 100 kV*. 

Images were acquired using an Olympus Morada CCD camera. 

3.4.2.2.9. In vivo absorption studies 

All the procedures for rats care and management performed in this research complied with 

those required by Italian laws (D.L.vo 116/92) and associated guidelines in the European 

Communities Council Directive of 24 November 1986 (86/609 ECC) and adhered to 
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ethical standards for humane treatment of experimental animals established by the ethical 

committee of University of Trieste.  

Sprague-Dawley rats (400-450 g weight) were fasted, with free access to water, 12 hours 

before the experiment. The coground systems and physical mixtures were administered as 

aqueous suspensions (2 ml corresponding to a dose 20 mg/kg of VIC) by gastric gavage. 

Each experimental formulation was tested on 4 rats. The kinetic experiment lasted 8 hours. 

Blood samples (600 µl) were obtained using the “cannulated” tail artery method22. Blood 

collection was performed (using tubes containing 66 µl of a 40 mM tetrasodium EDTA 

solution) at 0.5, 1, 2, 4, 6 and 8 hours after administration. After collection, the samples 

were centrifuged at 166 g* for 10 min and plasma was separated and immediately frozen at 

-80°C, and stored at this temperature till the analysis. 

3.4.2.2.10. Assays of VIC in powder and plasma samples 

Sample preparation 

The drug content in the PM, coground systems and pure VIC was determined as following: 

a suitable amount of powdered sample was weighed and transferred to a 100 ml volumetric 

flask and diluted with acetonitrile. The mixture was sonicated for 10 min and filtered 

through a syringe filter (RC 0.45 µm, Phenomenex, Castel Maggiore, Bologna, Italy) to 

remove any particle. An appropriate amount of the filtrate was subjected to a further 

dilution with acetonitrile and then assayed by high pressure liquid chromatographic 

(HPLC) with a mass spectrometry (MS) detection method described into details in the 

following paragraph. 

Conversely, for the determination of VIC in plasma samples, 600 µL methanol were added 

to 200 µL plasma, and the resulting mixture was vortexed for 6 min. After centrifugation 

                                                 
22 Cadelli, G.; Zarattini, P. Further refinements of tail artery cannulation in conscious rats. 
FELASA-ICLAS Joint Meeting, Villa Erba, Cernobbio (Co), 2007. 
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(1800 g* for 13 min), 5 µL of the solution was injected. The VIC determination in plasma 

samples was carried out using the same HPLC-MS method. 

HPLC analysis 

The HPLC system used is a Varian LC212 equipped with 430 autosampler and with a 500-

MS mass detector. The chromatographic separation was performed at room temperature, 

using an Agilent C-8 (2.1 x 150 mm) column. For the mobile phase was used acetonitrile 

(Solvent A) and water with 0.1% formic acid (Solvent B) which was delivered at a flow 

rate of 200 µL/min. Gradient elution was used starting from 90% B then in 5 minutes to 

100% A. The total run time was 8 min. The mass spectrometer operated in the positive ion 

mode with a needle voltage of 5000 V* and a spraying voltage 600 V*. Other MS 

conditions are: drying temperature was 350°C, nebuliser gas pressure was 25.0 psi; drying 

gas pressure was 15.0 psi; precursor ion at m/z 355 and parent ion at m/z 337 were selected 

in MS/MS mode. Calibration curve for VIC consisted in different standard solutions 

(prepared and analyzed in duplicate) ranged from 8 to 640 ng/mL. The limit of 

quantification was 2 ng/mL and the precision and accuracy were under 3% for all 

calibration points. 

3.4.2.2.11. Pharmacokinetic analysis 

Following initial graphical exploration of the individual VIC plasma concentration profiles 

on the semilogarithmic plots, VIC pharmacokinetics were assessed by fitting a one-

compartment model with first order absorption and elimination. ADAPT 5 (Build 5.0.35, 

http://bmsr.usc.edu) software23 and the maximum likelihood method were used to estimate 

                                                 
23 D’Argenio, D.Z.; Schumitzky, A.; Wang, X. ADAPT 5 Users Guide: 
Pharmacokinetic/Pharmacodynamic Systems Analysis Software. Los Angeles: Biomedical 
Simulations Resource. 2009. 
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absorption rate constant (ka), apparent oral clearance (CL/F) and volume of distribution 

(V/F). The variance model was: 

 

2
21 )ˆ( ii CV σσ +=          (1) 

 

where Vi is the variance of the i-th data point, σ1 and σ2 are variance model parameters, 

and Ĉi is the predicted concentration. Goodness of fit was estimated by visual inspection of 

the fitted curves. Secondary parameters, including absorption and elimination half-lives 

(t1/2ka and t1/2ke), area under the plasma concentration versus time curve (AUCin vivo), 

maximum concentration (Cmax), time to reach maximum concentration (tmax) and time span 

during which concentration is at least 75% of the maximum concentration t75% Cmax were 

calculated by conventional algorithms. 

Relative oral bioavailability (Frel) of the coground formulation (Cog) compared to physical 

mixture (PM) was calculated using Eq. 2:  

 

invivoPM

invivoCog
rel AUC

AUC
F =        (2) 

 
 

3.4.2.2.12. Aging Studies 

In order to check possible modifications of the solid state (e.g. recrystallisation) within 

time, XRPD and DKT analyses of the selected composites were repeated every 4 months 

for a period of 12 months. Throughout the study the solid samples were kept at 25°C in a 

desiccator.  
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3.4.3. Results and Discussion 

3.4.3.1. Selection of the best performing samples

During preliminary trials, as a matter of comparison for the coground systems, VIC was 

processed alone in the planetary mill at the same operative conditions subsequently used 

for the preparation of the coground samples. VIC did not chan

when subjected alone to the mechanochemical process, and maintained a highly crystalline 

character even after 180 min of grinding. In fact, original VIC showed its melting point at 

240.9°C (as determined by means of a differentia

4000, equipped with a measuring cell DSC 20 Mettler, Greifensee, CH, at 10°C/min).

Instead, after 180 min of milling VIC melting point was 236.6°C (figure 1).

Figure 1. DKT, DSC traces and XRPD patterns of original (t
VIC sample (dotted line indicates the C

release DDS for class 2 drugs prepared via Mechanochemistry
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240.9°C (as determined by means of a differential scanning calorimeter (DSC) Mod. TA 
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In the XRPD pattern of original VIC several distinct signals (for example at 8.10, 10.50, 

12.65, 14.05, 17.60, 23.15° of 2θ) were observed in the range of analysis. These reflections 

did not change remarkably their intensity after 180 min of milling and in the diffractogram 

of the ground sample there was no evidence of polymorph formation (figure 1). 

Accordingly, very small differences between the original sample and VIC processed for 

180 min were detected at the DKT (figure 1), and both profiles were largely inferior to the 

Cs (41.6 ± 1.3 mg/L) of the drug in pH 7.4 buffer (dotted line). 

It is hence likely that only minor changes in the drug solid-state features (morphology and 

crystal packing) were obtained after processing VIC alone. These changes probably consist 

in a particle size reduction, in a small increase of surface area and only in a slight reduction 

of the crystallinity degree. A probable reason for the latter is that the crystal defect zones 

generated are too small and their propagation is counteracted by the tendency to return in 

the ordered crystalline structure. Another factor for the inefficient grinding process can be 

related to remarkable phenomena of adhesion to the chamber walls and to the grinding 

media. This resulted in a very hard layer of VIC which probably inhibited the energy 

transfer needed for the mechanochemical process itself. The same phenomena have been 

previously observed processing pure vinpocetine (a VIC derivative)8 and a dry extract 

alone17,18. 

Thus, it is advisable to grind VIC in presence of a polymeric carrier in order to obtain 

satisfactory results in term of dissolution rate. The two selected polymers have also 

demonstrated their efficacy to improve dissolution properties and bioavailability of poorly 

soluble drugs 24,25and to stabilise for a long period the activated meta-stable structures 

generated by the mechanochemical process. 

                                                 
24 Carli, F.; Colombo, I.; Magarotto, L.; Motta, A.; Torricelli, A. Influence of polymer 
characteristics on drug loading into crospovidone. Int. J. Pharm. 1986, 33, 115-124. 
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Consequently, VIC was coground in presence of PVP-Cl or AcDiSol® for 4 different 

milling times and in 4 drug-to-polymer weight ratios, selected during preliminary trials, as 

reported in table 1.  

Table 1. AUC ± S.D.; n=3 and Z ± dz values for the VIC:PVP-Cl and VIC:AcDiSol® 
physical mixtures and coground samples. 

 
                                  VIC:PVP-Cl 

 
VIC:AcDiSol® 

N X1  
(min) 

X2 
(wt ratio) 

AUC0-180  
(mg/L*h) 

(mean ± S.D.) 

z ± dz 
(mean ± s.d.)  

  

AUC0-180  
(mg/L*h) 

(mean ± S.D.) 

z ± dz 
(mean ± S.D.) 

1 
0 

(PM) 

1:2 40.52 ± 2.00 0.22 ± 0.012 49.28 ± 0.34 0.19 ± 0.006 

6 1:4 41.05 ± 0.33 0.22 ± 0.050 52.02 ± 1.12 0.20 ± 0.008 

11 1:7 37.59 ± 0.01 0.20 ± 0.004 50.36 ± 0.52 0.19 ± 0.007 

2 

45 

1:2 88.13 ± 2.40 0.48 ± 0.017 85.07 ± 1.97 0.32 ± 0.013 

7 1:4 97.89 ± 1.16 0.53 ± 0.013 119.7 ± 2.27 0.46 ± 0.018 

12 1:7 88.09 ± 2.32 0.48 ± 0.016 170.33 ± 2.49 0.65 ± 0.024 

3 

90 

1:2 100.56 ± 2.40 0.55 ± 0.014 92.58 ± 4.21 0.35 ± 0.020 

8 1:4 127.69 ± 1.53 0.70 ± 0.017 154.48 ± 1.17 0.59 ± 0.020 

13 1:7 89.29 ± 7.31 0.49 ± 0.041 206.39 ± 1.57 0.79 ± 0.027 

4 

120 

1:2 111.73 ± 4.07 0.61 ± 0.026 93.21 ± 3.31 0.36 ± 0.017 

9 1:4 143.19 ± 5.35 0.78 ± 0.031 197.29 ± 4.55 0.75 ± 0.031 

14 1:7 110.50 ± 17.80 0.60 ± 0.098 262.21 ± 6.49 1.00 ± 0.042 

5 

180 

1:2 143.81 ± 5.35 0.78 ± 0.034 97.23 ± 2.07 0.37 ± 0.015 

10 1:4 183.73 ± 3.93a 1.00 ± 0.030 209.66 ± 1.35 0.80 ± 0.027 

15 1:7 166.54 ± 7.45 0.91 ± 0.045 262.44 ± 8.84b 1.00 ± 0.048 

 
N – Formulation number  
X1 – milling time (min) (t=0 corresponds to the physical mixtures) 
X2 – drug-to-polymer weight ratio 
AUC0-180  –Area under the curve of solubilized concentration vs. time, from t=0 min to 
the last measuring point (180 min) 
Z ± dz – the Z ratio and associated uncertainty dz calculated from equation (3) and (4), 
respectively  
a AUCmax for VIC:PVP-Cl samples 
b AUCmax for VIC:AcDiSol® samples 

                                                                                                                                                    
25 Shin, S.C., Oh, I.J., Lee, Y.B., Choi, H.K., Choi, J.S., 1998.  Enhanced dissolution of furosemide 
by coprecipitating or cogrinding with crospovidone. Int. J. Pharm. 175, 17-24. 
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Usually drug-to-polymer weight ratio and milling time variables are the most influencing 

factors on the drug crystal lattice disruption. For this reason the preliminary trials are of a 

crucial importance in order to select the formulation that offers the best performance (in 

terms of dissolution rate) with a minimum energy spent (milling time) and with the optimal 

drug-to-carrier weight ratio (in terms of stability and dispersive effects). Another important 

parameter is the optimisation of the milling process itself. In this way it is possible to 

ensure a higher energy transfer from the grinding media to the loaded powder, by 

optimisation of the operating conditions (powder mass loading, number of grinding media, 

rotation velocity, etc.) with the help of a mathematical model18. 

In the planetary mill the co- or counter-movement of the rotating plate and the vials 

generates a disordered movement of the grinding media. Consequently, a high mechanical 

energy is produced and then transferred to the loaded powder. This energy creates disorder 

in specific zones of the original VIC crystal lattice and, as a consequence, the formation of 

activated metastable structures which are fixed into the network of the cross-linked 

polymer. As a consequence the “activated” drug will result prone to the dissolution media.  

Thus, in order to select the best performing composites, the 24 coground samples produced 

(12 for each polymer) were subjected to DKT and compared to their corresponding PM. 

Since it was expected that the formulation having the higher degree of VIC of activated 

structures will show a faster and higher dissolution rate, the area under the curve of 

solubilised concentration vs. time from t=0 min to the last measuring point (180 min) 

(AUC0-180) was calculated and used as a parameter to evaluate the degree of activation of 

the samples. The results are listed in table 1 (as AUC0-180 ± S.D.; n=3) for all the coground 

samples and PM.  

Further, to make a comparison among the performed samples, the FDA bioequivalence 

limits were adopted. In particular, the FDA guidance suggests that two 
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compounds/formulations can be considered bioequivalent if the ratio of their AUCs is 

included in the 0.80 – 1.25 interval26. This evaluation parameter is proposed for in vivo 

studies, but it seems useful also in the present case to compare AUC values obtained from 

in vitro data. The formulations with AUC included in the above mentioned interval will be 

considered in vitro equivalent instead of bioequivalent.  

For each polymer, the higher AUC value was recognised and indicated as AUCmax. 

Further, the ratio (indicated as Z) between the AUC of each formulation and AUCmax was 

calculated as following: 

 

 

                                                                 (3) 

 

For all the Z ratios the associated uncertainty (indicated as dz) was calculated with the 

classical formula of the relative error of a ratio27: 
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where dAUCformulation and dAUCmax signify the S.D. of the AUCformulation and AUCmax 

values, respectively (table 1). All the Z ± dz values are listed in table 1 and represented 

                                                 
26 Food and Drug Administration CDER, Revision 1, 2003. Guidance for Industry, Bioavailability 
and Bioequivalence Studies for Orally Administered Drug Products-General Considerations. 
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UC
M070124.pdf (accessed on March 30, 2012). 
 
27 Taylor, J.R. An Introduction to Error Analysis: The Study of Uncertainties in Physical 
Measurements. University Science Books, Sausalito, CA. 1997. 
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Based on figure 2 and table 1, further considerations can be conducted. In the case of 

VIC:PVP-Cl composites, the milling time seems to be the most influencing parameter on 

drug dissolution (figure 2A). In fact the AUC value increased in a linear mode as the 

milling time increased (table 1). Thus, by using an amphyphilic polymer, like PVP-Cl, the 

VIC crystal lattice disruption, and hence the interaction between drug and polymeric 

carrier, is influenced by the energy supplied to the powder mixture. However it is not 

advisable a milling procedure longer than 180 min because a series of undesired effects can 

appear, such as, for example, particle agglomeration, with predictable negative effect on 

the dissolution performance of the coground sample16. 

Looking at the dissolution profiles (data not shown) and at the Z values a further peculiar 

phenomenon can be noticed: the 1:7 VIC:PVP-Cl w/w binary mixtures processed for 

different grinding times showed a dissolution performance of lesser entity compared to 

corresponding 1:4 VIC:PVP-Cl w/w. This behavior is consistent in all the grinding times. 

These decreasing of dissolution could be ascribed to the formation at high polymer 

concentrations of a high viscous layer around the particles of the drug28. Further 

possibilities of relevance are also the presence of VIC in different solid states in the 1:7 

and 1:4 w/w samples or the formation of less soluble complexes (quite common in PVP 

derivatives) in a precise stoichiometric ratio, whose existence in the present case will be 

investigated during further physicochemical analyses.  

In the case of VIC:AcDiSol® composites the scenario was completely different: drug-to-

polymer ratio variable seems to be the most important parameter. Indeed at higher milling 

times the Z value of composites doesn’t change noticeably (figure 2B composites number 

2-6). Increasing drug-to-polymer weight ratio, the Z value increased and, at the same time, 

the milling time parameter became more important (figure 2B composites number 12-15). 

                                                 
28 Moneghini, M.; Carcano, A.; Zingone, G.; Perissutti, B. Studies in dissolution enhancement of 
atenolol. Part I. Int. J. Pharm. 1998, 175, 177-183. 
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Subsequently a plateau was reached, thus indicating the maximum level of activation

obtained. 

Therefore, from the screening analysis, the systems selected for further considerations 

were the VIC:PVP-Cl 1:4 and 1:7 wt ratio coground for 180 min and VIC:AcDiSol

ratio coground for 120 and 180 min. For the sake of brevity, here b

named Cog 180 min VIC:PVP

VIC:AcDiSol® 1:7 wt and Cog 180 min VIC:AcDiSol

3.4.3.2. Solubilisation kinetics and TEM analysis

Mean dissolution profiles (n = 3) at pH 7.4 of the selected coground samples are shown in 

figure 3, compared to pure VIC and corresponding PM.

igure 3. In vitro solubilization kinetics at pH 7.4 of selected composites. Left: dissolution 
kinetics of pure VIC (●

180 min VIC:PVP-Cl 1:4 wt (
dissolution kinetics of pure VIC (

VIC:AcDiSol® 1:7 wt (▲
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Therefore, from the screening analysis, the systems selected for further considerations 

Cl 1:4 and 1:7 wt ratio coground for 180 min and VIC:AcDiSol

ratio coground for 120 and 180 min. For the sake of brevity, here below these samples are 

named Cog 180 min VIC:PVP-Cl 1:4 wt, Cog 180 min VIC:PVP-Cl 1:7 wt, Cog 120 min 

1:7 wt and Cog 180 min VIC:AcDiSol® 1:7 wt respectively. 
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Mean dissolution profiles (n = 3) at pH 7.4 of the selected coground samples are shown in 

3, compared to pure VIC and corresponding PM. 
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It can be observed that a very small dissolution improvement can be obtained by the simple 

PM with both the polymeric carriers (figure 3), mainly attributable to the facilitated drug 

wettability and drug dispersion in the dissolution medium. However, the extent of 

solubilised VIC remained far below the solubility at equilibrium (Cs) of VIC (figure 3 

dotted line). 

Looking at the dissolution profiles of VIC:PVP-Cl composites, different solubilisation 

kinetics are observed: whilst a very pronounced supersaturation phenomenon was noticed 

in the Cog 180 min VIC:PVP-Cl 1:7 wt, the Cog VIC:PVP-Cl 1:4 wt DKT showed only a 

slightly supersaturation followed by a plateau of drug concentration. This fact suggests a 

different physical state of the drug in the 2 coground samples and a different capacity of 

the polymer depending on its concentration to stabilise the poorly soluble drug in solution. 

A supersaturated solution is compatible with the presence of an amorphous state, which is 

then followed by desupersaturation as a result of crystallisation of the drug from the 

solution phase29. Based on these speculations it is expected a higher amorphous state in the 

Cog 180 min VIC:PVP-Cl 1:7 wt. If this is the case, the contribution of PVP-Cl on 

inhibition of crystallisation tendency is poor and it is also possible that during dissolution 

test PVP-Cl may reduce dissolution due to high viscosity in the boundary layer adjacent to 

the dissolving surface, as previously noticed28.  

The observation of the dissolution profiles of VIC:AcDiSol® coground samples reveals 

that the highest amount of solubilised VIC- nearly 5 times than that of pure VIC - was 

reached and maintained for all the test duration. Differently from the VIC:PVP-Cl, no 

supersaturation phenomena were observed, suggesting the absence of amorphous VIC in 

this case and the higher capability of AcDiSol® of impeding crystallisation in solution. 

This is in accordance with previous studies where linear PVP was found less effective than 

                                                 
29 Alonzo, D.E.; Zhang, G.G.Z.; Zhou, D.; Gao, Y.; Taylor, L.S. Understanding the behaviour of 
amorphous pharmaceutical systems during dissolution. Pharm. Res. 2009, 27, 608-618. 
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cellulose derivatives at maintaining drug in solution

used in this case have different chemical properties, therefore VIC can probably penetrate 

deeply or being molecularly dispersed in the PVP

chemical affinity: VIC is a lipophilic compound (Log P = 3.03

amphiphilic polymer. Instead, AcDiSol

drug miscibility with this polymer and penetration structures inside the cross

network are expected to be lower. This in turn results in a difference in the energy (and 

therefore time) required to bring the drug from the solid phase into the solution phase. This 

hypothesis was confirmed by observation of TEM images of the same samples (

Figure 4. TEM Image of Cog 180 min VIC:PVP
1:7 wt (B), Cog 120 min VIC:AcDiSol

                                        
30 Konno, H.; Handa, T.; Alonzo, D.E.; Taylor, L.S. Effect of polymer type on the dissolution 
profile of amorphous solid dispers
493-499. 

The different mediation of two cross-linked polymers on vincamine activation

cellulose derivatives at maintaining drug in solution29,30. In addition, the polymeric carriers 

used in this case have different chemical properties, therefore VIC can probably penetrate 

molecularly dispersed in the PVP-Cl cross-linked network due to similar 

chemical affinity: VIC is a lipophilic compound (Log P = 3.035) whilst PVP

amphiphilic polymer. Instead, AcDiSol® has a pronounced hydrophilic character so the 

y with this polymer and penetration structures inside the cross

network are expected to be lower. This in turn results in a difference in the energy (and 

therefore time) required to bring the drug from the solid phase into the solution phase. This 

ypothesis was confirmed by observation of TEM images of the same samples (

TEM Image of Cog 180 min VIC:PVP-Cl 1:4 wt (A), Cog 180 min VIC:PVP
1:7 wt (B), Cog 120 min VIC:AcDiSol® 1:7 wt (C) and Cog 180 min VIC:AcDiSol

wt (D). 

                                                 
Konno, H.; Handa, T.; Alonzo, D.E.; Taylor, L.S. Effect of polymer type on the dissolution 

profile of amorphous solid dispersions containing felodipine. Eur. J. Pharm. Biopharm. 
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network are expected to be lower. This in turn results in a difference in the energy (and 
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1:7 wt (C) and Cog 180 min VIC:AcDiSol® 1:7 

Konno, H.; Handa, T.; Alonzo, D.E.; Taylor, L.S. Effect of polymer type on the dissolution 
ions containing felodipine. Eur. J. Pharm. Biopharm. 2008, 70, 
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In fact, it seems that the drug in the VIC:AcDiSol® composites was mainly located on the 

surface of the polymer (figure 4C and D). Conversely, in the VIC:PVP-Cl coground 

systems the active is embedded inside the cross-linked network. This latter situation 

implies that the polymer would mainly control dissolution, since the drug, before 

dissolution, must diffuse through the polymer. This diffusion kinetic is influenced by the 

swelling and rheological properties of the polymer, and the higher the time requested for 

diffusing the higher the possibility for the drug to recrystallise during diffusion31  

The observation of figure 4 gives origin to further considerations: the active in the 

VIC:PVP-Cl coground samples seemed to be prevalently in an amorphous form or in a 

molecularly dispersed state, whilst in VIC:AcDiSol® coground samples it appeared to be 

mainly in a nanocrystalline status. To further elucidate this point, the solid-state features of 

the selected composites were studied by XRPD, Raman spectroscopy and imaging and 

SSNMR spectroscopy. On the contrary, DSC analysis did not provide reliable information 

since the drug melting point was superimposed to the thermal event of the degradation of 

the polymers (both starting from 180°C).  

3.4.3.3. XRPD analysis 

The XRPD patterns of raw materials, selected cogrounds and corresponding PM are shown 

in figure 5. 

The polymeric carriers showed a complete lack of peaks and a halo pattern indicating their 

complete X-ray amorphous status (figure 5a), while pure VIC showed, as afore mentioned, 

intense reflections indicating its crystalline nature. In the XRPD pattern of VIC:PVP-Cl 

PM and VIC:AcDiSol® PM (figure 5c), the VIC characteristics peaks emerged, indicating 

that the simple mixing process did not affect the crystalline structure of VIC. 

                                                 
31 Grassi, M.; Grassi, G.; Lapasin, R.; Colombo, I. Understanding drug release and absorption 
mechanisms: a physical and mathematical approach. CRC Press, Boca Raton, FL, USA, 2007. 
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Figure 5. Left: XRPD patterns of PVP
Cog 180 min VIC:PVP-
Cl 1:7 wt (f). Right: XRPD patterns of AcDiSol

wt (c), Cog 120 min VIC:AcDiSol
 
In the coground systems, a general broadening and/or disappearing of VIC diffraction 

pattern was recognised. In particular, in the case of  the Cog 180 min VIC:PVP

pattern, VIC diffraction peaks having low intensity were still detectable (

suggesting the presence of VIC crystals in the nanometric order. Conversely, the Cog 180 

min VIC:PVP-Cl 1:7 wt was a X

In the case of VIC:AcDiSol

intensity, a broadening of the reflections, and a remarkable scattering phenomenon was 
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Left: XRPD patterns of PVP-Cl (a), pure VIC (b), PM VIC:PVP
-Cl 1:4 wt (d), PM VIC:PVP-Cl 1:7 wt (e), Cog 180 min VIC:PVP

Cl 1:7 wt (f). Right: XRPD patterns of AcDiSol® (a), pure VIC (b), PM VIC:AcDiSol
wt (c), Cog 120 min VIC:AcDiSol® 1:7 wt (d), Cog 180 min VIC:AcDiSol
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suggesting the presence of VIC crystals in the nanometric order. Conversely, the Cog 180 
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Cl (a), pure VIC (b), PM VIC:PVP-Cl 1:4 wt (c), 
Cl 1:7 wt (e), Cog 180 min VIC:PVP-

(a), pure VIC (b), PM VIC:AcDiSol® 1:7 
1:7 wt (d), Cog 180 min VIC:AcDiSol® 1:7 wt (e). 

round systems, a general broadening and/or disappearing of VIC diffraction 

pattern was recognised. In particular, in the case of  the Cog 180 min VIC:PVP-Cl 1:4 wt 

pattern, VIC diffraction peaks having low intensity were still detectable (figure 5d left), 

suggesting the presence of VIC crystals in the nanometric order. Conversely, the Cog 180 

erial (figure 5f left). 

a dramatic reduction of drug signal 

, a broadening of the reflections, and a remarkable scattering phenomenon was 
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noticed. These facts were evidence of the conversion of the original VIC crystal lattice into 

an amorphous and/or nanocrystalline phase (figure 5d) and e) right)). 

In the next step a solid-state characterisation was pursued with the aim of studying nature 

and strength of interactions between VIC and each polymeric carrier. For this purpose 

Raman and SSNMR analyses were carried out. 

3.4.3.4. Raman spectroscopy/imaging 

 

Figure 6. Images depicting the density distribution of VIC in tablets consisting of PM and 
Cog of VIC:PVP-Cl in a 1:4 wt and 1:7 wt and of VIC:AcDiSol® 1:7 wt. Images are 

constructed from Raman maps upon imaging the intensity ratio between the C=C 
stretching band at 1600 cm-1 of VIC and the 1668 cm−1 band of PVP-Cl, and between the 
C=C stretching band at 1600 cm-1 of VIC and the 1397 cm−1 band of AcDiSol®. Raman 

intensities were normalized onto the C=C stretching band at 1600 cm-1 of VIC. 
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First of all, the effect of

mixtures at microscopic level was evaluated with Raman imaging. Raman images 

depicting the distribution of vincamine in PM and coground tablets prepared using PVP

or AcDiSol® clearly indicated

distribution than PM (figure

sample is the Cog 180 min VIC:PVP

1:4 wt and Cog 180 min VIC:AcDiSol

was observed in the case of Cog 120 min VIC:AcDiSol 1:7 wt, corresponding to the 

sample subjected to a shorter grinding time. 

Figure 7. 1525–1800 cm
VIC (b), PM 1:7 VIC:PVP

VIC:PVP-Cl 1:7 wt (e), Cog 180 min VIC:PVP
VIC (b), PM VIC:AcDiSol

min VIC:AcDiSol® 1:7 wt (e); all spectra are averages obtained from Raman maps of 
84×84 µm containing 900 spectra each. Excitation wavelength is 785 nm.
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First of all, the effect of the co-grinding process on the spatial heterogeneity of the 

mixtures at microscopic level was evaluated with Raman imaging. Raman images 

depicting the distribution of vincamine in PM and coground tablets prepared using PVP

clearly indicated that coground samples have a more homogenous drug 

figure 6). Among the coground samples, the most homogeneous 

sample is the Cog 180 min VIC:PVP-Cl 1:7 wt, followed by the Cog 180 min VIC:PVP

1:4 wt and Cog 180 min VIC:AcDiSol® 1:7 wt. Conversely a lower spatial homogeneity 

was observed in the case of Cog 120 min VIC:AcDiSol 1:7 wt, corresponding to the 

sample subjected to a shorter grinding time.  

1800 cm−1 regions of Raman spectra of tablets of: (left) PVP
VIC (b), PM 1:7 VIC:PVP-Cl 1:7 wt (c), PM VIC:PVP-Cl 1:4 wt (d), Cog 180 min 

Cl 1:7 wt (e), Cog 180 min VIC:PVP-Cl 1:4 wt (f); (right) AcDiSol
VIC (b), PM VIC:AcDiSol® 1:7 wt (c), Cog 120 min VIC:AcDiSol®

1:7 wt (e); all spectra are averages obtained from Raman maps of 
m containing 900 spectra each. Excitation wavelength is 785 nm.
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Raman spectra of PM, for both PVP-Cl and AcDiSol® (figure 7), are a superposition of the 

pure components, suggesting the lack of interactions between VIC and polymers. For 

VIC:AcDiSol® samples, Raman spectra of the cogrounds are also remarkably similar to 

those of the PM and pure components: the absence of shifts of the bands indicates that in 

both PM and coground samples the average chemical environment of VIC remains largely 

unaffected by the co-grinding process. This lack of spectral differences could be explained 

by the nanocrystalline nature of the VIC:AcDiSol® coground samples, as suggested by 

TEM and XRPD data. Assuming the occurrence of crystallites larger than 5 nm, Raman 

spectra are expected to be identical to those obtained from larger microcrystals32 

Considering the large presence of the amorphous form in the coground VIC:PVP-Cl 

samples, as inferred from XRPD data, their Raman spectra are surprisingly similar to those 

of the PM and pure components. While no shifts in band positions are detected, a very 

small broadening of the VIC band at 1600 cm-1 is observed in the spectra of coground 

VIC:PVP-Cl samples, suggesting the occurrence of slight variations in the intermolecular 

interaction between VIC and the polymer, possibly due to an increase in molecular 

disorder.  

3.4.3.5. SSNMR spectroscopy 

Owing to a multinuclear approach and short-range rather than long-range order sensitivity, 

the SSNMR spectroscopy represents a complementary technique with respect to XRPD 

and Raman analyses33. It can easily provide information on weak interactions, such as 

hydrogen bonding, and on the local environment at each specific site34. Furthermore, 1H T1 

                                                 
32 Gouadec, G.; Colomban, P. Raman spectroscopy of nanomaterials: How spectra relate to 
disorder, particle size and mechanical properties. Prog. Cryst. Gr. Char. Mat. 2007, 53, 1-56. 
 
33 Braga, D.; Maini, L.; Fagnano, C.; Taddei, P.; Chierotti, M.R.; Gobetto, R. Solvent effect in a 
"solvent free" reaction. Chem. Eur. J. 2007, 13, 1222-1230. 
34 Chierotti, M.R.; Gobetto, R. Solid-state NMR studies of weak interactions in supramolecular systems. 
Chem. Commun. 2008, 14, 1621-1634. 
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Figure 8. 13C CPMAS (a) and spectral editing (b) spectra of VIC recorded with a spinning 

The 13C CPMAS NMR spectra of raw materials, selected coground and PM samples are 

shown in figure 9. 

The 13C CPMAS spectra of PM systems, both with PVP

(figure 9c right), are simply the weighted superposition of the pure compone

Thus, no significant modifications in both drug and carrier molecular properties occur 
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relaxation analysis allows estimating the homogeneity or heterogeneity of a mixture of two 

or more components over a 100 Å scale. 

C CPMAS spectrum of VIC is shown in figure 8 together with the spectral editing 

experiment which allows an accurate peak assignment according to the signal phase (CH

positive, CH null and CH2 negative). 13C and 15N SSNMR signal 

based on spectral editing experiments (figure 8), are reported in table 2 and refer to the 

depicted in figure 8. 

C CPMAS (a) and spectral editing (b) spectra of VIC recorded with a spinning 
speed of 12 kHz. 

 

C CPMAS NMR spectra of raw materials, selected coground and PM samples are 

C CPMAS spectra of PM systems, both with PVP-Cl (figure 9c left) and AcDiSol

(figure 9c right), are simply the weighted superposition of the pure compone
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following their mixing, and therefore no detectable interactions between the two 

components take place in agreement with XRPD and Raman analysis. In particular no 

changes have been observed for the signals ascribed to C14 (82.6 ppm) that revealed to be 

very sensitive to the hydrogen bond N···H-O characterizing the VIC crystal packing 

(figure 11). 

Table 2.13C and 15N chemical shifts of VIC (with relative assignment), PVP-Cl and 
AcDiSol®. 

VIC PVP-Cl AcDiSol® 
13C δδδδ* carbon Note 13C δδδδ* 13C δδδδ* 

7.5 21 CH3 18.9 61.3 
15.3 18 CH2 32.0 74.1 
21.3 6 CH2 43.0 81.6 
24.8 20 CH2 176.7 103.7 
28.9 17 CH2  177.3 
36.0 16 Cq   
44.0 15 CH2   
45.3 19 CH2   
49.1 5 CH2   
51.8 23 OCH3   
60.1 3 CH   
82.6 14 Cq   
106.0 7 Cq   
111.6 12 CH   
118.6 11 CH   
119.6 9 CH   
120.1 10 CH   
129.2 8 Cq   
130.0 2 Cq   
134.1 13 Cq   
173.2 22 C=O   
15N δδδδ* nitrogen Note 15N δδδδ* 15N δδδδ* 
12.0 4 N···H-O 104.4 - 
117.2 1 N - - 

 
On the other hand, the line-broadening observed in the coground samples is related either 

to a larger distribution of isotropic chemical shifts, arising in turns from a distribution of 

chemical environments for the same carbons belonging to different drug molecules or to a 

considerable alteration of the molecular dynamics of the drug caused by the grinding with 

the polymer. In any case, this is a clear indication of a strong drug-polymer interaction 

occurring in the coground samples. 
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Figure 9. Left: 13C CPMAS spectra of PVP
(c), Cog 180 min VIC:PVP
VIC:PVP-Cl 1:7 wt (f). Right: 

VIC:AcDiSol® 1:7 wt (c), Co

However, if the line-broadening had a dynamic nature, on one side the motional process 

should involve the whole drug molecule, since all the signals are broaden; on the other 

side, the line-broadening should be due to some interference of a typical motional 

frequency with an instrumental frequency, such as the magic angle spinning or decoupling 

ones34. The amorphous state detected by XRPD (see above) and the lack of changes in the 

line widths in NMR spectra performed at different spinning and/or decoupling frequencies 

safely ruled out this hypothesis. Therefore the line

terms of a wider distribution of chemical environments that is expected from either a

reduction of the particle size (which leads to an increase of the surface/volume ratio and 
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C CPMAS spectra of PVP-Cl (a), pure VIC (b), PM VIC:PVP
(c), Cog 180 min VIC:PVP-Cl 1:4 wt (d), PM VIC:PVP-Cl 1:7 wt (e) and Cog 180 min 

Cl 1:7 wt (f). Right: 13C CPMAS spectra of AcDiSol® (a), pure VIC (b), PM 
1:7 wt (c), Cog 120 min VIC:AcDiSol® 1:7 wt (d), Cog 120 min 

VIC:AcDiSol® 1:7 wt (e). 

broadening had a dynamic nature, on one side the motional process 

should involve the whole drug molecule, since all the signals are broaden; on the other 

broadening should be due to some interference of a typical motional 

frequency with an instrumental frequency, such as the magic angle spinning or decoupling 

. The amorphous state detected by XRPD (see above) and the lack of changes in the 

widths in NMR spectra performed at different spinning and/or decoupling frequencies 

safely ruled out this hypothesis. Therefore the line-broadening should be explained in 

terms of a wider distribution of chemical environments that is expected from either a

reduction of the particle size (which leads to an increase of the surface/volume ratio and 
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(a), pure VIC (b), PM 
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broadening should be due to some interference of a typical motional 
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. The amorphous state detected by XRPD (see above) and the lack of changes in the 
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thus of the drug-polymer interaction) or a more disordered molecular packing or, in some 

coground cases, the amorphous nature. 

The main difference between VIC:PVP

the broadening degree which is wider in the former (difference of about 100 Hz for the 

signals around 119 ppm). This indicates a higher degree of interaction in the VIC:PVP

than in the VIC:AcDiSol® system

measurements (see below). 

Concerning the 15N CPMAS spectra, no shifts are observed for the two nitrogen atoms in 

the coground and PM samples (figure

(12.0 ppm) is intermediate between the protonated and deprotonated values (

ppm, respectively)9 in agreement with the presence of a N···H

interaction in both pure VIC and VIC:polymer samples

affinity between VIC and PVP

interactions in these coground systems is not surprising. 

Fig. 10. Left: 15N CPMAS spectra of PVP
(c), Cog 180 min VIC:PVP-Cl 1:7 wt (d). Right: 

120 min VIC:AcDiSol® 1:7 wt (b) and Cog 180 min VIC:AcDiSol
                                                 
35 Gobetto, R.; Nervi, C.; Chierotti,
Hodgkinson, P. Hydrogen bonding and dynamic behaviour in crystals and polymorphs of 
dicarboxylic-diamine adducts: A comparison between NMR parameters and X
studies. Chem. Eur. J. 2005, 11, 7461

release DDS for class 2 drugs prepared via Mechanochemistry

polymer interaction) or a more disordered molecular packing or, in some 

coground cases, the amorphous nature.  

The main difference between VIC:PVP-Cl and VIC:AcDiSol® coground spectra consists in 

the broadening degree which is wider in the former (difference of about 100 Hz for the 

signals around 119 ppm). This indicates a higher degree of interaction in the VIC:PVP

system due to smaller particle sizes as confirmed by 

N CPMAS spectra, no shifts are observed for the two nitrogen atoms in 

figure 10). It is worth noting that the chemical shift of N4 

(12.0 ppm) is intermediate between the protonated and deprotonated values (

in agreement with the presence of a N···H-O hydrogen bond 

interaction in both pure VIC and VIC:polymer samples35. Due to the higher chemical 

affinity between VIC and PVP-Cl, the detection of more pronounced drug

interactions in these coground systems is not surprising.  

N CPMAS spectra of PVP-Cl (a), (b), Cog 180 min VIC:PVP
Cl 1:7 wt (d). Right: 15N CPMAS spectra of pure VIC (a), Cog 

1:7 wt (b) and Cog 180 min VIC:AcDiSol® 1:7 wt (c).

Gobetto, R.; Nervi, C.; Chierotti, M.R.; Braga, D.; Maini, L.; Grepioni, F.; Harris, R.K.; 
Hydrogen bonding and dynamic behaviour in crystals and polymorphs of 

diamine adducts: A comparison between NMR parameters and X-ray diffraction 
, 11, 7461-7471. 

prepared via Mechanochemistry 

polymer interaction) or a more disordered molecular packing or, in some 

coground spectra consists in 

the broadening degree which is wider in the former (difference of about 100 Hz for the 

signals around 119 ppm). This indicates a higher degree of interaction in the VIC:PVP-Cl 

due to smaller particle sizes as confirmed by 1H T1 

N CPMAS spectra, no shifts are observed for the two nitrogen atoms in 

10). It is worth noting that the chemical shift of N4 

(12.0 ppm) is intermediate between the protonated and deprotonated values (∼19 and ∼4 

O hydrogen bond 

Due to the higher chemical 

Cl, the detection of more pronounced drug-polymer 

 

Cl (a), (b), Cog 180 min VIC:PVP-Cl 1:4 wt 
N CPMAS spectra of pure VIC (a), Cog 

1:7 wt (c). 

M.R.; Braga, D.; Maini, L.; Grepioni, F.; Harris, R.K.; 
Hydrogen bonding and dynamic behaviour in crystals and polymorphs of 

ray diffraction 



3.4. The different mediation of two cross

Figure11. View of VIC crystal packing along the 
dotted line, of hydrogen bonds). Two different colours are used for the carbon atoms (black 

and gray) to indicate VIC molecules belonging to different chains. Nitrogen and oxygen 
atoms are highlighted in blue and red, respectively. Hydrogen atoms are omitted for 

simplicity. The rectangle represents the crystalline unit cell formed by 4 VIC molecules.

3.4.3.6. 1H T1 relaxation times

The degree of mixing between the two components (VIC and either PVP

of the solid dispersions has been investigated through the 

lattice relaxation times in the laboratory frame (

conditions. Indeed, in solid samples the transfer of spin energy among nuclei through 

homonuclear dipolar couplings becomes much faster t

lattice. This process, known as spin diffusion, results in longitudinal relaxation rates of 

protons within the molecule which all tend to the same value

complete when protons belong to the same ph

on a nanometer scale. Modern understanding of spin

relaxation suggests a complex dependence on structure and dynamics

                                        
36 Ando, I.; Asakura, T.; 
therein). 1998. 
 
37 Brus, J.; Petrícková, H.;
CRAMPS Experiments to Characterize Structures of Organic Solids in "Current Developments in 
Solid State NMR Spectroscopy", N. Muller, P.K. Madhu (Eds.), Springer
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The degree of mixing between the two components (VIC and either PVP
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lattice relaxation times in the laboratory frame (1H T1) under high-resolution experimental 

conditions. Indeed, in solid samples the transfer of spin energy among nuclei through 

homonuclear dipolar couplings becomes much faster than the transfer of energy to the 

lattice. This process, known as spin diffusion, results in longitudinal relaxation rates of 

protons within the molecule which all tend to the same value36. This average is usually 

complete when protons belong to the same phase or in the case of homogeneous samples 

on a nanometer scale. Modern understanding of spin-diffusion and of its effects of 

relaxation suggests a complex dependence on structure and dynamics

                                                 
 Solid State NMR of Polymer, Elsevier, Amsterdam, (and references 

; Petrícková, H.; Dybal J. Potential and Limitations of 2D 1H
CRAMPS Experiments to Characterize Structures of Organic Solids in "Current Developments in 
Solid State NMR Spectroscopy", N. Muller, P.K. Madhu (Eds.), Springer-Verlag Wien
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However, in a more simplified approach, it can be suggested that protons with different 

relaxation times belong to different domains having average linear dimension greater than 

about 100Å and viceversa38.  

Owing to the low resolution achieved in 1H spectra, even in fast MAS conditions, 1H T1 

relaxation times were measured exploiting the high resolution of the 13C spectra, by means 

of the Inversion Recovery CPMAS experiment. This allows obtaining 1H T1 values of the 

VIC or of the polymer protons even in homo- or heterogeneous mixture by looking at the 

13C VIC or polymer signals, respectively. The results are shown in table 3. In the 

experiments performed on the pure components a single T1 value was measured for all the 

protons, as expected. According to previous DSC, XRPD and DKT results (see figure 1), 

when VIC was ground alone did not change remarkably its 1H T1 value, confirming that 

the crystal structure was substantially maintained. PM VIC:PVP-Cl 1:4 wt has been chosen 

as representative PM compounds.  

Table 3. 1H Spin-Lattice Relaxation Times, T1 (s), measured for pure components (VIC, 
ground VIC for 180 min, PVP-Cl and AcDiSol®), and selected examples of PM and 

coground samples using High-Resolution Techniques, as described in the Material and 
Methods section. 

Compound VIC 1H T1 polymer 1H T1 
VIC 5.2  

ground VIC 5.1  
PVP-Cl  1.4 

AcDiSol®  1.7 
PM VIC:PVP-Cl 1:4 wt 5.1 1.5 

Cog 180 min VIC:PVP-Cl 1:7 wt 1.7 1.6 
Cog 180 min VIC:PVP-Cl 1:4 wt 1.7 1.5 

Cog 180 min VIC:AcDiSol® 1:7 wt 1.8 1.4 

Cog 120 min VIC:AcDiSol® 1:7 wt 2.5 2.1 

As expected two 1H T1 values (5.1s for VIC and 1.5s for PVP-Cl) have been found very 

similar to that of the pure components (5.2s for VIC and 1.4s for PVP-Cl). This highlights 

                                                 
38 Geppi, M.; Mollica, G.; Borsacchi, S.; Veracini, C.A. Solid-state NMR studies of pharmaceutical 
systems. Appl. Spectr. Rev. 2008, 43, 202-302. 
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the heterogeneous character of the sample with separated domains larger than 100 Å. In 

other words either VIC and PVP-Cl preserve the same packing than in the pure samples 

with very few and weak VIC:PVP-Cl interactions at the surface. Again, a single relaxation 

time was measured for all the protons (VIC and polymer protons) in all the coground 

samples. These results clearly indicate that drug and polymer are intimately mixed in the 

ground mixtures with domain average dimensions smaller than 100 Å. The samples result 

homogeneous on that spatial scale, in agreement with that previously deduced from 13C 

NMR.  

This is also in accordance with the results of Raman imaging and XRPD analysis where a 

single uniform colour (figure 6) and a halo pattern were detected, respectively. 

A lower degree of mixing could be recognised in the Cog 180 min VIC:AcDiSol® 

coground system, even though the domain dimensions were still below 100 Å. This fact is 

in concordance with previous TEM images (figure 4) and XRPD results attesting a VIC 

prevalently in a nanocrystalline state. The most pronounced differences between the 

relaxation times of the two components were observed in the case of the Cog 120 min 

VIC:AcDiSol® in accordance to the fact that this sample was co-milled for a shorter period 

of time.  

3.4.3.7. In vivo studies  

To evaluate the effect of cogrinding on the bioavailability of VIC, a pharmacokinetic study 

in rats with oral administration of the 4 selected coground systems and the corresponding 

physical mixtures was performed. Plasma concentration profiles are presented in figure 12. 

Pharmacokinetic parameters are summarised in table 4. The pharmacokinetic profiles 

generally show a monoexponential decline, although some tendency of biexponential 

decline can be observed with AcDiSol® coground systems. One-compartment model was 

selected for the analysis, based on favourable Akaike Information Criterion (AIC) 
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compared to the alternative two-compartment model. Due to limited data in the absorption 

phase, a first-order absorption model wa

not investigated.  

Fig. 12. Plasma concentration (Mean ± S.D., n=4) profiles of VIC after a single oral dose 
(20 mg/kg) with semi-logarithmic plots as the inserts. Left: 

PM VIC:PVP-Cl 1:7 wt (○), Cog 180 min VIC:PVP
VIC:PVP-Cl 1:7 wt (●). Right: PM VIC:AcDiSol

1:7 wt (∆) and Cog 180 min VIC:AcDiSol
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observed with coground systems containing hydrophilic AcDiSol®. On the other hand, 

cogrinding with PVP-Cl which is amphyphilic a more retained release of VIC is obtained, 

especially in the Cog 180 min VIC:PVP-Cl 1:7 wt.  

Elimination half-life with physical mixtures generally ranged between 1.66 and 2.60 h, 

which is in accordance with the previous study in rats39, where an elimination half-life of 

1.71 h with oral and 1.68 with intravenous dosing is reported. Additionally, it is interesting 

to note that the elimination half-lives with the coground systems are longer compared to 

the corresponding physical mixtures. This may reflect in delayed slow absorption of VIC 

following the initial burst. This is primarily evidenced with PVP-Cl, which is again in 

agreement with the physicochemical characteristics of the polymer. 

Comparison of the oral bioavailability of the coground systems with the corresponding 

physical mixtures revealed the superior performance of the mechanochemically activated 

systems with evident improvement in the extent of VIC absorption. Moreover, the in vivo 

results were in parallel with the in vitro data as revealed the Z ± dz values showed in table 

4. This indicates that bioavailability of the coground systems can be predicted based on 

results of in vitro experiments. Additionally, we demonstrated that the behaviour of the 

two systems in vivo was remarkably different. AcDiSol® coground samples exhibited very 

high Cmax and short tmax, followed by a quite rapid decrease of plasma concentration, while 

on the other hand, with PVP-Cl coground samples flatter plasma concentration profiles 

over 8 h period were observed. Further, this behavior is in line with a preponderant 

location of the drug on the surface of the polymer in the case of VIC:AcDiSol® and 

molecularly dispersed or embedded in the cross-linked network in the VIC:PVP-Cl 

coground systems. 

                                                 
39 EMEA Vincamine Summary Report, Document EMEA/MRL/587/99-FINAL, 1999. 
http://www.ema.europa.eu/docs/en_GB/document_library/Maximum_Residue_Limits_-
_Report/2009/11/WC500015407.pdf (accessed on February 9, 2012). 
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Table 4. VIC pharmacokinetic parameters after oral administration in rats of the best performing coground samples and the corresponding PM 
(mean ± S.D.; n=4). 

  Primary parameters  Secondary parameters    Statistical Parameters 

N Formulation CL/F 
(mL/h/g) 

V/F 
(mL/g) 

K a 
(h-1)  t1/2Ke 

(h) 
t1/2Ka 
(h) 

AUCin vivo 
(ng h/mL) 

tmax 
(h) 

Cmax 
(ng/mL) 

t75% Cmax 
(h) Frel Z ± dz 

6 PM VIC:PVP-Cl 1:4 wt 84.6±38.3 188±64 1.58±1.00  1.66±0.68 0.60±0.39 272±108 1.22±0.32 63.6±16.6 2.10±0.33 - 0.23±0.10 

10 Cog 180 VIC:PVP-Cl 1:4 wt 17.7±4.8 114±24 6.18±5.91  4.84±2.15 0.19±0.13 1188a±286 0.85±0.41 156.4±28.2 2.85±1.01 4.37±2.03 1.00±0.34 

11 PM VIC:PVP-Cl 1:7 wt 77.0±33.6 267±67 11.5±8.4  2.60±0.67 0.10±0.08 304±140 0.46±0.27 68.7±16.5 1.54±0.36 - 0.26±0.13 

15 Cog 180 VIC:PVP-Cl 1:7 wt 20.7±2.8 128±16 1.74±0.49  4.36±0.73 0.42±0.12 982±141 1.55±0.28 122.1±10.5 3.40±0.37 3.23±1.55 0.83±0.23 

11 PM VIC:AcDiSol® 1:7 wt 79.2±28.5 247±71 8.37±7.96  2.24±0.36 0.13±0.06 287±131 0.54±0.22 73.6±24.5 1.47±0.28 - 0.23±0.13 

14 Cog 120 VIC:AcDiSol® 1:7 wt 18.7±4.5 81.8±4.9 39.4±26.3  3.16±0.73 0.02±0.01 1118±258 0.17±0.09 236.8±15.9 1.26±0.32 3.89±1.99 0.88±0.52 

15 Cog 180 VIC:AcDiSol® 1:7 wt 17.1±5.4 77.5±13.1 57.6±43.1  3.29±0.64 0.02±0.02 1273b±442 0.14±0.10 255.2±40.5 1.50±0.27 4.43±2.55 1.00±0.49 

 
N – formulation number (see table I) 
CL/F – apparent oral clearance 
V/F – volume of distribution 
Ka – absorption rate constant 
t1/2Ke – elimination half-life 
t1/2Ka – absorption half-life 
AUCin vivo – area under the plasma concentration vs time curve 
tmax – time to reach maximum plasma concentration 
Cmax – maximum concentration 
t75%Cmax – time span during which concentration is at least 75% of the maximum concentration 
Frel– Relative bioavailability after oral administration of the coground sample in comparison to corresponding PM calculated from eq.(2)  
Z ± dz –the Z ratio and associated uncertainty dz calculated from eqs. (3)-(4), respectively  
a AUC in vivo max for VIC:PVP-Cl samples 
b AUC in vivo max for VIC:AcDiSol® samples 
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3.4.3.8. Physical stability studies

The drug solid-state features in the selected coground samples was studied by repeating the 

XRPD and DKT analyses every 4 months for a period of 1 year (

two techniques were chosen because of their complementary nature: evidence of drug 

recrystallisation would procured alteration of the solubilisation kinetics and intensification, 

with sharpening, of the XRPD peaks. Further in the present case, these two techniques 

have resulted to be the most effective in detecting differences among AcDiSol

CL coground physical states. 

Fig. 13. XRPD patterns and DKT in pH 7.4 at time 0 (a), 4 months (b), 8 months (c) and 
12 months (d) after the preparation of Cog 180 min VIC:PVP
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Fig. 14. XRPD patterns and DKT in pH 7.4 at time 0 (a
12 months (d) after the preparation of Cog 120 min VIC:AcDiSol

180 min VIC:AcDiSol

The coground systems based on PVP

gave evidence of the formation of more ordered structures upon storage. In fact, a 

progressive transformation of VIC from an amorphous or molecularly dispersed state into a

nanocrystalline phase emerged from the comparison of the XRPD and DKT results. As 

expected, less dramatic structural changes after 1 year are visible in the Cog 180 min 

VIC:PVP-Cl 1:4 wt. Indeed, in this system the drug was initially present in a 
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nanocrystalline state, that is disordered solid lacking of long-range crystalline order but 

with retained hydrogen bond motif of the parent crystalline form, representing an 

intermediate state between a crystal and an amorphous or molecularly dispersed state. 

Differently from the VIC:PVP-Cl systems, the coground based on AcDiSol® resulted very 

stable upon storage (1 year). The most stable system resulted to be the Cog 180 min 

VIC:AcDiSol® 1:7 wt, showing substantially identical XRPD pattern and superimposable 

dissolution kinetics. The Cog 120 min VIC:AcDiSol® 1:7 wt was stable as well, but 

demonstrated a slightly lower ability to stabilise the disordered structures produced by 

cogrinding and a slight reduction of the extent of drug dissolved. Since in this coground a 

minor degree of drug-polymer interaction was previously attested (see for example the 1H 

T1 relaxation times), a certain role of the drug polymer interaction on the stabilisation of 

the disordered structures must be recognised. This also pointed out the importance of the 

selection of the appropriate grinding time for the preparation of the coground mixtures.  

 

3.4.4. Conclusions  

The obtained results demonstrated that the mechanochemical activation of VIC in presence 

of crosslinked polymers (AcDiSol® and PVP-Cl) can be successfully used for preparing 

VIC in a disordered state having improved in vitro and in vivo bioavailability. Conversely, 

only minor changes of the solid-state features of the drug were obtained after processing 

VIC alone in the same operating conditions. The performed characterisations agreed to 

attest that drug and polymer were intimately mixed in the ground mixtures with domain 

average dimensions smaller than 100 Å. 

The results also suggested that systems based on AcDiSol® are preferable in terms of 

extent and rate of drug dissolution and physical stability. Initially on the basis of a 

statistical analysis of the dissolution performances, two VIC:AcDiSol® coground samples 
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have been selected from a group of 15 ones (differing for grinding time and drug-to-

polymer weight ratio). Then the depth physicochemical characterisation and the in vivo 

studies put in light the superiority of the Cog 180 min VIC:AcDiSol® 1:7 wt. The best 

system in the case of PVP-Cl resulted to be the Cog 180 min VIC:PVP-Cl 1:4 wt, whereas 

a higher amount of PVP-Cl gave rise a worseness of the overall performance of the 

coground. Though both crosslinked polymers produced a pronounced enhancement of the 

in vivo oral bioavalaibility, very different plasma profiles were observed with the two types 

of coground: according to their different chemical affinity and to the presence of the drug 

in a different state, the AcDiSol® coground exhibited very high Cmax, followed by a quite 

rapid decrease of plasma concentration, whilst the PVP-Cl coground showed lower plasma 

concentrations, remaining flatter during the 8 h of analysis. The nanocrystalline state of the 

drug observed in the VIC:AcDiSol® coground was found to be unvaried for one year at 

ambient conditions, whilst a few signs of recrystallisation were detected in the VIC:PVP-

Cl systems, with consequent variations of their dissolution performances. 
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Abstract 

Purpose: Enhancing oral bioavailability of vinpocetine by forming its amorphous citrate 

salt through a solvent-free mechanochemical process, in presence of micronized 

crospovidone and citric acid. 

Methods: The impact of formulation and process variables (amount of polymer and citric 

acid, and milling time) on vinpocetine solubilization kinetics from the coground was 

studied through an experimental design. The best performing samples were characterized 

by employing a multidisciplinary approach, involving Differential scanning calorimetry, 

X-ray diffraction, Raman imaging/spectroscopy, X-ray photoelectron spectroscopy, solid-

state NMR spectroscopy, porosimetry and in vivo studies on rats to ascertain the salt 

formation, their solid state characteristics and oral bioavailability in comparison to 

vinpocetine citrate salt (Oxopocetine®).  

Results: The analyses attested that the mechanochemical process is a viable way to 

produce in absence of solvents vinpocetine citrate salt in an amorphous state.  

Conclusion: From the in vivo studies on rats the obtained salt resulted to be 4 times more 

bioavailable than its physical mixture and bioequivalent to the commercial salt produced 

by conventional synthetic process implying the use of solvent.   
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3.5.1. Introduction 

Vinpocetine (VIN) is a vincamine derivative and presents a series of very interesting 

pharmacological properties in relation to cerebral circulation, acting on vascular resistance, 

particularly in the area of blood vessels1. It has been  shown to improve cerebral circulation 

and metabolism in the management of various types of cerebrovascular circulatory 

disorders, e.g. cerebral infarction, cerebral hemorrhage residual and cerebral arteries 

cirrhosis2 and for the treatment of cognitive disorders and related symptoms3. However, as 

a consequence of its low aqueous solubility and wettability, and extensive metabolism 

during first pass, VIN suffers from poor oral bioavailability (~6.7%)4,5. Hence, faced with 

its various pharmacological properties, its clinical use is greatly restricted. So there is a 

need to improve its poor aqueous solubility to increase its oral absorption. With this 

purpose several approaches have been attempted.  

The most common consisted in its complexation in cyclodextrins, in some cases with the 

help of a ternary component6,7,8,9, because VIN chemical structure allows at least a portion 

                                                 
1 Bencsath, P.; Debrczeni, L.; Takács. L. Effect of ethyl apovincaminate on cerebral circulation of 
dogs under normal conditions and in arterial hypoxia. Arzneim.-Forsch. Drug res. 1976, 26, 1920-
1923. 
 
2 Luo, Y.; Chen, D.; Ren, L.; Zhao, X.; Qin. J. Solid lipid nanoparticles for enhancing vinpocetine’s 
oral bioavailability. J. Controlled Release. 2006, 114, 53-59. 
 
3 Csanda, E.; Harcos, P.; Bacsy, Z.; Berghammer, R.; Kenez. J. Ten years of experience with 
Cavinton. Drug Dev. Res. 1988, 14, 185-187. 
 
4 Grandt, R.; Beitinger, R.; Schateltenbrand, R.; Braun W. Vinpocetine pharmacokinetics in elderly 
subjects. Arzneim.-Forsch. Drug Res. 1989, 39, 1599-1602. 
 
5 Szakacs, T.; Veres, Z.; Vereczkey, L. In vitro-in vivo correlation of the pharmacokinetics of 
vinpocetine. Pol. J. Pharmacol. 2001, 53, 623-628. 
 
6 Kata, M.; Lukacs, M. Enhancement of solubility of vinpocetine base with γ-cyclodextrin. 
Pharmazie. 1986, 41, 151-152. 
 
7 Ribeiro, L.; Ferreira, D.; Veiga, F. Physicochemical investigation of the effects of water-soluble 
polymers on vinpocetine complexation with β-cyclodextrin and its sulfobutyl ether derivative in 
solution and solid state. Eur. J. Pharm. Sci. 2003, 20, 253–266. 
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of the molecule to be housed inside the cavity of the cyclodextrins9. Other experiences 

were intended to counteract its poor solubility and wettability by means of  hydrophilic 

carriers2,10 or to take advantage of its lipophilic character (its partition coefficient is ranging 

about 311) by incorporation in self emulsifying systems12,13,14 .  

Recently, our group has successfully increased its oral absorption by cogrinding VIN with 

micronized crospovidone in a planetary mill using an optimized  mechanochemical 

activation process15. In that experience, the mechanical loading has caused particle 

comminuting and disordering of lattice structure, so that the solid has gained an activated 

state more prone to dissolution (e.g. by forming nanocrystalline or amorphous phases). 

                                                                                                                                                    
8 Ribeiro, L.; Falcao, A.C.; Patricio, J.A.B.; Ferreira, D.C.; Veiga, F.J.B. Cyclodextrin 
multicomponent complexation and controlled release delivery strategies to optimize the oral 
bioavalaibility of vinpocetine. J. Pharm. Sci. 2007, 96, 2018-2028. 
 
9 Nie, S.; Fan, X.; Peng, Y.; Yang, X.; Wang, C.; Pan, W. In vitro and in vivo studies on the 
complexes of vinpocetine with hydroxypropyl-β-cyclodextrin. Archiv. Pharm. Res. 2007, 30, 991-
1001. 
 
10 Nie, S.; Pan, W.; Li, X.; Wu, X. The effect of citric acid added to hydroxypropyl methylcellulose 
(HPMC) matrix tablets on the release profile of vinpocetine. Drug Dev. Ind. Pharm. 2004, 30, 627-
635. 
 
11 Miskolczi, P.; Vereczkey, L.; Szalay, L.; Göndöcs, C.Effect of Age on pharmacokinetics of 
Vinpocetine (Cavinton) and Apovincamininc acid. Eur. J. Clin. Pharmacol. 1987, 33, 185-189. 
 
12 Chen, Y.; Li, G.; Wu, X.; Chen, Z.; Hang, J.; Qin, B.; Chen, S.; Wang, R. Self-microemulsifying 
drug delivery system (SMEDDS) of vinpocetine: Formulation development and in vivo assessment. 
Biol. Pharm. Bull. 2008, 31, 118-125. 
 
13 Iosio, T.; Voinovich, D.; Grassi, M.; Pinto, J.F.; Perissutti, B.; Zacchigna, M.; Quintavalle, U.; 
Serdoz, F. Bi-layered self-emulsifying pellets prepared by co-extrusion and spheronization: 
influence of formulation variables and preliminary study on the in vivo absorption. Eur. J. Pharm. 
Biopharm. 2008, 69, 686-697. 
 
14 Cui, S.X.; Nie, S.F.; Li, L.; Wang, C.G.; Pan, W.S.; Sun, J.P. Preparation and evaluation of self-
microemulsifying drug delivery system containing vinpocetine. Drug Dev. Ind. Pharm. 2009, 
35,603-611. 
 
15 Hasa, D.; Voinovich, D.; Perissutti, B.; Bonifacio, A.; Grassi, M.; Franceschinis, E.; Dall’Acqua, 
S.; Speh, M.; Plavec, J.; Invernizzi, S. Multidisciplinary approach on characterizing a 
mechanochemically activated composite of vinpocetine and crospovidone. J. Pharm. Sci. 2011, 
100, 915-932. 
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In the present research, with the aim of facilitating VIN oral absorption, the formation of 

the VIN water-soluble citrate was investigated. The transformation of the parent drug in 

the salt form permits rapid absorption and unaltered or even increased pharmacological 

actions16.  

If the chemical approach is classical, the procedure adopted to prepare the salt is original. 

In fact, in this experience VIN citrate was obtained by proton transfer through a solid state 

reaction conducted with the aid of the mechanical energy. To go into more details, VIN 

was subjected to a mechanochemical treatment in presence of citric acid as a reactant, and 

crosslinked polymer (micronized crospovidone) as a processing aid. In this case the 

mechanical energy, and in particular the shearing forces resulting from the rolling of ball 

elements on the wall of the planetary mill bowl, was used for the dry synthesis of VIN 

citrate. In fact, so-called pharmaceutical “mechanocomposites” can be successfully 

prepared by mechanical treatment of mixtures of the solid reactants, with the advantage of  

a more convenient, cheaper and environmentally friendly process17. Thus, such an 

approach represents a solvent-free green technology in alternative to patented synthesis16 

involving the use of solvents.  

After the preparation of 27 ternary coground systems with different compositions and 

milling times, the best products were extensively characterized in comparison to starting 

VIN to verify the in vitro dissolution enhancement, and to commercial VIN citrate salt, 

Oxopocetine®, to verify the physicochemical correspondence and bioequivalence of our 

product. 

 

                                                 
16 Calvo F.; Manresa, M.T. U.S. patent 4749707, Spain , Covex S.A. 1988. 
 
17 Shakhtshneider, T.P.; Boldyrev, V.V.; Mechanochemical synthesis and mechanical activation of 
drugs. In: Boldyreva, E.; Boldyrev V.; (Eds.), Reactivity of molecular solids, Wiley, Chichester, 
1999. 
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3.5.2. Materials and Methods 

3.5.2.1. Materials 

VIN was a kind gift from Linnea SA (Riazzino-Locarno, CH*). Oxopocetine® (vinpocetine 

citrate-VIN citrate) was kindly donated by Covex s.a. (Madrid, Spain). Citric acid was 

provided by Sigma-Aldrich (Milano, Italy). Micronized crospovidone (PVP-CL) was 

purchased from BASF (Ludwigshafen, Germany). All other analytical-grade chemicals and 

solvents of HPLC grade, were provided by Carlo Erba (Milan, Italy).  

3.5.2.2. Preparation of coground mixtures 

Drug and citric acid were coground in different drug-to-citric acid weight ratios in 

presence of crospovidone in several drug-to-polymer weight ratios according to the 

experimental plan (table 1) in a planetary mill Fritsch P5 (Pulverisette, Contardi Fritsch 

s.r.l., Milan, Italy). The planetary mill was equipped by 4 agate cylindrical grinding 

chambers (internal height Hv=2.6 cm, internal radius Rv=3.2 cm, internal volume = 27.5 

cm3) adopting agate balls (diameter 2.2 cm) as grinding media. 

Six gram batches, previously blend in the suitable proportions with a stainless steel spatula, 

were simultaneously coground. The following operative conditions were selected on the 

basis of a previously published ah hoc mathematical model18: maximum velocity (10,000 

rpm), bowl loading (6 g), number of grinding media (6 agate balls). 

The grinding procedure was pursued for 3 milling times, according to the experimental 

plan below reported, stopping every 5 min for homogeneously mixing the mass with a 

stainless steel spatula. Three factors, 2 formulation variables (drug-to-citric acid wt ratio - 

X1 and drug to polymer wt ratio - X2), and a process variable (milling time - X3) were 

selected for investigation. Each factor was considered in different experimental levels, 

                                                 
18 Voinovich, D.; Perissutti, B.; Grassi, M.; Passerini, N.; Bigotto A. Solid state mechanochemical 
activation of Silybum Marianum dry extract with betacyclodextrins: characterization and 
bioavailability of the coground systems. J. Pharm. Sci. 2009, 98, 4119-4129.  
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selected during preliminary trials: 2 levels for drug-to-citric acid weight ratio - X1 (1:1.1, 

1:0.55 corresponding to 1:2 and 1:1 molar ratio, respectively), 3 levels for drug-to-polymer 

weight ratio - X2 (1:2, 1:4, 1:7) and 3 experimental levels for milling time - X3 (15, 30, 60 

min). The effect of these variables on a coground characteristic (amount of VIN solubilized 

in 120 min - Y) was statistically evaluated. The experimental plan (shown in Table 1) was 

designed using NEMRODW program19 and the statistical analysis was performed by 

standard R package20. To reduce systematic errors, experiments were completely 

randomized.  

Table 1. Experimental plan and observed response values. 
 

Runa 

 

 
Independent Variables 

 
Observed response 
(mean ±S.D.; n=3) 

 X1 
(wt ratio) 

X2 
(wt ratio) 

X3 
(min) 

Y 
b 

(mg/L) 

1 1:0.55 1:2 15 8.51 ± 0.06 

2 1:0.55 1:4 15 10.55 ± 0.50 

3 1:1.1 1:7 15 8.05 ± 0.66 

4 1:1.1 1:2 30 15.73 ± 0.41 

5 1:0.55 1:4 30 12.39 ± 0.79 

6 1:0.55 1:7 30 12.43 ± 0.95 

7 1:0.55 1:2 60 8.94 ± 0.16 

8 1:1.1 1:4 60 6.30 ± 0.83 

9 1:0.55 1:7 60 7.34 ± 0.54 

X1 – drug-to-citric acid wt ratio 
X2 – drug-to-polymer wt ratio 
X3 – milling time (min) 
a three replicated experiments 
b Y mean amount of solubilized drug after 120 min of analysis in pH 7.4 buffer. 

 

                                                 
19  Mathieu, D.; Nony, J.; Phan-Tan-Luu, R. NEMRODW (New Efficient Technology for Research 
using Optimal Design) software, LPRAI, Marseille, 1999. 
 
20 R Development Core Team. 2009. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Wien, Austria. ISBN 3-900051- 07-0. Available from: 
http://www.R-project.org 
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3.5.2.2. Preparation of physical mixtures 

Physical mixtures (PM) were prepared in batches of 12 g,  by manually mixing drug, citric 

acid and polymer with a stainless steel spatula for the standardized time of 5 min. The 

component weight proportions were selected according to the experimental plan. Six grams 

were then used for cogrinding experiments (see previous paragraph) and the rest was for 

comparison purposes. 

3.5.2.3. Differential scanning calorimetry (DSC) 

Calorimetric analyses were conducted using a differential scanning calorimeter (Mod. TA 

4000, equipped with a measuring cell DSC 20 Mettler) using the STARe software version 

9.30. The calibration of the instrument was carried out with indium, zinc and lead for the 

temperature, and with indium for the measurement of the enthalpy. Samples, containing 

about 2 mg of VIN were placed in pierced aluminum pans and heated at a scanning rate of 

10°C/min from 30 to 250°C, under static air.  

3.5.2.4. X-ray Powder Diffraction Studies (PXRD) 

XRD technique was employed to study the solid state of the samples using a D500 

(Siemens, Munich, Germany) diffractometer with Cu-Kα radiation (1.5418 Å), 

monochromatized by a secondary flat graphite crystal. The current was 20 mA and the 

voltage 40 kV*. The scanning angle ranged from 5 to 35° of 2θ, steps were of 0.05° of 2θ, 

and the counting time was of 5 sec/step. 

3.5.2.5. Raman imaging/spectroscopy  

Raman spectra and images were acquired for coground composites, PM and pure 

components using an inVia Raman system (Renishaw plc, Wotton-under-Edge, UK), 

equipped with a 300 mW diode NIR laser emitting at 785 nm (Renishaw) and a 

ProScanTMII motorized stage (Prior, Cambridge, UK). The laser was focused on the 
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sample (consisting of 300 mg tablets with flat surfaces, prepared from physical and 

coground mixtures having different drug-to-citric acid and drug-to-polymer weight ratios, 

and from pure components) by a 50X objective (0.75 N.A.). To ensure a better sampling 

for each tablet by taking into account local variations in composition, an area of 84x84 µm 

was mapped with a grid of 2.8 µm (corresponding to 900 spectra per map) for each sample, 

using the StreamlineTM fast imaging configuration and the WiRE 3.1 software (Renishaw), 

with an total collection time of 13 min/map. Raman maps were then pre-processed (cosmic 

rays removal and baseline correction) and analyzed with the HyperSpec software 

package21 for R20; an average spectrum was calculated for each map, and images depicting 

the intensity ratio between VIN 1610 cm-1 band and the PVP-CL 1668 cm-1 band were 

produced.  

3.5.2.6. X-ray Photoelectron Spectroscopy (XPS) 

All XPS spectra were acquired at room temperature in normal emission geometry using a 

conventional Mg Kα X-ray source (hν=1253.6 eV) and a 120° hemispherical electron 

energy analyser (overall energy resolution: about 0.8 eV). The binding energy scale has 

been calibrated by fixing the C 1s photoemission line due to hydrocarbon to 284.6 eV. All 

spectra are normalized to the incident photon flux and have been analysed by performing a 

non-linear mean square fit of the data following the Levenberg-Marquardt algorithm. A 

linear background was used and the total photoemission intensity was reproduced by using 

Gaussian profiles. 

3.5.2.7. Solid-state Nuclear Magnetic Resonance (SS NMR) spectroscopy 

15N SS NMR spectra were recorded on a Bruker Avance II 400 instrument operating at 

400.23 and 40.55 MHz for 1H and 15N nuclei, respectively. Cylindrical 4 mm o.d. zirconia 

                                                 
21 Beleites, C.; Sergo, V. http://hyperspec.r-forge.r-project.org for R. 2009. (see reference 20). 
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rotors with a sample volume of 120 µL were employed and spun at 7 kHz. A ramp cross-

polarization pulse sequence was used with a contact time of 4 ms, a 1H 90° pulse of 3.05 

µs, recycle delays of 3-15 s, and 15000-26000 transients. A two pulse phase modulation 

(TPPM) decoupling scheme was used with an rf field of 75 kHz. 15N chemical shifts were 

referenced with the resonance of (NH4)2SO4 (
15N signal at δ=355.8 ppm with respect to 

CH3NO2). 

3.5.2.8. Porosity measurements 

The porosity of the samples has been determined by a mercury porosimeter (ThermoQuest) 

equipped by Macropore Pascal 140 low pressure porosimeter and Macropore Pascal 240 

high pressure porosimeter (CE Instruments, Italy). A dilatometer for powders with 

capillary diameter of 1.5 mm was loaded with 300 mg samples. Before measuring, a 

degasification procedure under vacuum pressure for 30 min was performed. The 

experiments were performed in triplicate. The volume of mercury intruded in function of 

the applied pressure was transformed in the porous distribution applying the model of 

cylindrical porosity of Washburn. The size distribution was calculated applying the Mayer 

and Stowe method22. 

3.5.2.9. Dissolution kinetics tests (DKT) 

Release tests, performed in triplicate, were led in 150 cm3 of 0.2 M KH2P04/0.2 M NaOH 

(pH 7.4) at 37 ± 0.3°C. At this pH value the estimated solubility of pure VIN was 1.6 mg/l. 

At time zero, a suitable amount of sample (as a pure compound or ternary systems) to give 

5 mg of active was added to the release environment. Uniformity conditions were ensured 

by using an impeller (rotational speed 200 rpm). The use of a fiber optic apparatus 

(HELLMA, Milano, Italy), connected to a spectrophotometer (ZEISS, Germany, 

                                                 
22 Carli, F.; Motta, A. Particle size and surface area distribution of pharmaceutical powders by 
microcomputerized mercury porosimetry. J. Pharm. Sci. 1984, 73, 197-203. 
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wavelength 270.19 nm), permitted the determination of VIN concentration without 

perturbing the release environment (each release test lasted 120 min). Moreover, this 

methodology, previously successfully employed for coground systems containing VIN15 

allowed to easily overcome the problem connected to drug concentration measurements in 

presence of a dispersion of solid particles. Indeed, whilst the maximum VIN absorption 

occurred at 270.19 nm, the maximum citric acid absorption was at 220.49 nm and the 

scattering effect due to polymeric particles uniformly occurred at every wavelength. 

Accordingly, the real absorbance associated to VIN concentration was the difference 

between the absorbance measured at 270.19 nm and that measured at 500.49 nm (at 500.49 

nm VIN did not absorb). Non-sink conditions were used in release environment.  

3.5.2.10. In vivo absorption studies 

Procedures for rats care and management complied with those required by Italian laws 

(D.L.vo 116/92) and associated guidelines in the European Communities Council Directive 

of 24 November 1986 (86/609 ECC). Further, they adhered to ethical standards for humane 

treatment of experimental animals established by the ethical committee of University of 

Trieste.  

Sprague-Dawley rats (450 g weight) were supplied by Centro Servizi Polivalenti di Ateneo 

(University of Trieste). Rats, with free access to water, were fasted overnight. Each 

experimental formulation was administered to 4 rats by gastric gavage in the form of 

aqueous suspensions (2 ml corresponding to a dose 11 mg/kg of VIN).  

Blood samples (600 µl) were then collected using the “cannulated” tail artery method23 in 

heparinized tubes at 30, 60, 90, 120, 180 and 360 min after administration. Blood samples 

were added of 66 µl of a 40 mM tetrasodium EDTA solution, centrifuged at 166 g* for 10 

                                                 
23 Cadelli, G.; Zarattini, P. Further refinements of tail artery cannulation in conscious rats. 
FELASA-ICLAS Joint Meeting, Villa Erba, Cernobbio (Co), 2007. 
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min and plasma was separated and immediately frozen at -80°C, and stored at this 

temperature till the analysis. 

3.5.2.11. HPLC analysis 

For the determination of the drug content in the PM, coground systems and pure 

compounds the procedure was the following: a suitable amount of powdered sample was 

accurately weighed and transferred to a 100 ml volumetric flask and diluted with 

acetonitrile. The mixture was subjected to sonication for 10 min and then filtered through a 

syringe filter (RC 0.45 µm, Phenomenex, Castel Maggiore, Bologna) to remove any 

particle. The first 5 µl of the filtrates was discarded while the subsequent was collected. 

Then, an appropriate amount of the filtrate was diluted with acetonitrile and assayed by a 

validated high pressure liquid chromatographic (HPLC) with mass spectrometry (MS) 

detection method24 already used in our previous work15.  

As for the determination of VIN in plasma samples the following procedure was adopted: 

briefly, 600 µl methanol were added to 200 µl plasma, and the resulting mixture was 

vortexed for 10 min. After centrifugation (5000 rpm for 6 min), 5 µl of the solution was 

injected. The VIN determination was carried out using the aforementioned method. 

3.5.2.12. Pharmacokinetic analysis 

Pharmacokinetic parameters were calculated on the plasma curves. The area under the 

plasma concentration-time curve extrapolated to the last sampling time at which a 

quantifiable concentration is found (AUCt=6) was calculated using the log-linear 

trapezoidal method. Time and value of maximum concentration (tmax and Cmax, 

                                                 
24 Vlase, L.; Bodiu, B.; Leucuta, S.E. Pharmacokinetics and comparative bioavailability of two 
vinpocetine tablet formulations in healthy volunteers by using the metabolite apovincaminic acid as 
pharmacokinetic parameter. Arzneim.-Forsch. Drug Res. 2005, 55, 664-668. 
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respectively) were reported as observed. The relative bioavailability after oral 

administration (Frel) was calculated in eq. 1:  

 

   
).(

)./(

mixturephysical

saltcommercialcoground
rel AUC

AUC
F =      (1) 

 

Pharmacokinetic analysis was carry out using WinNonlin Version 5.2 (Pharsight 

Corporation, Mountain View , CA ) software.  

3.5.2.12. Aging studies 

The best performing sample was kept at 25°C in a thermostated oven and subjected to DSC 

and XRD analyses every 9 months over a period of 18 months.  

3.5.3. Results and Discussion 

The aim of the work was to enhance the solubility of VIN, and thereby improve its oral 

bioavailability, by means of water-soluble citrate salt formation. After the preparation, the 

best samples were extensively characterized in comparison to starting VIN to verify the in 

vitro dissolution enhancement, and in comparison to commercial VIN citrate salt, 

Oxopocetine®, to verify the physicochemical correspondence and bioequivalence of our 

product.  

In particular, to prepare the salt as an alternative to patented procedure of VIN citrate 

involving the use of solvents16, a solid state reaction conducted with the aid of the 

mechanical energy was used, employing micronized crospovidone as a processing aid and 

citric acid as a reactant. This hydroxyacid, commonly used in pharmaceutical preparations, 

is frequently employed as dissolution enhancer in ternary mixtures25 and it has the property 

                                                 
25 Mura, P.; Faucci, M.T.; Manderioli, A.; Bramanti, G. Multicomponent systems of econazole with 
hydroxyacids and cyclodextrins. J. Inclusion Phen. 2001, 39, 131-138. 
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to form amorphous structures with poorly soluble drugs when processed in certain 

conditions26. Further, it possesses  favorable physical properties for an use in solid-solid 

reactions, such as its glass transition in the dry state of 11°C26. In fact, it must be born in 

mind that the plasticity of the reactants is a factor of primary importance in solid-solid 

reactions, since it influences the ease with which the contacts between the reactants are 

formed17.  

Micronized crospovidone, whose compatibility with VIN has been previously 

demonstrated15, in earlier mechanochemical experiences has shown its ability to reduce 

drug adhesion to the grinding media and to the walls of the mixing bowl27. Moreover, the 

amorphous polymer network can act as a stabilizer towards the drug meta-stable activated 

status possibly resulting from high energy milling17,28. In addition, the presence of a certain 

amount of water in the polymer29 may decrease the fragility of the citric acid26, favoring its 

solid reactivity. Finally, the polymer can positively contribute to the active dissolution 

performance by preventing one of the major concerns about pharmaceutical salts of poorly 

water-soluble weak bases, e.g. the precipitation of the salt at pH values found in the GI. 

tract30. 

                                                                                                                                                    
 
26 Lu, Q.; Zografi, G. Properties of the citric acid at the glass transition. J. Pharm. Sci. 1997, 86, 
1374-1378. 
27 Voinovich, D.; Perissutti, B.; Magarotto, L.; Ceschia, D.; Guiotto, P.; Bilia, A.R. Solid State 
Mechanochemical Simultaneous Activation of the Constituents of the Silybum marianum 
Phytocomplex with Crosslinked Polymers. J. Pharm. Sci. 2009, 98, 215-228. 
 
28 Colombo, I.; Grassi, G.; Grassi, M. Drug Mechanochemical Activation. J. Pharm. Sci. 2009, 98, 
3961-3986. 
 
29 Rawlinson, C.F.; Williams, C.A.; Timmins, P.; Grimsey. I. Polymer-mediated disruption of drug 
crystallinity. Int. J. Pharm. 2007, 336, 42-48. 
 
30 Trapani, G.; Latrofa, A.; Franco, M.; Pantaleo, M.R.; Sanna, E.; Massa, F.; Tuveri, F.; Liso, G. 
Complexation of Zolpidem with 2-Hydroxypropyl-β-,Methyl-β-, and 2-Hydroxypropyl-γ-
Cyclodextrin: Effect on Aqueous Solubility, Dissolution Rate, and Ataxic Activity in Rat. J. 
Pharm. Sci. 2000, 89, 1443–1451. 
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The grinding procedure was carried out using different sample compositions and 3 

operating conditions according to the experimental plan reported in table 1.  

In particular, three factors, 2 formulation variables (drug-to-citric acid wt ratio - X1 and 

drug to polymer wt ratio - X2), and a process variable (milling time - X3) were selected for 

investigation. Each factor was considered in different experimental levels, selected during 

preliminary trials: 2 levels for drug-to-citric acid weight ratio (X1), 3 levels for drug-to-

polymer weight ratio (X2) and 3 experimental levels for milling time (X3). The effect of 

these variables was statistically evaluated on the amount of solubilized drug after 120 min 

from the coground product (Y), in consideration of the aim of the research. To reduce 

systematic errors, the resulting 27 experiments were run randomly.  

 

Figure 1. Raw data boxplots corresponding to measures Y vs. factors X1, X2, X3 of 
experimental design on table 1. The thick line represents the median for each boxplot. 

 

An inspection of the boxplots (figure 1) suggested that a remarkable influence of the 

response was only obtained from the milling time variable (X3) where 30 min factor level 

showed a significant improvement of the output Y.  

However, for a better statistical evaluation so-called Tukey’s “Honest Significant 

Difference” (HSD) 95% method data was computed. To compare the means of output Y 
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(the amount of drug solubilized after 120 min), the levels of factors X1, X2 and X3  have 

been ordered according to increasing mean of Y, before taking differences, so that the 

calculated differences in the means are positive. The results are listed in table 2 and 

represented in a graph-mode in figure 2.  

Table 2. Differences, and related significance, between observed responses associated to 
each level (see table 1) of the three considered factors. 

Factor Level difference Mean difference Significance 

X1 1:0.55-1:1.1 0.034 0.948 

X2 

1:4-1:7 0.582 0.603 

1:2-1:7 1.880 0.013* 

1:2-1:4 1.298 0.101 

X3 

15-60 1.526 0.047* 

30-60 6.040 0.000*** 

30-15 4.514 0.000*** 

Significance codes (α): ***p=0.001, *p=0.05 
 

 

Figure 2. Tukey’s Significant Difference (HSD) 95% confidence intervals for the three 
considered variables influencing the response Y. Factor levels have been ordered. The 
significant differences at level (α)= 0.05 are those for which the left end point of the 

plotted interval is positive. 
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From these data, the influence of VIN-citric acid weight ratio (X1) on the drug dissolution 

was not significant (p=0.948). Conversely, very interesting was the effect of the drug-to-

polymer weight ratio (X2): the lower the amount of polymer used, the higher the amount of 

solubilized drug, probably because a large amount of polymer reduces the possibility of 

interaction between citric acid and VIN. The number of contacts between reacting particles 

is in fact of crucial importance for solid-solid reactions17. It was emphasized that 

sometimes, for the rate of interaction, the formation of contacts is a limiting step more 

important than the rate of the chemical reaction itself17. 

 

Figure 3. Differential distribution of 1:1.1:2 drug-to-citric acid-to polymer wt ratio 
coground for 30 min (●, A) and 60 min (○, B) as a function of the diameter in a log scale. 

 

As for the time factor (X3), this was the most influencing parameter and 30 min is the 

optimal processing time. It appeared that an activation time of 15 min is not sufficient to 

achieve the maximum concentration of VIN in solution. On the contrary, the mechanical 

energy given in 60 min was excessive and induced a worsening of the performance. A first 

possibility is that milling is contributing to hydrophobicity because of air adsorption to the 
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new formed surfaces. A further possible explanation of the deterioration of the 

solubilization performances with increased milling time can be an increased particle size of 

the coground system (from 30 to 60 min of milling time).  This hypothesis was verified by 

analyzing the particle size of a coground system (1:1.1:2 drug-to-citric acid-to-polymer wt 

ratio) after 30 and 60 min of milling process.  

In figure 3 the differential distribution as a function of the diameter in a log scale is 

depicted. Both samples showed a monomodal distribution, with a peak frequency value of 

23.6 µm in the case of 30 min coground (figure 3A), and of 44.9 µm for 60 min coground 

(figure 3B). This data attested that continued milling time did not reduce particle size 

further; rather, the particle size raised remarkably. Probably crospovidone, necessary for 

avoiding adhesion phenomena to the grinding elements, was responsible for the undesired 

formation of agglomerates with the longest milling times, as in previous mechanochemical 

experiences27,31. Large agglomerates are undesired not only from the dissolution point of 

view but also in considerations of their influence on the development of the mechanically 

activated solid-state reaction. In fact, it is well known the importance of the correct 

adjustment of the size distribution of the particles in the reaction mixture in such a way as 

to provide the densest packing and prevent aggregation32. 

From the screening analysis it can be deduced that the best activation results are expected 

from the ternary systems containing a low amount of PVP-CL, processed for an 

intermediate time (30 min). As for citric acid content (X1), the dissolution performances of 

the systems having different drug to citric acid wt ratios resulted not significantly different 

                                                 
31 Grassi, M.; Coceani, N.; Magarotto, L.; Ceschia, D. Effect of milling time on release kinetics 
from co-grounded drug-polymer systems. Proceedings of the AAPS Annual Meeting and 
Exposition, October, Salt Lake City, USA. 2003. 
 
32 Karagedov, G.R.; Konovalova, E.A.; Boldyrev, V.V.; Lyachov, N.Z. Influence of reagent 
biography and reaction conditions on kinetics of lithium ferrite synthesis. Solid State Ionics. 1990, 
42,147-151. 
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and hence both ratios were selected for supplementary analyses. Therefore, the systems 

selected for further considerations were the following: 1:1.1:2 drug-to-citric acid- to-

polymer wt ratio coground for 30 min and 1:0.55:2 drug-to-citric acid- to-polymer wt ratio 

for 30 min. For the sake of brevity, in the following these samples are named 1:1.1:2 and 

1:0.55:2, respectively. 

 

Figure 4. In vitro solubilization kinetics in pH 7.4 of the ternary coground 1:1.1:2 (●), 
1:0.55:2 after 30 min of milling (○), VIN salt (Oxopocetine®) (■), 1:1.1:2 PM (∆), 1:0.55:2 

PM (▲) and pure VIN (♦). 
 

From figure 4 it can be noticed a great improvement of the solubilization kinetics, in terms 

of rate and extent of dissolved drug, in comparison to the pure VIN and the simple PM of 
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the three components. To go into more details, in the DKT of the coground, the presence of 

a very rapid onset in the first 15 min of analysis followed by a pronounced supersaturation 

phenomenon was observed. An analogous initial burst phenomenon was noticed in the 

DKT of the commercial salt (also reported in figure 4). In the second part of the dissolution 

process the coground was able to maintain higher levels of solubilized VIN, thanks to the 

presence of the polymer. This because the PVP-CL has the property of reducing in solution 

crystallization phenomena of poorly soluble drugs, as demonstrated by a recent study 33.  

 

Figure 5. PXRD Patterns: PVP-CL (a), pure VIN (b), pure citric acid (c), 1:0.55:2 PM (d), 
1:0.55:2 coground system (e), 1:1.1:2 PM (f), 1:1.1:2 coground system (g), Oxopocetine® 

(h) and 1:1.1:2 coground system 18 months after preparation (i). 

                                                 
33 Alonzo, D.E.; Zhang, G.G.Z.; Zhou, D.; Gao, Y.; Taylor. L.S. Understanding the behavior of 
amorphous pharmaceutical systems during dissolution. Pharm. Res. 2010, 27, 608-618. 
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In the subsequent step, the solid state characterization of the coground samples was 

performed in comparison to pure components, ternary PM and the reference salt, to study 

the influence of the mechanical treatment on the physical state of the drug.  

First, the ternary 1:1.1:2 and 1:0.55:2 coground systems were subjected to PXRD analysis. 

In the pattern of PVP-CL (figure 5a) a complete lack of peaks and a halo pattern, typical of 

amorphous materials, were detected. Conversely, the crystalline drug showed intense 

reflections in the range between 10 and 25° of 2θ (figure 5b), in accordance to those 

previously reported for VIN by Ribeiro et al.7 and Hasa et al.15. The peaks of the citric acid 

(figure 5c) were detected in all  the range of analysis, but in particular those at 14.1, 18, 

25.8, 28.8 and 32.3° of 2θ were worth of notice because they can permit an easy distinction 

from VIN in multicomponent mixtures. Ternary PM patterns (figure 5d and f) are simply 

the sum of the reflections of the drug and the citric acid, without any sign of interaction. In 

the 1:0.55:2 coground system (figure 5e), the diffractogram showed the presence of 

residual peaks attributable to both VIN and citric acid. This suggested only a partial 

amorphization of components. The situation is completely different in the case of 1:1.1:2 

coground system where a modest hump due to the attenuation of citric acid signals 

between 5 and 12° of 2θ was visible, together with two peaks at 26.3 and 32.4° of 2θ 

attributable to residual free (un-reacted) citric acid. Finally, Oxopocetine® appeared 

completely amorphous at the PXRD analysis (figure 5h). Its baseline was dominated by 

two humps between 5 and 25° of 2θ, in correspondence to original VIN and citric acid 

signals, here attenuated.  

The physical characterization was pursued by means of DSC analysis. Pure VIN (figure 

6b) exhibited a solid-liquid transition at 149.6°C, while citric acid presented an 

endothermal event at 156.7°C due to its melting, immediately followed by its degradation 

in air atmosphere (figure 6c). Crospovidone (figure 6a) in the considered temperature 
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range lost its water between 30 and 120°C, starting its slow degradation at about 185°C. 

The DSC curve of the PM testified the absence of interactions among components (figure 

6d and f). Conversely, in the 1:0.55:2 coground (figure 6e), according to previous PXRD 

findings, a weak thermal event at about 145°C suggested the presence of nanocrystalline 

structures. For the 1:1.1:2 coground (figure 6g) no significant events of melting 

(attributable to the drug or to the citric acid) were visible; this means that neither of the two 

original crystalline components was still detectable in this sample. Differently from the 

previous PXRD analyses, in the DSC curve of this coground no thermal event, attributable 

to the components, was detected. The commercial salt (figure 6h) did not show event of 

melting, but only a peak around 60°C and a moderate hump ranging about 170°C. The first 

thermal event is probably attributable to monohydrate citric acid, which according to 

literature shows in this range of temperatures its melting accompanied by the release of 

crystal water34. As for the endothermal event at about 170°C, it is reported that citric acid 

when heated above 175°C is converted in decomposition substances by elimination of 

water and other components35.  

Further information was gathered from Raman imaging/spectroscopy. Firstly, the effect of 

the cogrinding process on the spatial heterogeneity of the mixtures at microscopic level 

was evaluated. Comparison of Raman images of the 1:1.1:2 PM and coground (figure 7 left 

and right respectively) revealed pronounced differences: an inhomogeneous distribution of 

VIN could be seen in the intensity Raman map of the PM (left), whereas a more 

                                                 
34 Groen, H.; Roberts, K.J. Nucleation growth and pseudo-polymorphic behavior of citric acid as 
monitored in situ by Attenuated Total Reflection Fourier Transform Infrared Spectroscopy. J. Phys. 
Chem. B. 2001, 105, 10723-10730. 
 
35 Poerwono, H.; Higashiyama, K.; Kubo, H.; Poernomo, A.T.; Suharjono, I.K.; Sudiana, G.; 
Indrayanto, Brittain, H.G. Citric acid. In: Brittain, H.G. (ed.). Analytical Profiles of Drug 
Substances and Excipients. Boston, Academic Press. Vol. 28, 2001. 
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homogeneous VIN distribution was observed in the Raman map of the 1:1.1:2 coground 

sample (right). 

Raman spectra of PM (figure 8d and f) were a superimposition of the spectra of pure VIN 

and PVP-CL, whereas no bands due to citric acid (figure 8b) were detected. The absence of 

citric acid bands could be due to its smaller Raman cross section with respect to the other 

two components. In both PM spectra, frequencies and relative intensities of the bands due 

to VIN were unaffected with respect to the spectrum of pure VIN (figure 8c), indicating the 

absence of any interaction between VIN and the other components. This observation is in 

agreement with our recent Raman data on binary mixtures of VIN and PVP-CL15.  

 

 

Figure 6. Left: DSC traces of PVP-CL (a), pure VIN (b), pure citric acid (c), 1:0.55:2 PM 
(d), 1:0.55:2 coground system (e), 1:1.1:2 PM (f), 1:1.1:2 coground system (g), 1:1.1:2 

coground system 18 months after preparation (h), and Oxopocetine® (i). Right: a particular 
of the 130 – 150°C temperature range in the DSC curve of 1:0.55:2 coground system (e) 

and 1:1.1:2 coground system (g). 
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Figure 7. Images depicting the density distribution of VIN in tablets consisting of PM 
(left) and coground system (right) of VIN, citric acid and PVP-CL in a 1:1.1:2 weight ratio. 

Images are constructed from Raman maps upon imaging the intensity ratio between the 
C=C stretching band of VIN (at 1610 cm-1 for PM and at 1622 cm-1 for coground system) 

and the 1668 cm-1 band (C=O stretching) of PVP-CL. 

 

Figure 8. 1550-1800 cm-1 regions of Raman spectra of tablets of  PVP-CL (a), citric acid 
(b), pure VIN (c), PM 1:0.55:2 (d), 1:0.55:2 coground system (e), PM 1:1.1:2 (f), 1:1.1:2 
coground system (g) and Oxopocetin® (h); (d) – (h) are averages obtained from Raman 

maps of 84×84 µm containing 900 spectra each. Excitation wavelength is 785 nm. 
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The situation was different in the case of the coground samples (figure 8e and g), whose 

Raman spectra cannot be reconstructed by a simple superposition of the pure components. 

In these spectra, the intense band due to an aromatic C=C stretching in VIN, which was 

found at 1610 cm-1 in spectra of pure VIN and in PM, was splitted into a doublet, with the 

second band, broader than the first, being at 1622 cm-1. The same changes occured for the 

C=O stretching band observed at 1716 cm-1 in pure VIN, which in the coground Raman 

spectra underwent a broadening and a shift to 1728 cm-1. Such spectral changes, which 

were significantly more pronounced in the 1:1.1:2 than in the 1:0.55:2 coground sample, 

were to be interpreted as an alteration of the VIN C=C and C=O enviroments in the 

coground samples with respect to the pure substance. Interestingly, similar spectral 

changes, although less pronounced, have been observed for binary coground mixtures of 

VIN and PVP-CL15, and can be interpreted as the disruption of the drug crystals. The 

larger band shift, with respect to pure VIN, observed in the 1:1.1:2 coground in 

comparison to 1:0.55:2 coground (figure 8g and e, respectively) clearly indicated an 

important role of citric acid in the disruption of VIN crystalline form. The Raman spectrum 

of the 1:1.1:2 composite sample, in which the changes with respect to pure VIN were more 

pronounced, was remarkably similar to that of Oxopocetin®, implying that VIN had the 

same form in both preparations. 

From the aforementioned analyses it can be concluded the formation of a readily soluble 

amorphous solid, probably due to the formation of the amorphous citrate salt of VIN. To 

ascertain this point, additional investigations were conducted taking as a reference the 

commercial salt (Oxopocetine). In particular, X-ray photoelectron spectroscopy (XPS) 

and 15N cross-polarization magic angle spinning (CPMAS) SS NMR experiments, were 
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selected because they are reported to be ideally suited for establishing the location of the 

proton in amorphous systems36. 

Figure 9 compares the N 1s XPS spectra (dots) of pure VIN (a), the polymer (b), the 

1:1.1:2 coground system (c) and the VIN citrate commercial salt (Oxopocetine®) (d). Due 

to different charging shift observed in all the measured samples, the binding energy scale 

has been calibrated by fixing the C 1s photoemission line due to hydrocarbon to 284.6 eV 

(spectra not shown).  

 

Figure 9. XPS N 1s spectra of  a) pure VIN, b) PVP-CL, c) 1:1.1:2 coground system, and 
d) Oxopocetine®. All spectra are normalized to the incident photon flux and have been 

analysed by performing a non-linear mean square fit of the data following the Levenberg-
Marquardt algorithm. A linear background was used and the total photoemission intensity 

(white line) was produced by using Gaussian profiles (dotted line). 

                                                 
36 Stevens, J.S.; Byard, S.J.; Schroeder, S.L.M.; Salt or Co-Crystal? Determination of protonation 
state by X-Ray Photoelectron Spectroscopy (XPS). J. Pharm. Sci. 2010, 99, 4453-4457. 
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The N 1s spectrum of pure VIN shows two components, corresponding to the two in-

equivalent nitrogen atoms present on the molecule, N1 and N4 (figure 9a). The binding 

energies 400.3 eV and 398.9 eV are attributable to VIN N1 and N4, respectively. The N 1s 

XPS level of the polymer has an intermediate energy, and shows an intense and broad peak 

centered at 399.1 eV (figure 9b). Even though this peak was significantly broader than the 

others (1.8 eV vs 1.4), the data were reproduced by using only one component, because of 

sample in-homogeneity and disorder. The N 1s spectrum of the VIN citrate commercial 

salt (Oxopocetine®) (figure 9d) showed two main peak components at 400.4 eV and 401.4 

eV. The peak at lower binding energy corresponded, within the experimental error, to N1 

atoms of pure VIN, and the highest binding energy peak to the N4 nitrogen atoms after 

protonation. Taking into account the previous results and the spectrum line-shape, the N 1s 

spectrum of the 1:1.1:2 coground system (figure 9c) was reproduced using 3 peak 

components, which were found to be at 399.2 eV, 400.2 eV and 401.5 eV. The component 

at 399.2 eV corresponds to the polymer, while the component at 400.2 eV corresponds to 

N1 atoms. Finally, the peak at the highest binding energy (401.5 eV) was attributed to the 

N4 protonation by comparing this spectrum with that of Oxopocetine®. These results 

indicated the formation of VIN citrate by proton transfer through a solid state reaction 

conducted with the aid of the mechanical energy. 

In the case of SS NMR, it is possible to evaluate the protonation state of amino and 

carboxylic groups either from their isotropic chemical shifts and from the chemical shift 

anisotropy37. The 15N chemical shift is a useful parameter for the location of the hydrogen 

in hydrogen bonded systems involving nitrogen and oxygen atoms. Indeed, the 15N 

chemical shift is more sensitive to protonation or to the presence of hydrogen bonds than 

                                                 
37 Braga, D.; Grepioni, F.; Polito, M.; Chierotti, M.R.; Ellena, S.; Gobetto, R. A solid-gas route to 
polymorph conversion in crystalline [Fe-II(eta5-C5H4COOH)2]. A diffraction and solid-state NMR 
study. Organometallics. 2006, 25, 4627-4633. 
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that of other nuclei such as 1H and 13C, due to its wider chemical shift range. Protonations 

as well as intermolecular hydrogen bonds produce high- or low-frequency shifts in the 15N 

values, according to the type of nitrogen atom and to the type of interaction38 . 

Figure 10 shows the 15N CPMAS spectra of VIN, PVP-CL, Oxopocetine®, and of the 

coground sample. 

 

Figure 10. 15N CPMAS SS NMR spectra of  a) pure VIN, b) PVP-CL, c) Oxopocetine®, 
and d) 1:1.1:2 coground system acquired at a spinning speed of 7 kHz. 

 

The VIN spectrum was characterized by two resonances at 4.0 and 113.6 ppm for N4 and 

N1, respectively. Pyrrolidone nitrogen atoms of the polymer gave rise to a broad (width at 

half height = 480 Hz) signal around 104.6 ppm in agreement with the high heterogeneity of 

                                                 
38 Chierotti, M.R.; Gobetto, R. Solid-state NMR studies of weak interactions in supramolecular 
systems. Chem. Commun. 2008, 1621-1634  
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a polymeric system (figure 10b). In the Oxopocetine® spectrum no significant variations 

were observed in the N1 chemical shift (111.3 ppm) with respect to that of VIN. On the 

other hand, the N4 resonance was shifted to 19.0 ppm clearly indicating a protonation of 

the group. The spectrum of the coground sample presented a broad signal (width at half 

height = 560 Hz) at about 108.7 ppm and a peak at 18.8 ppm.  

The former was attributed to the polymer nitrogen atoms with overlapped components 

around 144 ppm due to VIN N1 atoms. The latter was assigned to VIN N4 atoms 

indicating that in the coground sample the VIN molecules were protonated as well as in the 

Oxopocetine®. 

Hence it can be concluded that the combination of the analytical techniques demonstrates 

the formation of the citrate salt of VIN in an amorphous solid form. This is in agreement to 

previous literature data26 reporting that citric acid has the tendency to form amorphous 

structures. 

 

Figure 11. Mean plasma levels (± S.D.) of VIN obtained after single dose (11mg/kg): in 
1:1.1:2 coground system (□), 1:1.1:2 PM (○) and Oxopocetine® (■). 
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Table 3. VIN pharmacokinetic parameters after oral administration in rats of the 1:1.1:2 
coground system, corresponding PM and Oxopocetine® (mean ± S.D., n=4). 

Formulation Cmax (ng/ml) tmax (h) AUC(t=6) (ng h/ml) Frel 

PM 1:1.1:2 51.9 ± 14.5 0.5 72.9 ± 13.1 1 

1:1.1:2 Coground system 172.3 ± 75.5  0.5 309.3 ± 43.1 4.2 

Oxopocetine® 199.4 ± 59.2 0.5 302.8 ± 74.9 4.2 

 
Finally, in vivo tests were carried out to ascertain the increased  bioavailability of VIN salt 

after oral administration to rats with respect its PM and to verify the bioequivalence with 

the commercial salt. In figure 11 the plasma concentration profiles are presented whilst the 

pharmacokinetic parameters are listed in table 3. From these data, it is clear the great in 

vivo superiority of 1:1.1:2 coground system over its PM, being 4 folds more bioavailable. 

The bioequivalence in rats of the commercial salt and the salt prepared through 

mechanochemical process can be also deducted. The plasma profiles of the two salt 

samples are substantially super-imposable.  

The solid state in the selected coground sample (1:1.1:2 wt) was monitored by repeating 

the DSC and XRD analyses every 9 months for a period of 18 months (for brevity only the 

last sampling time was reported). These analyses testified the stability of the amorphous 

state of the salt during this period of time.  

The only difference on aging is the disappearing in the diffractogram (figure 5i) of the two 

signals originally at 26.3 and 32.4° of 2 θ, previously attributed to free (un-reacted) citric 

acid. Simultaneously,  in the DSC curves (figure 6h) a little peak appeared at about 60°C, 

compatible with the formation of  monohydrate citric acid during storage at ambient 

conditions. The monohydrate is, according to literature34, the thermodynamically stable 

form in the temperature range below 34°C. 
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3.5.4. Conclusions 

The need to improve the VIN poor aqueous solubility to increase its oral bioavailability has 

been fully achieved through a solid state mechanochemical process that has induced 

physical and chemical changes on the original VIN. The combination of analytical 

techniques, such as Raman, XPS and 15N CPMAS SS NMR spectroscopies, allowed the 

ternary coground to be assigned as a VIN citrate in the same solid form as in the 

commercial salt, Oxopocetine®. The acid-base salt is obtained in absence of solvents in 

only 30 min of cogrinding, in presence of micronized crospovidone. The resulting 

amorphous citrate salt of VIN readily dissolves in GI fluids, and is rapidly and highly 

absorbed by oral administration.  
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Abstract 

In the present research a salt of vincamine, a poorly bioavailable indole alkaloid derived 

from the leaves of Vinca Minor L., was synthetized at the solid-state by means of a 

mechanochemical process employing citric acid as a reagent. The mechanochemical 

process was adopted as a solvent-free alternative to classical citrate synthetic route that 

involves the use of solvents. Since the mechanochemical salification is little studied to date 

and presents the disadvantage of offering a low yield, in this work, the influence of three 

process and formulation variables on the percentage of vincamine citrate was studied. In 

particular, the time of mechanical treatment (in planetary mill Fritsch P5) and the amount 

of citric acid were varied in order to evaluate their effect on the yield of the process, and 

the introduction of a solid solvent, a common pharmaceutical excipient (sodium 

carboxymethylcellulose-NaCMC)  was considered. Due to the complexity of the resulting 

samples’ matrix, an appropriate experimental design was employed to project the 

experimental trials and the influence of the 3 variables on the experimental response was 

estimated with the help of a statistical analysis. The experimental response, that is the yield 

of the process corresponding to the percentage of vincamine in the protonated form, was 

unconventionally calculated by means of X-ray Photoelectron Spectroscopy analysis 

(XPS). Out of 16 samples, the one with the highest yield was the coground sample 

containing vincamine and citric acid in a 1:2 molar ratio, treated for 60 min in the presence 

of NaCMC. Under the above conditions the salification reaction was completed 

highlighting the importance of a proper selection of process and formulation variables of 

the mechanochemical salification, and emphasizing the crucial role of the solid solvent in 

facilitating the salification. The second step of the research encompassed the 
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characterization of the citrate salt obtained by solid excipient assisted mechanochemical 

salification (SEAMS) in comparison to the vincamine citrate obtained by classical 

synthetic route. The samples were characterized, beside XPS, by high resolution 

transmission electron microscopy (HRTEM), X-ray powder diffraction (XRPD), in vitro 

solubilization kinetics and in vivo oral pilot study in rats. Finally, in order to monitor over 

time possible disproportionation phenomena, stability studies have been performed by 

repeating XPS analysis after 8 months. As expected, the SEAMS-vincamine salt consisted 

of particles both crystalline and amorphous. The solubilization kinetics was superior to the 

corresponding salt probably thanks to the favorable presence of the hydrophilic excipient 

although the two salts were bioequivalent in rats after oral administration. Furthermore, no 

evidence of disporportionation phenomena in the SEAMS-vincamine salt was found after 

storage. In conclusion, in case of forming salts of poorly soluble drugs, the SEAMS 

process may be an interesting alternative to both classical synthetic routes, eliminating the 

need for solvent removal, and to simple neat mechanochemical salification, overcoming 

the problem of limited process yield. 
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3.6.1. Introduction 

Nowadays, the number of new chemical entities has significantly increased thanks to the 

introduction of combinatorial chemistry. Nevertheless, more than one-third of new drug 

molecules show unfavorable biopharmaceutical properties such as a poor solubility and 

bioavailability that prevent a direct drug administration to the patient1. Since many drug 

molecules are weak acids or bases and they can form salts with suitable counter-ions, salt 

formation represents the most common approach used in drug development in order to 

improve the biopharmaceutical properties of new drug candidates1,2. In fact, as of today 

salt formation strategy remains the top choice for more than 50% of marketed drugs3. Salt 

formation is a simple chemical acid-base reaction that can involve either a proton transfer 

or a neutralization reaction and usually requires low activation energy.  

However, since in most chemical reactions performed in pharmaceutical industry, salts are 

typically produced in solution, the consumption of great amounts of solvents is hence 

implied. The large use of solution-based methods can be mainly attributed to the high 

knowledge of scientists (e.g. chemists) about chemical reactions in the liquid state. 

Consequently, via solution synthesis, scientists are able to control the process rate, 

including the process yield4. Nevertheless, the use of solvents can be harmful to the 

environment, hazardous for patient health and expensive for the industry. In fact, the 

current dependence on solvents emerges when considering that 85% of chemical materials 

                                                 
1 Serajuddin, A.T.M. Salt formation to improve drug solubility. Adv. Drug. Del. Rev. 2007, 59, 
603-616. 
 
2 Stephenson, G.A.; Aburub, A.; Woods, T.A. Physical stability of salts of week bases in the solid 
state. J. Pharm. Sci. 2011, 100, 1607-1617. 
 
3 Kumar, L.; Baheti, A.; Bansal, A.K. Effect of a counterion on the glass transition temperature 
(Tg’) during lyophilization of Ganciclovir salt forms. Mol. Pharm. 2011, 8, 309-314. 
 
4 Boldyrev, V.V. Control of the reactivity of solids. Ann. Rev. Mater. Sci. 1979, 9, 455-469. 
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used in pharmaceutical industry are solvents5. Furthermore, solvents have to be removed at 

the end of the reaction. Consequently, salt formation is often obtained as a result of a 

multi-step process.  

A very interesting alternative to solution synthesis is to induce chemical reactions into 

solids by the input of mechanical energy. This process is usually named 

“mechanochemistry” a fascinating branch of chemistry, more neglected than others, yet 

recently strongly emerging. The reason why this technique has been so far neglected is to 

be found in its utilization: mechanochemistry has always been considered only as an 

alternative for those reactions that do not occur by solution-based method4,5. This is a 

proper however not the only interpretation of the potential of mechanochemistry: the 

promotion of reaction between solids, without the addition of solvents or by using only 

nominal amounts may suggest mechanochemistry could be the leading technique in the 

near future5.  

Historically, in pharmaceutics, mechanical energy has been traditionally employed to 

induce physical transformations of the drug with the aim of improving dissolution 

properties. In this context, if a drug is non-ionizable, thus cannot form salts, amorphization 

and stabilization in presence of a polymeric carrier are a viable technique for a 

pharmaceutical scientist5,6. 

Lately, mechanochemistry has been recognized as the leading technique for the production 

of innovative supramolecular systems such as cocrystals5.  

                                                 
5 James, S.L.; Adams, C.J.; Bolm, C.; Braga, D.; Collier, P.; Friscic, T.; Grepioni, F.; Harris, 
K.D.M.; Hyett, G.; Jones, W.; Krebs, A.; Mack, J.; Maini, L.; Orpen, A.G.; Parkin, I.P.; Shearouse, 
W.C.; Steed, J.W.; Waddell, D.C. Mechanochemistry: opportunities for new and cleaner synthesis. 
Chem. Soc. Rev. 2012, 41, 413-447. 
 
6 Shakhtshneider, T.P.; Boldyrev, V.V. Mechanochemical synthesis and mechanical activation of 
drugs. In Reactivity of molecular solids, ed.; Boldyreva, E.; Boldyrev, V. Eds. Wiley, 1999. 
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Yet, despite the current importance of salt formation approach, very little scientific 

literature addresses salt formation via mechanochemistry. Namely, some research papers 

address salt formation of basic drugs and organic acids through a solid-state innovative 

process7,8. In addition, two other recent studies using experimental9 and computational10 

approaches focused on the factors affecting the intermolecular proton transfer leading to 

the synthesis of a salt or a cocrystal: i) the importance of the location of the proton on the 

modeling of crystal structures ii) the importance of molecular conformational preferences 

that can cause drastic changes, including a proton transfer, to form a salt. 

Recently, our research group has successfully performed a solid-state salification of 

vinpocetine by the input of mechanical energy, obtaining an innovative product in the form 

of amorphous salt11. In that experience, the potential of mechanochemistry to form a highly 

soluble salt in one step without the use of solvents, was demonstrated. The study was 

mainly concentrated on the physico-chemical characterization of an innovative salt and in 

its bioequivalence with the corresponding commercial product. 

                                                 
7 Trask, A.V.; Haynes, D.A.; Motherwell, W.D.S.; Jones, W. Screening for crystalline salts via 
mechanochemistry. Chem. Comm. 2006, 51, 51-53. 
 
8 André, V.; Braga, D.; Grepioni, F.; Duarte, M.T. Crystal forms of the antibiotic 4-aminosalicylic 
acid: solvates and molecular salts with dioxane, morpholine and piperazine. Cryst. Growth. Des. 
2009, 9, 5108-5116. 

 
9 Friscic, T.; Reid, D,G.; Day, D.M.; Duer, M.J.; Jones, W. Effect of fluorination on molecular 
conformation in the solid state: tuning the conformation of cocrystal formers. Cryst. Growth Des. 
2009, 11, 972-981. 
 
10 Sharmarke, M.; Tocher, D.A.; Vickers, M.; Karamerttzanis, P.G.; Price, S.L. Salt or cocrystal? A 
new series of crystal structures formed from simple pyridines and carboxylic acids. Cryst. Growth 
Des. 2009, 9, 2881-2889. 
 
11 Hasa, D.; Voinovich, D.; Perissutti, B.; Grassi, M.; Bonifacio, A.; Sergo, V.; Cepek, C.; 
Chierotti, M.R.; Gobetto, R.; Dall’Acqua, S.; Invernizzi, S. Enhanced oral bioavailability of 
vinpocetine through mechanochemical salt formation: physico-chemical characterization and in 
vivo studies. Pharm. Res. 2011, 28, 1870-1883. 
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In the present research a salt of vincamine was synthesized using citric acid as a reagent. 

Vincamine (VIC) is an indole alkaloid obtained from the leaves of Vinca Minor L., 

exhibiting vasodilatory and nootropic effects in the brain.  

The above properties make VIC of particular interest for the treatment of some important 

neurodegenerative conditions such as Parkinson’s and Alzheimer diseases12,13,14. VIC is a 

poorly soluble base-type drug showing a pKa of 6.1715. Both a scarce wettability and a  

solubility/dissolution in aqueous media render VIC poorly bioavailable thus an ideal 

candidate for salt formation. In this context, the only published strategy is the 

transformation into the corresponding hydrochloride salt16.  

With respect to our previous experience dealing with vinpocetine, another Vinca Minor L. 

derivative, during the present research the efforts were intended not only to produce a new 

salt form for VIC by a solid-state process, but also to understand the influence of process 

and formulation variables on the yield of the solid-state reaction and to hypothesize 

possible mechanisms of interactions among components occurring throughout the 

mechanochemical process. Furthermore, due to the positive results observed during 

preliminary trials and in the light of the previous experience11, the use of a solid solvent is 

proposed as an alternative to the already existing approaches in order to achieve a better 

control of the solid-state process. As a diagnostic tool for quantifying the percentage of 

                                                 
12 Karpati, E.; Biro, K., Kukorelli, T. Investigation of vasoactive agents with indole skeletons at 
Richter Ltd. Act. Pharm. Hung. 2002, 72,  25-36. 
 
13 Vas, A.; Gulyas, B. Eburnamine derivatives and the brain. Med. Res. Rev. 2005, 25, 737-757. 
 
14 Vereczkey, L. Pharmacokinetics and metabolism of vincamine and related compounds. Eur. J. 
Drug Metab. and Pharmacokinet. 1985, 10, 89-103. 
 
15 Emara, L.H.; El-Menshawi, B.S.; Estefan, M.Y. In vitro-In vivo correlation and comparative 
bioavailability of vincamine in prolonged-release preparations. Drug Dev. Ind. Pharm. 2000, 26, 
243-251. 
 
16 Ritschel, W.A.; Agrawala, P. Biopharmaceutic and pharmacokinetic aspects of vincamine HCl. 
Methods Find. Exp. Clin. Pharmacol. 1985, 7, 129-136. 
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VIC in protonated form, an advanced solid-state characterization technique, X-ray 

Photoelectron Spectroscopy (XPS), was used. Furthermore, a statistical approach was 

taken in order to understand whether the addition of a solid excipient may significantly 

improve VIC solid-state salification process yield and subsequently to select the optimal 

mechanocomposite which contained VIC in salt form.  

Once the best mechanochemically synthesized sample was selected by means of statistical 

analysis, an investigation of its physico-chemical characteristics and biopharmaceutical 

properties was carried out, using the VIC citrate salt prepared by conventional solution 

method as a comparison. In this phase, in addition to X-ray powder diffraction (XRPD) 

analyses and solubilization kinetics, an in depth analysis was performed by using high-

resolution transmission electron microscopy (HRTEM) analysis in order to observe the 

differences at atomic resolution between the two products obtained by different 

approaches. Subsequently, an in vivo pilot study in rats was performed in order to 

demonstrate that VIC salt prepared with such as unconventional process is completely 

bioequivalent with VIC citrate salt prepared by conventional solution method. Finally, in 

order to track possible disproportionation phenomena, aging studies were carried out for a 

period of 8 months. 

3.6.2. Experimental Section 

3.6.2.1. Materials. 

VIC was a kind gift from Linnea SA (Riazzino-Locarno, CH*). Anhydrous citric acid (CA) 

was purchased from Sigma-Aldrich (Milan, Italy). Sodium carboxymethyl cellulose 

(NaCMC) was provided by Shilling (Milan, Italy). All the other chemicals used during 

analytical procedures were of HPLC grade and were provided by Carlo Erba (Milan, Italy). 
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3.6.2.2. Preparation of Physical Mixtures (PM).  

Twenty five gram mixtures were prepared by manually mixing the individual components 

(VIC, CA and NaCMC) using a stainless steel spatula for a standardized time of 5 min. 

Four mixtures, containing different amount of individual components as reported in the 

experimental plan (table 1), were prepared.  

3.6.2.3. Preparation of Coground Mixtures (Cog) and optimization of grinding 
process.  
 

Table 1. Experimental plan and observed response values. 

N 

 

 
Independent Variables 

 
Observed 
response 

 

 
 

X1 
 

 
X2 
 

 
X3 
 

S* 

1 1:0.54 15 Yes 24.12 

2 1:1.08 15 Yes 26.14 

3 1:0.54 15 No 7.96 

4 1:1.08 15 No 30.48 

5 1:0.54 30 Yes 22.33 

6 1:1.08 30 Yes 42.38 

7 1:0.54 30 No 14.40 

8 1:1.08 30 No 35.82 

9 1:0.54 60 Yes 52.21 

10 1:1.08 60 Yes 100 

11 1:0.54 60 No 19.22 

12 1:1.08 60 No 49.91 

13 1:0.54 90 Yes 54.75 

14 1:1.08 90 Yes 100 

15 1:0.54 90 No 36.73 

16 1:1.08 90 No 52.79 

 
N – Cog sample number 
X1 – VIC-to-CA wt ratio 
X2 – milling time (min) 
X3 – presence of the solid excipient (NaCMC)  
S* – percentage of VIC in protonated form (%) 
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Then, each original binary or ternary mixture was divided in 5 quotes: one part was used 

for comparison purposes (later named PM), and the other 4 parts were singularly subjected 

to mechanochemical treatment for different periods of time (15, 30, 60 and 90 min) using 

the operating conditions reported in the following paragraph.VIC, CA and NaCMC were 

coground according to an experimental plan reported in table 1. Grinding process was 

performed in a planetary mill (Fritsch P5, Pulverisette, Milan, Italy) which was equipped 

by 4 cylindrical agate bowls  (internal height = 2.6 cm, internal radius = 3.2 cm, internal 

volume = 27.5 cm3). The grinding media consisted of agate balls with a diameter of 2.2 

cm. Since the mechanical energy plays a crucial role on the yield of mechanochemical 

salification process4, grinding procedure was optimized according to a mathematical model 

previously published17, in order to obtain a maximum energy transfer from the planetary 

mill to the loaded powder. Hence, the following optimized conditions were adopted: 6 

agate balls per bowl, maximum velocity of the rotating plate and 5 g bowl loading. The 

grinding procedure was carried out for different milling times according to the 

experimental plan reported below, stopping every 15 min for homogeneously mixing with 

a stainless spatula. The temperature inside the grinding bowls was measured by using 

thermocouples at several stages of the process (immediately after 15, 30, 60 and 90 min of 

milling). The following temperature values were recorded: 30.2°C (15 min), 30 min  (31.7 

°C), 60 min (36.2 °C), 90 min (38.1 °C). Analogous temperature values were recorded 

when milling in presence and in absence of NaCMC. Three factors, two formulation 

variables and a process variable, were considered for investigation. In particular, the 

selected variables were the following: VIC-to-CA wt ratio, X1, milling time, X2, and 

presence of a solid excipient (NaCMC), X3. When cogrinding experiments were performed 

                                                 
17 Voinovich, D.; Perissutti, B.; Grassi, M.; Passerini, N.; Bigotto A. Solid State mechanochemical 
activation of silybum marianum dry extract with β-cyclodextrins: characterization and 
bioavailability of the coground systems. J. Pharm. Sci. 2009, 98, 4119-4129. 
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in presence of NaCMC, a 2:1 NaCMC-to-VIC wt ratio was kept fixed, based on the 

previous experience11. For each factor, during preliminary trials the following experimental 

levels were considered: 2 experimental levels for VIC-to-CA wt ratio, X1 (1:0.54 and 

1:1.08 wt ratio corresponding to 1:1 and 1:2 molar ratio, respectively), 4 experimental 

levels for milling time, X2 (15, 30, 60 and 90 min) and 2 experimental levels for X3 

(cogrinding of VIC and CA in absence or presence of the solid excpient, NaCMC). After 

preparation, all 16 coground samples were kept in a dessicator at room temperature. The 

effect of the aforementioned variables on the experimental response (the percentage of 

protonated VIC, S*) was considered. The percentage of protonated VIC was calculated 

from equation 1, employing XPS as a quantitative technique. As described in details in the 

“Results and discussion” section,  in order to quantify the percentage of VIC in salt form in 

each Cog (and PM) sample, the amount of protonated VIC (calculated by the area under 

the curve of the protonated N4) was divided by the sum of the protonated and unprotonated 

VIC forms (eq. 1): 

 

9:�;<=��%� = /?�@AA.C D
/?�@AA.C D + /?�ECF.GD

×  100                                                        �1� 

 

The experimental plan reported in Table 1 was designed using NEMRODW program18. 

The statistical analysis was performed using standard R package19. In order to minimize 

systematic errors, experiments were completely randomized. 

                                                 
18 Mathieu, D.; Nony, J.; Phan-Tan-Luu, R. NEMRODW (New Efficient Technology for Research 
using Optimal Design) software. LPRAI; Marseille, 1999. 
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3.6.2.4. Solution Synthesis of VIC citrate salt.  

For comparison purposes, VIC citrate (VIC-CIT) salt was prepared by a solution-based 

method. The preparation procedure for 5 g was the following: a suitable amount of VIC 

and CA in both 1:0.54 and 1:1.08 wt ratio (corresponding to 1:1 and 1:2 molar ratio, 

respectively) was added to 200 mL of methanol under intense stirring and heated at 60°C 

for 45 min. Then the solvent was removed under reduced pressure in an oven at 50°C for 6 

hours. The final products were stored in a desiccator at ambient temperature until the 

analysis. 

3.6.2.5. X-ray Photoelectron Spectroscopy (XPS).  

The XPS spectra were measured in normal emission geometry, using a hemispherical 

electron energy analyser and a conventional Mg Kα X-ray source, with an overall energy 

resolution of ~0.8 eV. The binding energies were calibrated by fixing the C 1s peak of 

contaminants to 284.6 eV, as generally seen in literature in insulators due to charging 

effects. The analyses of XPS spectra were carried out by performing a non-linear mean 

square fit of the data in the binding energy region of the N 1s level, assuming that each 

spectrum is composed by different Gaussian components, superimposed to a linear 

background.  

The N 1s binding energies corresponding to VIC N1, N4 (figure 1A) and protonated N4 

(N4H
+) have been first determined by fitting the VIC and the VIC-CIT salt reference 

spectra assuming that VIC is composed only by N1 and N4, while VIC-CIT salt only by N1 

and N4H
+. All the other spectra have been fitted by using 3 Gaussian components (N1, N4, 

N4H
+) presenting the same full width at half maximum as obtained in the reference spectra 

(~2.0±0.1eV). Our analysis shows that N1 has a binding energy of 400.1±0.1 eV, N4 

                                                                                                                                                    
19 R Development Core Team. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing. Wien, Austria; ISBN 3-900051- 07-0; 2009. 
Available from: http://www.R-project.org (accessed on May 30, 2012) 
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399.0±0.1 eV and N4H
+ 401.4±0.1 eV (see section below for a detailed discussion). 

3.6.2.6. X-ray Powder Diffraction Studies (XRPD). 

XRPD patterns were recorded at room temperature using a D500 (Siemens, Munich, 

Germany) diffractometer with Cu-Kα radiation (1.5418 Å), monochromatized by a 

secondary flat graphite crystal. The amperage was set at 20 mA and the tube voltage was 

set at 40 kV*. The following scanning conditions were used: start scan angle 5° of 2θ, end 

scan angle 35° of 2θ, step scan 0.05° of 2θ and counting time 5 sec/step. All the analyses 

were performed in duplicate. 

3.6.2.7. High resolution transmission electron microscopy (HRTEM).  

HRTEM experiments were performed by using a Jeol JEM 2010F UHR TEM operated at 

200 KeV primary electron beam energy. The microscope is equipped with a high-

coherence field emission Shottky emitter. The objective lens has a low spherical aberration 

coefficient of (0.47±0.01) mm resulting in a spatial resolution in phase contrast HRTEM 

imaging at Scherzer defocus of 0.19 nm. TEM specimens were prepared by depositing the 

pristine powders obtained by both VIC-CIT salts prepared by a solution-based method and 

via mechanochemistry on carbon coated copper grids. The shape, size and crystal 

properties of the nanoparticles in the pristine powders were studied by direct HRTEM 

imaging, together with the relevant diffractograms, and by electron nano-diffractions. The 

TEM experimental results were compared to the relevant simulations performed by 

JEMS20 using the .cif crystallographic files of VIC and CA21. 

                                                 
20 Stadelmann, P.A. EMS – a software package for electron diffraction analysis and HREM image 
simulation in materials science. Ultramic. 1987, 21, 131-145. 
 
21 Allen, F.H.; Kennard, O.; Taylor, R. Systematic analysis of structural data as a research 
technique in organic chemistry. Acc. Chem. Res. 1983, 16 (5), 146-153. 
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3.6.2.8. Dissolution Kinetic Tests (DKT). DKT were performed in 150 cm3 of a pH 7.4 

buffer (0.2 M  KH2PO4/0.2 M NaOH) at 37°C. At this pH value the solubility at 

equilibrium of pure VIC was 41.6 mg/L (obtained by adding an excess of pure VIC (2 g) in 

150 cm3 of pH 7.4 buffer, maintained at 37°C and stirred at 200 rpm for 36 h, previously 

determined to be the adequate time for equilibration22).  

To use the in vitro dissolution as a prediction of the in vivo performance of each product, 

sink conditions were not maintained during dissolution in order to build up the 

supersaturation, as commonly occurs under finite volume conditions in the gastro-intestinal 

tract and to allow possible events such as nucleation, crystallization and precipitation to 

proceed23. Hence, at time zero, a suitable amount of sample to give 12.6 mg of VIC was 

added to the dissolution medium. Each DKT lasted 120 min. During analysis, uniformity 

conditions were guaranteed by using an impeller (rotational speed 200 rpm). The 

determination of VIC concentration was performed by using a fiber-optic apparatus 

(HELLMA, Milano, Italy), which was connected to a spectrophotometer (ZEISS, 

Germany, wavelength 268.49 nm). This technique allows the in situ determination of 

concentration of a substance without perturbing the dissolution environment and often 

overcomes the problem connected to drug concentration measurements in the presence of 

generated solid particles. Monitoring drug concentrations by using an in-situ fiber-optic 

probe without proper precautions can lead to an overestimation of drug concentration due 

                                                 
22 Hasa, D.; Perissutti, B.; Chierotti, M.R; Gobetto, R.; Grabnar, I.; Bonifacio, A.; Dall’Acqua, S.; 
Invernizzi, S.; Voinovich, D. Mechanochemically induced disordered structures of vincamine: the 
different mediation of two cross-linked polymers. Int. J. Pharm. 2012, 436, 41-57.  
 
23 Sun, D.D.; Ju, T.R.; Lee, P.I. Enhanced kinetic solubility profiles of indomethacin amorphous 
solid dispersions in poly(2-hydroxyethyl methacrylate) hydrogels. Eur. J. Pharm. Biopharm. 2012, 
81, 149-158. 
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to several causes including Tyndall effect24. In the present study, whilst VIC maximum 

absorption occurred at 268.48 nm, the maximum citric acid absorption was at 220.49 nm. 

The scattering effect due to supersaturation phenomena, occurring at every wavelength, 

was eliminated by a difference between the absorbance measured at 270.19 and that 

measured at 400.49 nm (where VIC did not absorb). In the case of VIC salt prepared via 

mechanochemistry in presence of NaCMC, a further subtraction from the resulting 

absorbance was performed to take into account the Tyndall effect. Accordingly, a 

preliminary DKT of NaCMC was performed registering absorbance values at the same 

time intervals as those performed for the selected composites. The absorbance value 

observed at each time interval of DKT of pure NaCMC was then subtracted to that 

obtained during DKT of the selected samples. Each sample was tested in triplicate and the 

results were expressed as mean ± S.D. 

3.6.2.9 In vivo pilot study in rats.  

In this research, procedures for rats care and management complied with those required by 

Italian laws (D.L.vo 116/92) and associated guidelines in the European Communities 

Council Directive of 24 November 1986 (86/609 ECC). Furthermore, procedures adhered 

to ethical standards for humane treatment of experimental animals established by the 

ethical committee of the University of Trieste. 

Sprague-Dawley rats (400-450 g weight), supplied by the Department of Life Sciences of 

University of Trieste were used as animal models. The rats, with free access to water, were 

fasted 12 hours before the experiment. A suitable amount of the two salts (prepared with 

the 2 different synthetic approaches) to give a VIC dose of 30 mg/kg was administered in 

rats by gastric gavage. During the experiment, blood samples (600 µL) were collected 

                                                 
24 Van Eerdenbrugh, B.; Alonzo, D.E.; Taylor, L.S. Influence of particle size on the ultraviolet 
Spectrum of particulate-containing solutions: implications for in-situ concentration monitoring 
using UV/Vis fiber-optic probes. Pharm. Res. 2011, 28, 1643-1652. 
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using the cannulated  tail artery method25 in tubes containing 66 µL of a 40 mM 

tetrasodium EDTA solution at 0.25, 0.5, 1, 2, 4 and 6 hours after administration. 

Subsequently, blood samples were centrifuged at 166 g* for 10 min and plasma was 

separated and immediately frozen at -80°C and stored at this temperature till the analysis. 

3.6.2.10. Assays of VIC in powder and plasma samples.  

A suitable amount of powdered samples (PM, solution-based salts and coground mixtures) 

was weighed and transferred to a 100 ml volumetric flask and diluted with acetonitrile. The 

mixture was sonicated for 10 min and filtered through a syringe filter (RC 0.45 µm, 

Phenomenex, Castel Maggiore, Bologna, Italy) in order to remove any suspended particles. 

An appropriate amount of the filtrate was firstly subjected to further dilution with 

acetonitrile and then assayed by a high pressure liquid chromatographic (HPLC) with a 

mass spectrometry (MS) detection method described into details in the following 

paragraph. 

Instead, VIC concentration in plasma samples the procedure was determined as follows: 

600 µL of methanol were added to 200 µL of plasma, and the resulting mixture was 

vortexed for 6 min. After centrifugation (1800 g* for 13 min), 5 µL of the solution was 

assayed using the same HPLC-MS method used for VIC determination in powdered 

samples.  

3.6.2.10. HPLC analysis. 

A Varian LC212 HPLC system equipped with a 430 autosampler and a 500-MS mass 

detector was used. The chromatographic separation was performed at room temperature, 

using an Agilent C-8 (2.1 x 150 mm) column. As mobile phase, acetonitrile (Solvent A) 

and water with 0.1% formic acid (Solvent B) delivered at a flow rate of 200 µL/min were 

                                                 
25 Cadelli, G.; Zarattini, P. Further refinements of tail artery cannulation in conscious rats. 
FELASA-ICLAS Joint Meeting, 2007, Villa Erba, Cernobbio (Co). 
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used. Gradient elution was the following: 90% B to 0% B (100% A) in 5 min. The total run 

time was 8 min. The mass spectrometer operated in the positive ion mode with a needle 

voltage of 5000 V* and a spraying voltage 600 V*. The drying temperature was 350°C. The 

nebulizer and drying gas pressure were 25.0 psi and 15.0 psi, respectively. The precursor 

ion at m/z 355 and parent ion at m/z 337 were selected in MS/MS mode. Calibration curve 

for VIC consisted in the preparation of different standard solutions (analyzed in duplicate) 

ranging from 8 to 480 ng/mL. The limit of quantification was 2 ng/mL and the precision 

and accuracy were under 3% for all calibration points. 

3.6.2.11. Pharmacokinetic analysis.  

The pharmacokinetic parameters were calculated on VIC plasma curves. The area under 

the plasma concentration versus time curve extrapolated to the last sampling time (AUCt=6) 

was calculated using the log-linear trapezoidal rule. The software used was WinNonlin 

Version 5.2 (Parsight Corporation, Mountain View, CA). Time to reach maximum 

concentration (tmax) and maximum concentration (Cmax) were reported as observed.  

3.6.2.13. Aging studies. 

In order to track possible disproportionation phenomena, XPS analyses were repeated after 

8 months on specimen stored in a desiccator. The solid-state of the selected samples was 

also monitored for the same period by XRPD analysis. 

3.6.3. Results and Discussion 

3.6.3.1. Properties of VIC, CA and NaCMC.  

VIC (methyl(3α,16α)-14,15-dihydro-14β-hydroxyeburnamenine-14-carboxylate) is a 

weak base-type drug (pKa = 6.1715) that contains two nitrogen atoms in position 1 and 4 

(figure 1A). Of these, the nitrogen atom in position 1 cannot be protonated since its 

electronic lone pair is dispersed in the aromatic system. Conversely, the nitrogen atom in 
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position 4 is a potential proton-acceptor site due to its basicity (its electronic lone pair is 

not dispersed or shared). It is commonly accepted that an acid-base reaction, i.e. salt 

formation, occurs if the difference between the pKa (base) and pKa (acid) is greater than 2 

or 326. Hence, in the present research CA (2-hydroxypropane-1,2,3-tricarboxylic acid, 

figure 1B), having a pKa of 3.1327, was selected as the proton-donor reagent.  

The pKa difference (∆pKa) between the base (VIC) and acid (CA) is about 3.04 indicating 

a probable salt formation between the reagents.  

 

Figure 1. Chemical structures of VIC (A), CA (B) and NaCMC (C). 

Among the high number of organic acids (even stronger than CA) used in salification 

reactions, CA was preferred for a series of reasons. In particular, CA is very commonly 

used in pharmaceutical preparations and has the property of forming amorphous salts. 

Additionally, this hydroxyacid displays favorable physical properties (e.g. glass transition 

temperature about 11°C28) in solid-solid reactions. In fact, the plasticity influences the ease 

with which the contacts between the solid reactants are made during mechanochemical 

                                                 
26 Childs, S.L.; Patrick Stahly, G.; Park, A. The salt-cocrystal continuum: the influence of crystal 
structure on ionization state. Mol. Pharm. 2007, 4, 323-338. 
 
27 Black, S.N.; Collier, E.A.; Davey, R.J.; Roberts, R.J. Structure, solubility, screening, and 
synthesis of molecular salts. J. Pharm. Sci. 2007, 96, 1053-1068. 
28 Lu, Q.; Zografi, G. Properties of the citric acid at the glass transition. J. Pharm. Sci. 1997, 86, 
1374-1378.  
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reactions6. Moreover, CA was also selected based on the previous experience where its 

capacity to be a proton-donor agent at the solid state had been shown11. 

NaCMC (cellulose carboxymethyl ether sodium salt, figure 1C) is an amorphous 

hydrophilic polymer widely used in pharmaceutics, in particular as a disintegrant in oral 

pharmaceutical formulations. This polymer can be easily dispersed in water and shows a 

dissociation constant of about 4.3029. During preliminary trials, NaCMC has drastically 

reduced powder adhesion to the grinding media. Moreover, in this study NaCMC was 

selected as solid excipient because it does not possess nitrogen atoms in its chemical 

structure (figure 1C). Thus, it would not interfere with the quantification of VIC nitrogen 

atoms during the subsequent XPS analysis. 

3.6.3.2. Some important considerations.  

As previously stated, the mechanical energy was generated using a Fritsch P5 planetary 

mill. In this apparatus the co- or counter-movement of the rotating plate and bowls 

generates a disordered movement of the grinding media that produces high mechanical 

energy which is transferred to the loaded powder. All these phenomena finally lead into 

physico-chemical transformations (e.g. particle size reduction, amorphization, etc) of the 

powder component/components mainly attributed to shear stresses30.  

In mechanochemistry the term “mechanochemical” does not strictly mean a solvent-free 

process. In fact, mechanochemical reactions, depending on the grinding procedure, can be 

divided in two main groups: “neat grinding” which represents the real solvent-free 

mechanochemical process where no solvents are intentionally added to the system, and 

“liquid assisted grinding (LAG)” where very small amounts of solvent are added to the 

                                                 
29 Kibbe, A.H. Handbook of pharmaceutical excipients, Third ed. American Pharmaceutical 
Association: Washington D.C., 2000. 
 
30 Colombo, I.; Grassi, G.; Grassi, M. Drug Mechanochemical Activation. J. Pharm. Sci. 2009, 98, 
3961-3986. 
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system in order to accelerate and/or to complete the reaction5. It has been shown that LAG 

resulted in many cases more efficient that neat grinding for process rate improvement or 

even to complete a solid state salification reaction7,8. This can be probably ascribed to an 

increase of molecular mobility and molecular diffusion thanks to the presence of the 

solvent6. 

As an alternative to LAG process, in this study, we proposed to use a solid excipient 

(NaCMC) in order to avoid even nonimal solvent additions and to maintain the reaction 

exclusively solid-state. Accordingly, when NaCMC was used as a third component the 

process was called “Solid-Excipient Assisted Mechanochemical Salification (SEAMS)”.  

While LAG processes refers generally to a mechanochemical reaction (not only a salt 

formation reaction), SEAMS refers exclusively to the mechanochemical salification of a 

drug molecule. In LAG process the addition of small amounts of solvent are performed in 

order to exclusively interfere in the rate (yield) of reaction. Conversely, a solid excipient, 

especially a polymer, can also favor other process steps (e.g. reduce drug adhesion to the 

grinding media and to the walls of mixing bowls during mechanical treatment, as in the 

present case). The reduction of powder adhesion by the addition of polymers during 

grinding procedures is well known and has been already described in literature30. 

Moreover, the use of a solid excipient rather than small amounts of solvent during 

salification via mechanochemistry could be more advantageous, especially in 

pharmaceutics, since the solid excipient is likely to improve powder handling in the 

subsequent phases of drug formulation (e.g. compression in the case of an oral formulation, 

adjuvant in the case of a parenteral formulation etc), thus eliminating the need to remove 

the solvent itself.  

The properties of the excipient should be evaluated very carefully since it might influence 

the biopharmaceutical properties (e.g. dissolution properties, in vivo absorption rate, etc) 
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and the stability of the final product. For example, some cases of solid-state 

disproportionation of salts accelerated by the addition of an excipient have been 

observed31. 

3.6.3.3. Experimental plan. 

According to the experimental plan reported in table 1, 16 different coground mixtures 

were produced, using different experimental conditions. Three factors influencing the 

percentage of VIC in salt form were considered for investigation. In particular, considering 

that one of the main factors influencing solid-state reactions rate is the number of contacts 

between reactants6, VIC-to-CA weight ratio was chosen as X1. The higher the amount of 

CA, the greater the probability for a VIC molecule to find a proton-donor molecule. 

Milling time, X2, is particularly important as the energy/time is the input of VIC solid-state 

salification process. The third variable (X3) was selected in order to observe how enhance 

the addition of a solid solvent (NaCMC) the yield (% of VIC in salt form) of the solid-state 

process.  

3.6.3.4. XPS as quantitative analysis.  

As introduced in the “Experimental” section, the percentage of VIC in salt form (S) was 

considered as the observed response of the experimental plan reported in table 1. XPS was 

used as quantitative technique in order to distinguish between protonated (salt form) and 

unprotonated (original form) of N4 in the VIC molecule and to determine the percentage of 

each form in every sample. It is well established that a salification reaction involves 

complete component ionization, i.e. a complete proton transfer from the acidic to the basic 

molecule. This event will dramatically alter the chemical environment, especially in the 

protonation site. Consequently, the electron binding energy of the protonated atom will 

                                                 
31 Guerrieri, P.; Taylor, L.S. Role of salt and excipient properties on disproportionation in the 
solid-state. Pharm. Res. 2009, 26, 2015-2026. 
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significantly change. XPS is reported to be ideally suited for investigating proton transfer 

phenomena, since it provides precise information on the binding energy of electrons. In 

this experience, beside the qualitative use, XPS was also employed as a quantitative 

technique in order to calculate the extent of proton transfer, as recently proposed32,33. 

In figure 2 the N 1s spectra are depicted. The N 1s spectrum of pure VIC (figure 2a) 

displayed two components, corresponding to the two in-equivalent nitrogen atoms of the 

molecule. The N1 is part of the aromatic system whereas N4 is an aliphatic amine. 

Therefore, N1 is more oxidized than N4 since its electronic lone pair can be delocalized in 

the aromatic system. The N 1s spectra centered at 400.1 eV is attributable to N1 whilst  the 

component centered at 399.0 eV should be assigned to N4.  

The N 1s spectrum of the VIC-CIT salt prepared by solution synthesis (figure 2b) 

displayed two components at 400.1 eV and 401.6 eV, due to the VIC N1 and N4H
+ nitrogen 

atoms, respectively. Conversely, the N 1s spectrum of PM (figure 2c) is superimposable to 

that of pure VIC indicating that salt formation did not occur by simple manual mixing of 

the components. In the N 1s spectrum of Cog sample number 10 (figure 2d) the N4 

component results to be shifted at the same binding energy as in the case of VIC-CIT salt 

prepared by solution synthesis, attesting a complete VIC salification after mechanical 

treatment. Only a partial salification is evident from Cog sample number 9, corresponding 

to a yield of about 52.21% (table 1). In fact, in this case the N 1s spectrum was splitted in 

three components at 399.0 eV, 400.1 eV, and 401.6 eV, corresponding to the unprotonated 

N4 atom, and to N1 and N4H
+ nitrogen atoms, respectively (figure 2e).  

                                                 
32 Stevens, S.J.; Byard, S.J.; Muryn, C.A.; Schroeder, S.L.M. Identification of protonation state by 
XPS, solid-state NMR and DFT: characterization the nature of a new theophylline by experimental 
and computational methods. J. Phys. Chem. B. 2010, 114, 13961-13969. 
 
33 Stevens, S.J.; Byard, S.J.; Schroeder, S.L.M. Salt or co-crystal? Determination of protonation 
state by X-Ray Photoelectron Spectroscopy (XPS). J. Pharm. Sci. 2010, 99 (11), 4453-4457.  
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In order to quantify the degree of N4 and N4H
+ in each coground sample the area under the 

curve (AUC) of the N 1s component at 399.0 eV and 401.6 eV was calculated. Since these 

two components describe two different oxidation states of the same atom, their sum 

represents the total amount of N4 in protonated and un protonated form. In order to 

quantify the percentage of protonated component, representing the amount of VIC in salt 

form, in each Cog (and PM) sample, the previously reported equation 1 (eq. 1) was used. 

 

Figure 2. N 1s XPS spectra of of pure VIC (a), VIC-CIT 1:1.08 wt salt prepared by 
solution synthesis (b), PM VIC:CA:NaCMC 1:1.08:2 wt (c), Cog sample number 10 
(VIC:CA:NaCMC 1:1.08:2 wt coground for 60 min) (d), and Cog sample number 9 
(VIC:CA:NaCMC  1:0.54:2 wt coground for 60 min) (e). Black dots correspond to 

experimental data, dotted black line to background, red line to N4, black line to N1, blue 
line to N4H

+ and grey line to fit results. (For the sake of brevity, only the main examples 
are reported). 
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3.6.3.5. Statistical evaluation of selected process and formulation variables on VIC 
mechanochemical salification.  

The influence of the selected formulation and process variables on the response 

(percentage of VIC salt (S), table 1) was statistically evaluated. The classic three-way 

Anova test showed a highly significant effect of factors (F_(5,10)=10.13, **p=0.001).  

Here below the mentioned p-values and 95% confidence intervals are given by the well-

known post-hoc Tukey’s multiple comparisons test. Going into details, an inspection of the 

boxplots (figure 3) suggests that reducing the wt ratio between the reagents (VIC and CA, 

X1) leads to a very significant positive influence on the percentage of VIC salt (S) (**p = 

0.003, CI = [10.88, 40.57]). In fact, moving from an 1:1 molar ratio to an excess of CA, the 

amount of VIC in salt form increases significantly (** p=0.003). This is unsurprising: the 

greater the number of available protons the easier the VIC protonation, as previously 

described.  

 

Figure 3. Raw data boxplots corresponding to S measures vs X1, X2 and X3 factors of 
experimental plan reported in table 1. The thick line expresses the median value in each 

boxplot. 
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In the case of milling time factor (X2), it appears that the increase of the experimental 

response due to the increase from 15 to 30 min and from 60 to 90 min of mechanical 

treatment was not statistically significant. Going from 30 to 60 min leads to a borderline 

significance of the response variation (p = 0.07), whereas the increase of the response is 

significant and very significant going from 15 min to 60 min (*p = 0.02, CI = [4.33, 

61.98], and  from 15 min to 90 min  (**p = 0.009, CI = [10.07, 67.71]), respectively. 

Finally by increasing milling time from 30 min to 90 min, a significant variation of the 

response is obtained (*p = 0.02, CI = [3.51 61.16]). High milling times are thus preferable 

to obtain a high percentage VIC salt and therefore, to favor VIC salt formation. However, 

considering that the difference of the response obtained after 60 and 90 min of milling is 

not significant, it is advisable to cogrind the reactants for 60 min. 

The third experimental variable (X3) considered for investigation in this study, as 

previously described, consisted in the presence or absence of NaCMC. When the polymer 

was added to the formulation the process was called “Solid Excipient Assisted 

Mechanochemical Salification” (SEAMS). This choice is intended to be an alternative 

approach to LAG and to simple neat grinding processes exclusively for the solid-sate 

salification of pharmaceutical drug molecules. The addition of NaCMC lead to a highly 

significant process yield enhancement (**p = 0.008, CI = [6.98 36.67]), proving that 

SEAMS process can significantly improve and/or complete VIC solid-state salification 

compared to the simple neat grinding and may represent an interesting approach to the 

LAG process for the salification via mechanochemistry of other drug molecules.  

As the “optimal” product among 16 Cog samples prepared via mechanochemistry, Cog 

sample number 10 (VIC:CA:NaCMC 1:1.08:2 wt ratio coground for 60 min), possessing a 

yield of 100% was therefore selected for further considerations. This sample contains an 
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excess of CA and the cogrinding procedure was conducted in presence of NaCMC (i.e. 

SEAMS process).  

3.6.3.6. On the VIC salification kinetic process via mechanochemistry.  

In order to better understand VIC solid-state salification kinetic, the percentage of VIC 

salified is plotted against formulation (along x axis) and process (along z axis) variables 

(figure 4). 

The longer the treatment, the higher the energy supplied to the system which increases the 

number of contacts between acid and base by different factors, e.g. by increasing defects in 

reagents crystal lattice and reducing particle size, i.e. creating new surfaces. All these 

phenomena are essential in solid-solid reactions34. However, in the case of Cog samples 

containing VIC:CA in 1:0.54 wt ratio, in absence of NaCMC (non-SEAMS), the solid-state 

reaction proceeded very slowly (Cog samples number 3, 7, 11 and 15, figure 4). Even after 

90 min of cogrinding the amount of saltified VIC did not exceed 37% (Cog sample number 

15, table 1).  

 

Figure 4. Amount of VIC in the salt form (%) plotted as a function of formulation (along x 
axis) and process (along z axis) variables. 

                                                 
34 Boldyrev, V.V. Mechanochemistry and mechanical activation of solids. Russ. Chem. Rev. 2006, 
75, 177-189. 
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In the case of Cog samples containing VIC:CA in 1:1.08 wt ratio and in absence of 

NaCMC (i.e. non-SEAMS process), VIC solid-state salification kinetic was accelerated 

(Cog samples number 4, 8, 12 and 16, figure 4) compared, to the above described Cog 

samples containing VIC and CA in a 1:0.54 wt ratio. In fact, the amount of VIC in salt 

form in the first 15 min of mechanical treatment went from 8% in the Cog sample number 

3 to 30% in the Cog sample number 4 (figure 4). The number of available protons was 

modified and consequently so was the probability of a VIC molecule to find a CA 

molecule for protonation. The reaction in the Cog samples having the formulation VIC:CA 

1:1.08 wt ratio proceeded to 50% after 90 min of mechanical treatment (Cog sample 

number 16, table 1). 

Analyzing the kinetic of VIC salt-formation in the Cog samples having the formulation 

VIC:CA:NaCMC 1:0.54:2 wt (Cog samples number 1, 5, 9 and 13, figure 4), that is, a 

SEAMS process, it can be observed that the amount of VIC salified at any milling time 

remained higher than the Cog samples having the same VIC:CA wt ratio but in absence of 

NaCMC i.e., non-SEAMS process (Cog samples number 3, 7, 11 and 15, figure 4). This 

phenomenon becomes more evident at higher milling times (60 and 90 min) and in 

presence of an excess of CA, especially when the Cog samples having the formulation 

VIC:CIT 1:1.08 SEAMS (Cog samples 2, 6, 10 and 14, figure 4) and the correspondent 

non-SEAMS Cog samples (Cog 4, 8, 12 and 16) are compared. 

As previously stated, it is very difficult to clearly understand the mechanism/s involved in 

a solid-state reaction. In a recent review it is suggested that the cocrystallization via 

mechanochemistry cannot be described assuming a single mechanism35. However, from 

the experimental evidence obtained in this work and from literature4-6,35 some hypotheses 

may be postulated about the reaction spread impedance and about how the addition of an 

                                                 
35 Friscic, T.; Jones, W. Recent advances in understanding the mechanism of cocrystal formation 
via grinding. Cryst. Growth Des. 2009, 9, 1621-1637. 
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excess of CA and particularly the addition of NaCMC, helped/contributed to avoiding this 

difficulty.  

In the case of Cog samples containing only the reagents i.e. during a non-SEAMS process, 

the salification can spread in space whenever the base and acid collide with one another. 

However, when an equal molar ratio is used, VIC solid-state salification proceeds very 

slowly. On the other hand, using the same molar ratio in the solution synthesis, a complete 

transformation of original VIC into VIC-CIT salt was obtained, as attested by XPS analysis 

(data not shown). Mixing, heating and molecular solubilization in the case of solution-

based methods are the main factors allowing contacts between reagents and driving the 

reaction to its completion. Conversely, at the solid-state, the reaction starts from crystalline 

compounds, having limited molecular mobility; thus the number of contacts depends 

exclusively on the available surfaces and on the subsequent creation of new surfaces (due 

to the mechanical energy)4,34,35. 

In figure 5 a schematic representation of non-SEAMS reaction is suggested. In the 

proposed scenario the reaction starts with the first contacts between reagents. The term 

“first contacts” means the first collisions driven by the mechanical energy. At the same 

time new surfaces are formed due to the supplied mechanical energy, which permits the 

reaction spread in space and time. The reaction spread leads to an enhancement of process 

rate which, at the same time, gives origin to an increased number of product molecules. 

The product of reaction (either in an amorphous or crystalline form) may keep the 

reagents’ molecules separated and interfere with the reaction diffusion rate, which slows 

down as the product molecules form thick and impervious “walls”. In other words, these 

product molecules, due to their reduced mobility, can form a blocking layer disabling the 

contacts between the un-reacted VIC and CA, which is transformed, under mechanical 

stress, in nanocrystalline and/or amorphous solids, and could be reason for the slow-down 
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of the reaction kinetic at a certain point (figure 5) even in the case of an excess of CA. In 

this latter experience, the reaction proceeded very quickly at the beginning, due to a higher 

probability of contacts between reagents, but later on, the layer formed by the product 

molecules hinders the reaction amongst the remaining un-reacted molecules (figure 5). 

In the case of SEAMS process the scenario is different (figure 5, right hand side). The solid 

excipient was introduced with the aim of avoiding the reaction slow down by eliminating 

the blocking “walls” formed by the product molecules. This can be avoided by removing 

the product molecules from the surface of reactants. However, the mechanism/s involved 

are very difficult to be explained. In fact, from literature, including in the case of LAG 

reactions, it is presently not clear how the liquid phase improves the yield of reaction in 

comparison to the neat grinding35. The solid excipient probably acts as a solid solvent 

where the reagents are dispersed. In both cases of SEAMS processes (equal molar ratio and 

excess of CA) the percentage of salt formed after short milling time (e.g. 15 min) was not 

particularly higher than in the non-SEAMS case. Due to the short time of treatment it is 

supposed that in the first 15 min of cogrinding crystals contact is the main mechanism that 

permits reaction spread. At this point the creation of new surfaces probably is still a minor 

event. While in absence of NaCMC the reagents initially can easily make contact 

especially when using an excess of CA, the addition of NaCMC results initially in crystal 

dispersion in a higher surface area, thus a decrease in the number of contacts. When the 

mechanical treatment is pursued, particle size reduction becomes more important. We 

believe that at this point the effect of the solid excipient avoiding the formation of 

“blocking walls” around the fresh reactive surfaces is made clear (the mechanisms 

involved are beyond the objective of this study) as well as guaranteeing adequate 

movement of the powders that receive an homogenous energy input by the mechanical 

treatment (e.g. the formation of a hard adhesion layer to the mill walls and milling 
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elements is avoided). The effect of SEAMS process was optimal when an excess of CA 

was used: the abundance of protons was dispersed in the high available surface area, thus 

the reaction spread is exponential when the mechanical energy is sufficient to form new 

surfaces.  

 

Figure 5. A probable scenario of VIC solid-state salification with CA at two different wt 
ratios and in absence or presence of NaCMC (Non-SEAMS/SEAMS process). Legend: 
blue and red balls represent the original VIC and CA respectively, green balls are the 

product molecules and the black irregular line represents the presence of the solid 
excipient. 
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The proposed scenarios are rather simple and try to explain what really happens. It is not 

an aim of this study to exclusively focus on the mechanisms involved in the reactions via 

mechanochemistry. More in-depth examinations and more experimental data are necessary 

in this direction in order to better clarify such mechanisms involved in the solvent-free 

salification process. 

3.6.3.7. XRPD analysis.  

At this point the study continued with the solid state analysis of the salt obtained via 

mechanochemistry comparing it with the salt obtained by the solution-based method. 

Consequently, for the sake of simplicity, here below, the Cog sample number 10 selected 

from the statistical analysis was named SEAMS VIC-CIT whilst the salt prepared via 

solution-based method is named Solvent VIC-CIT. 

The solid-state characteristics of the innovative SEAMS VIC-CIT salt were evaluated by 

XRPD analysis in comparison to VIC-CIT salt prepared by solution synthesis, 

corresponding PM and pure components. Results are reported in figure 6.  

Pure VIC pattern showed intense reflections especially in the 5-25° of 2θ range (figure 6a). 

In particular, several X-ray diffraction peaks at 8.10°, 10.50°, 14.05°, 17.60°, 23.15° and a 

complex overlapping of signals with a maximum at 12.65° of 2θ were observed, indicating 

the complex crystalline structure of this drug. CA exhibited intense signals only in the 

range of 2θ angles from 14° to 35° (figure 6b), allowing an easy distinction of VIC 

residual peaks at 8.10°, 10.50° and 12.65° (marked with an asterisk) in the mixtures of 

these two components (figure 6e and f). 

 Conversely, NaCMC pattern showed a complete absence of crystalline peaks but a single 

dominant X-ray amorphous halo at 21° of 2θ angle (figure 6c).  
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A similar situation was observed in the XRPD spectra of Solvent VIC-CIT: the pattern is 

characterized by 2 halos at about 12° and 20° of 2θ (figure 6d). This was not surprising 

considering that CA shows a general tendency to form amorphous salts27. The amorphous 

state of the Solvent VIC-CIT is reasonably attributable to the synthetic process 

(solubilization followed by intense evaporation).  

 

Figure 6. Left: XRPD patterns of pure VIC (a), pure CA (b), NaCMC (c), Solvent VIC-
CIT salt (d), PM VIC:CA:NaCMC 1:1.08:2 wt (e) and SEAMS VIC-CIT (f). Right: a 

particular of 5-14° of 2θ angle range in the pattern of Solvent VIC-CIT (d) and SEAMS 
VIC-CIT (f). Three characteristic VIC peaks not overlapping with typical CA reflections 
are marked with an asterisk (*). The black arrow indicates a group of overlapped peaks 

with a maximum at 12.65° of 2θ. 

The diffractogram of PM VIC:CA:NaCMC showed different reflections that belong to 

both pure VIC and CA (figure 6e), indicating the absence of interaction between reagents 
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after simple manual mixing, in accordance to previous XPS results. The reduction of peaks 

intensity with respect to pure components is attributable to the NaCMC dilution effect. 

In the case of SEAMS VIC-CIT the diffractogram showed the presence of some broad 

peaks in the range 14-35° of 2θ angle all corresponding to the same 2θ angles of original 

CA crystalline peaks and attributable to the free (un-reacted) part of the proton-donor 

agent. In the XRPD pattern of SEAMS VIC-CIT some residual VIC distinctive peaks were 

also detected (figure 6f). These signals were characterized by a remarkable broadening and 

a very low intensity suggesting the presence of disordered structures. 

Differential scanning calorimetry (DSC) analysis could be an appropriate analysis to better 

understand these phenomena. However, in the present study DSC analysis did not provide 

reliable information since VIC melting point occurred at 240°C while CA and NaCMC 

start their degradation at about 180°C. 

3.6.3.8. HRTEM analysis.  

Thus, in order to perform an in depth investigation of the structural properties of the 

samples, HRTEM analyses of Solvent VIC-CIT and SEAMS VIC-CIT were performed. 

The aim was to understand, by direct imaging at atomic resolution, the differences between 

Solvent VIC-CIT and SEAMS-VIC-CIT in terms of shape, sizes and crystallographic 

features. In fact, as will be later shown, both Solvent VIC-CIT and SEAMS VIC-CIT 

powders are made of clusters with diameters of a few nanometers. The main difference 

between the two materials, as revealed by the TEM experiments, is in the fraction of 

clusters exhibiting lattice fringes, which are a clear signature of the crystalline nature of the 

particles.  

It is worthwhile to remark that the HRTEM experiments were performed exploring 

hundreds of regions of the specimen and focusing the attention, in each data acquisition, on 

few particles. In some cases, as shown below, the data were acquired from a single 
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particle. With this approach, if the particle under analysis is crystalline and well oriented 

with respect to the electron beam, its structural nature is clearly emphasized. Even very 

few crystalline particles among a huge number of amorphous ones can be revealed by 

HRTEM whereas with XRPD pattern on the relevant specimen, the crystalline signal-to-

noise ratio was not good enough to highlight the presence of a crystalline component. 

Hence the XRPD data give us a reliable indication of the average sample nature whereas 

the HRTEM data highlighted the nature of any crystalline particles in details. 

It is also worth noting that both specimens are relatively stable under electron-beam 

irradiation and the relevant HRTEM images do not show appreciable variation after an 

exposure of 1 to 3 seconds to the microscope electron beam. 

Figure 7 shows a representative HRTEM image of some particles as observed in the 

Solvent VIC-CIT specimen. 

 

Figure 7. HRTEM image of spherical clusters observed in the Solvent VIC-CIT specimen. 
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The particles have a spherical shape, with a diameter between 5 nm and 10 nm, and an 

inner amorphous contrast. The amorphous contrast around the clusters is due to the carbon 

membrane used to support the particles for the HRTEM experiments. Most of the particles 

observed in the Solvent VIC-CIT specimen have an amorphous contrast in the HRTEM 

image and also the nano-diffraction pattern are mostly amorphous and only in few cases 

have diffraction spots, typical of a crystalline particles, been observed. This is shown, for 

example, in figure 8, where a crystalline particle oriented along a high symmetry zone axis 

can be distinguished. 

 

Figure 8. HRTEM image of a crystalline cluster in the Solvent VIC-CIT specimen as seen 
in a high symmetry zone axis (left) together with the relevant diffractogram (right). 

 

The diffraction spots in the diffractogram are due to lattice planes spaced by (0.20±0.01) 

nm. The above spacing is common to all the structures simulated in this study, however for 

none of them it was possible to simulate a diffraction pattern fully compatible with the 
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symmetry of the experimental diffractogram, possibly due to the presence of structural 

defects in the specimen structure, as evidenced by the distortion of the crystal lattice 

visible in the HRTEM image. 

SEAMS VIC-CIT specimen consists of clusters with diameters between 5 nm and 15 nm. 

In some cases the relevant HRTEM images gave an amorphous inner contrast but in many 

cases we observed a clear signature of the crystalline nature of the particles. This feature is 

summarized in the nanodiffraction pattern shown in figure 9, which was acquired 

illuminating about ten clusters with a parallel electron beam. In the diffraction pattern 

several diffraction spots, due to the crystalline component, can be distinguished in a halo of 

diffuse scattering. 

 

Figure 9. Nano-diffraction pattern as acquired from SEAMS VIC-CIT specimen. 
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Figure 10 shows a particle with a crystalline domain (lattice fringes in the central part of 

the particle) surrounded by amorphous material, as marked also by the relevant 

diffractogram where the spots due to the crystalline domain are visible in the amorphous 

diffuse scattering. 

 

Figure 10. HRTEM image (left) of a SEAMS VIC-CIT particle with different domains and 
the relevant diffractogram (right). 

 

Figure 11 shows an example of a crystalline particle seen in a high symmetry zone axis, as 

further evidenced in the relevant diffractogram where diffraction spots distributed on the 

vertex of a slightly distorted hexagon are visible. The measured lattice spacing indicates 

three different sets of diffracting planes, two of them spaced by (0.30±0.01) nm and the 
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remaining one spaced by (0.32±0.01) nm. The measured spacing is compatible with all the 

considered structures whereas also in this case the precise features and symmetries of the 

diffraction pattern were not reproducible with our simulations. Oce more,  possible 

explanation is related to the distortion of the structure as made visible by the lattice fringes 

in the relevant HRTEM image due to the presence of structural defects.  

 

Figure 11: HRTEM image (left) and the relevant diffractogram (right) of a SEAMS VIC-
CIT crystalline particle. It is worth noting the distortion of the lattice fringes due to the 

presence of defects in the crystalline structure. 

 

To summarize, HRTEM and nanodiffraction experiments show that both samples are made 

of clusters, with a size between 5 nm and 10 nm for those synthesized by Solvent VIC-

CIT, and a size between 5 nm and 15 nm for those materials synthesized by SEAMS VIC-

CIT. In the limit of a statistic performed by TEM, we observed that in the case of the 

specimen obtained by Solvent VIC-CIT the number of particles exhibiting a clear 
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crystalline signature was much smaller compared to that observed in the specimen obtained 

by SEAMS VIC-CIT. All lattice spacing measures were compatible to VIC and CA 

structures considered in our diffraction pattern simulation. In both samples we observed 

multi-domains particles exhibiting both crystalline and amorphous areas. Even in the 

clusters with relatively better crystal quality and observable in ideal conditions along a 

high symmetry zone axis, strong crystal distortion was detected due to the presence of 

extended lattice defects. The presence of crystal distortion could be at the origin of the 

poor match between the experimental images and diffractograms and the corresponding 

simulated by full dynamical calculations, where  undistorted structures of VIC and CA 

were assumed. 

3.6.3.9. Solubilization kinetics.  

In the subsequent step, in vitro solubilization kinetics of SEAMS VIC-CIT and VIC-CIT 

prepared by solution synthesis were evaluated for 120 min in pH 7.4 buffer.  

First of all, pure VIC reflected the classical solubilization behavior of a poorly soluble drug 

characterized by very low amounts of drug solubilized in the first part of analysis due to 

the scarce powder wettability (figure 12), followed by a very slow increase of the 

solubilized concentration. The extent of solubilized drug after 120 min remains largely 

inferior to the Cs of the pure drug in pH 7.4 buffer (dashed line). 

The simple PM VIC:CA:NaCMC 1:1.08:2 wt displayed a very small dissolution 

improvement with respect to pure VIC, mainly attributable to the facilitated drug 

wettability and drug dispersion in the dissolution medium. However, the extent of 

solubilized VIC remained far below the solubility at equilibrium (Cs) of VIC (figure 12 

dashed line), confirming the previous assumptions that no significant interactions among 

components were taking place in the PM.  
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Figure 12. In vitro solubilization kinetics at pH 7.4 of pure VIC (♦), PM VIC:CA:NaCMC 
1:1.08:2 wt (○), Solvent VIC-CIT (▲) and SEAMS VIC-CIT (□). 

Conversely, the dissolution profile of Solvent VIC-CIT reflected the typical solubilization 

kinetic of a salt: istantaneous and complete drug solubilization in the first 2 min of 

analysis, followed by a dramatic supersaturation phenomena (figure 12). The DKT were 

performed in a pH 7.4 buffer (see experimental section). Hence, at this pH value, the free 

base VIC (pKa=6.1715) form is thermodinamically favored over the VIC-CIT salt2. 

Consequently, in the solubilized protonated VIC molecules a disproportionation 

phenomenon occurred immediately after solubilization followed by a nucleation 

phenomenon and subsequent precipitation in the crystalline form. The dissolution profile 
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of SEAMS VIC-CIT salt was very similar, but not superimposable, to that of Solvent VIC-

CIT salt. In fact, the concentration peak was reached after 15 min of analysis, and it was 

followed by a less pronounced supersaturation phenomenon in comparison with of Solvent 

VIC-CIT (figure 12), thanks to the presence of NaCMC. In literature, the capacity of 

cellulose derivivatives to reduce in solution crystallization phenomena of poorly soluble 

drugs has been previously reported36 

3.6.3.10. In vivo pilot study in rats.  

In order to check whether the slight in vitro dissolution differences between the two salts 

may have implications in oral bioavailability, an in vivo pilot study in rats was carried out. 

In figure 13 mean plasma levels are reported, whilst the pharmacokinetic parameters are 

listed in table 2. From figure 13 it can be noted that in vivo profiles of the salts prepared by 

a classical and an innovative method are very similar and are characterized by a rapid 

absorption process with a maximum plasma concentration 30 min after dose administration 

(table 2). The in vivo behavior observed for these two products is compatible with 

previously published VIC in vivo studies14. More importantly, from these data the complete 

bioequivalence of the two salts is evident (figure 13 and table 2). Hence, it can be 

speculated that the small difference between two salts observed during in vitro does not 

have any impact on the in vivo behavior. 

Table 2. VIC main pharmacokinetic parameters after oral administration of a single dose 
of 30 mg/kg in rats of Solvent VIC-CIT and SEAMS VIC-CIT (mean ± S.D., n=4). 

Formulation Cmax (ng/mL) tmax (h) AUCt=6 (ng*h/mL)  

Solvent VIC-CIT 172.8 ± 81.6 0.5 332.3 ± 124.3 

SEAMS VIC-CIT 143.2 ± 57.3 0.5 360.0 ± 78.1 

 

                                                 
36 Alonzo, D.E.; Zhang, G.G.Z.; Zhou, D., Gao, Y.; Taylor, L.S. Understanding the behavior of 
amorphous pharmaceutical systems during dissolution. Pharm. Res. 2009, 27, 608-618. 



Chapter 3. Immediate-release DDs for class 2 drugs prepared via Mechanochemistry 

310 

 

Figure 13. Mean VIC plasma concentrations (± S.D.) after the administration of a single 

dose (30 mg/kg) of: Solvent VIC-CIT (∆) and SEAMS VIC-CIT (●). 

3.6.3.11. Aging studies. 

In order to track possible disproportionation phenomena possibly accelerated by the 

presence of excipients30, aging studies were carried out by repeating the XPS analysis on 

the Solvent VIC-CIT and SEAMS VIC-CIT samples for a period of 8 months. This 

technique was chosen due to its ability to distinguish between protonated (salt form) and 

unprotonated (original form) N4 in the VIC molecule. Figure 14. shows N 1s XPS spectra 

of Solvent VIC-CIT and SEAMS VIC-CIT samples. 

The coground salt (SEAMS VIC-CIT) was very stable upon storage (8 months). Therefore, 

the addition of a solid excipient in the present study did not lead to disproportionation 

phenomena. The Solvent VIC-CIT was quite stable as well, although in the XPS spectra of 

the fresh and 8 months specimens some slight differences between the relative 

deconvolutions could be noticed. This suggested that the VIC-CIT salts prepared with both 

methods (Solution-based method and SEAMS process) were stable for 8 months. 
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Moreover, the solid-state stability of the two selected salts was also monitored during the 

same period (8 months) by XRPD analysis. The results indicated a high solid-state stability 

of the two products, with no evidence of recrystallization phenomena (data not shown). 

 

Figure 14. N 1s XPS spectra of Solvent VIC-CIT (left) and SEAMS VIC-CIT (right) 
samples. 

3.6.4. Conclusions 

The present study was carried out to investigate the possibility of improving the poor 

solubility of vincamine (VIC) through its transformation in the corresponding citrate salt. 

Because of the considerable current interest on the subject of solvent-free synthetic 

chemistry, a mechanochemical process was chosen for the study. Further, in consideration 

of the poor process yield typical of such salification processes, process and formulation 

conditions were varied to select those allowing the highest percentage of VIC in salt form. 

In particular, the effect of the amount of reagent (citric acid-CA) and of milling time were 

studied with the help of the Tukey’s honest comparison. Also, the potential benefit of 
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including a solid pharmaceutical excipient (sodium carboxymethycellulose-NaCMC) in 

such reactions was statistically evaluated. In order to quantify the percentage of VIC in salt 

form in each coground, the amount of protonated VIC was calculated using XPS as a 

quantitative technique. Out of 16 coground samples, the yield varied enormously from a 

minimum of about 8% to the maximum of 100%, enlightening the importance of a proper 

selection of the above mentioned variables and the crucial role of the solid excipient in 

facilitating the salification. In fact, the maximum yield was obtained from the product 

(named sample 10) coground for 60 min, in presence of NaCMC and containing an excess 

of CA. The proposed solid excipient assisted mechanochemical salification (SEAMS) of 

this study partially overlaps with other known salt formation processes (figure 15).  

 

Figure 15. Relationship of “Solid Excipient Assisted Mechanochemical Salification” 
(SEAMS) to other known salt formation processes. 

In mechanochemical synthesis the energy input given by grinding enhances diffusion of 

the reactants. In liquid-assisted grinding synthesis, it is the added solvent that improves the 

diffusion of the reactants. In SEAMS process, in addition to the energy input given by the 

grinding, it is the presence of the solid excipient that favors the reaction. However, 

SEAMS process sets itself apart from the other synthetic routes since it eliminates the need 

for solvent removal (with respect to homogeneous solution reactions and liquid-assisted 

grinding), and overcomes the problem of limited process yield of neat grinding. 
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Furthermore, a properly chosen solid excipient can be an added value in the final 

formulation, contributing to greater manufacturing advantage in the final formulation.  

Another benefit this method brings about over standard mechanochemical synthesis that no 

special equipment is required and greater versatility is possible, for example the choice of 

the solid excipient (i.e. depending on the above mentioned technological requirements and 

compatibility with the reactants). 
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Making the oral pathway of class 1 and class 2 molecules less dependent on the large 

number of physiological and physicochemical factors is the main purpose of the 

pharmaceutical research. Nowadays, drugs are seldom administered alone but rather as 

DDS that, if adequately designed, can simplify the oral pathway i.e., making drugs less 

labile given the large number of obstacles mentioned above. The field of pharmaceutical 

research that modernizes the raw drug into a drug delivery system capable of guaranteing 

adequate concentrations inside the human body is called pharmaceutical technology. 

In this thesis, two pharmaceutical processes (HME and mechanochemistry in planetary 

mill) were considered in order to adequately deliver both class 1 and class 2 model drugs. 

HME is a very interesting technology for the production of class 1 drugs SDDS while the 

mechanochemical process shows high capacities in the disruption of crystalline structures 

and in the performace of solid-state chemical manipulations to overcome the solubility 

problems of class 2 drugs.  

In the first part of the thesis, innovative helical extrudates were successfully obtained by 

a single step extrusion process using microcrystalline wax as a thermoplastic binder at a 

temperature below its melting point. The helical geometrical design was intended as an 

innovative alternative for overcoming the release problems that often appear when non-

bioerodible monolithic matrices are used to form class 1 drugs SDDS by HME. This way, 

the addition of other excipient was avoided and the innovative extrudates simply consisted 

of binary mixtures of drug and microcrystalline wax, allowing a very high drug load (up to 

70% (w/w)). 

Compared to the classical cylindrical geometrical design, the helical one showed a higher 

amount of drug released per surface unit: this was on the basis of the optimization of the 

drug release. In particular, the system having 3 blades and the composition of 70:30 (w/w) 

theo:wax exhibited the desired in vitro theo release. The shape of the matrix appeared 
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unchanged during dissolution tests, and on the surface of the system the number of pores 

increased with time.  

The in vivo study conducted on healthy volunteers confirmed that the selected helical 

extrudate behaved as a SDDS and remained intact even after 12 hours from the ingestion 

(inert monolithic matrix, as it appeared from X-ray gastrointestinal tract images). The 

mathematical model shown in this paper successfully attempted to estabilish a theoretical 

connection between in vitro and in vivo data. In addition, it had the considerable advantage 

of offering an analytical solution, allowing an easy and fast data analysis. The results found 

in this thesis were in line with the results coming from different works. Finally, the 

mathematical model allowed a simple estimation of the gastrointestinal apparent 

permeability in case of oral administration of a delivery system. 

Modifying the geometrical design of the extrudates seems to be a valid strategy to avoid 

release problems of monolithic inert matrices produced by HME. Hence, future research in 

this direction should be adressed on the evaluation of other suitable extrudate geometrical 

designs. For example, laminar extrusion, may be a valid alternative to the more complex 

helical extrudates due to its simplicity (it is a simple modification of cylindrical extrusion 

by using dies having a rectangular cross-section) and to the possibility to convey the 

production on the industrial scale. 

However, despite its simplicity, laminar extrusion is little studied for such objectives. 

Recently, an interesting paper was published1 where drug delivery dosage forms were 

produced by laminar extrusion of wet masses. Different steps are however necessary to 

completely control the production of laminar extrudates by hot melt extrusion: 

                                                 
1 Mullers, K.; Wahl, M.A.; Pinto, J.F. Production of dosage forms for oral drug delivery by laminar 
extrusion of wet masses. Eur. J. Pharm. Biopharm. 2013, in press, 
doi.org/10.1016/j.ejpb.2013.01.004. 



Figure 1. Top: schematic representation of the classical approaches to 
problems of class 1 sustained
bioerodible matrices and produced via hot melt extrusion technology

been performed

Chapter 4. General conclusions and Future pers

: schematic representation of the classical approaches to 
problems of class 1 sustained-release drug delivery systems formed by monolithic non
bioerodible matrices and produced via hot melt extrusion technology

performed in this thesis. Bottom: future perspectives.
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: schematic representation of the classical approaches to prevent release 
formed by monolithic non-

bioerodible matrices and produced via hot melt extrusion technology. Middle: what has 
in this thesis. Bottom: future perspectives. 
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a) processability and mechanical properties. During the extrusion process, the material is 

high pressures. In particular, the final zone of the extrusion chamber that is connected with 

the die shows high values of pressure that stresses and deforms the material. It is hence 

necessary to understand what is the impact of the force on the processability of laminar 

extrudates and how these stresses can be reduced by tuning the temperature, pressure, 

and/or extrusion velocity parameters. The mechanical resistance of a solid dosage form is 

also of crucial importance since it may influence the biopharmaceutical properties of the 

incorporated drug.  

b) study of the release properties and mathematical interpretation. Laminar extrusion can 

optimize the drug release rate by adjusting the length, width and thickness of the 

extrudates. Moreover, it may be possible to develop multilayer extrudates (figure 1) with 

each layer showing different properties.  

An appropriate modeling of the release phenomenon/phenomena will permit a better 

understanding of the mechanisms involved. Moreover, the mathematical modeling is a 

valid scientific aid to predict the DDS in vitro and/or in vivo behaviour and to better 

understand their relationship. 

In the second part of this thesis, the mechanochemical process was used in order to 

obtain IDDS for class 2 drugs (vinpocetine and vincamine). Physical (structural) and 

chemical manipulations of the original drugs were induced by using a high-energy 

planetary ball mill. Hence, both the mechanochemical activation and mechanochemical 

salt-formation have been exploited.  

In the case of mechanochemical activation of vinpocetine and vincamine, the optimal 

processing conditions were statistically investigated in order to put a figure on the 

influence of each process and formulation variables under consideration. Thus, it was 

observed that the milling time and the drug-to-carrier weight ratio were the most important 
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variables influencing the solid-state features and dissolution properties of the drug. 

Subsequently, the multidisciplinary approach permitted and in-depth understanding of the 

physicochemical status of the drug after the mechanochemical activation process. In vivo 

studies in rats proved the superiority of the activated systems (up to 5-fold) over the 

original crystalline drug and marketed product (in the case of vinpocetine). Aging studies 

confirmed that, when the drug and carrier are coground in optimal conditions, highly stable 

composites (up to 18 months) are obtained.  

This thesis also championed innovative ad hoc software to calculate the residual 

nanocrystalline form of the drug and its dimensional range on the basis of the calorimetric 

data: this software may be of accessory value to the already existing quantification 

techniques. When calorimetric data could not be used (as in the case of vincamine), proton 

spin-lattice relaxation times under high-resolution experimental conditions were 

performed. This measurement proved to be a very effective tool to calculate the 

nanocrystal mean dimension, while more effort is required to quantify the nanocrystalline 

and amorphous content, compared to when the calorimetric data were used.  

In the case of vinpocetine, a mathematical model able to describe the in vivo fate of 

vinpocetine administered orally in healthy subjects was built up. In particular, the proposed 

model is capable of accounting for the simultaneous processes of in vivo drug release and 

ADME processes, following the oral administration of the drug, dispersed in form of 

nanocrystals and amorphous state, inside polymeric particles of different dimensions. To 

this purpose, the model must have information on the polymer and drug physicochemical 

properties.  

Another important point consisted in the evaluation of the efficiency of different cross-

linked carriers to mediate the disruption of the crystalline structure of the vincamine. 

Different disordered states were detected in the coground samples as a function of the type 



Chapter 4. General conclusions and Future perspectives 

320 

and amount of polymer used. Both crosslinked polymers produced a remarkable 

enhancement of the oral bioavailability. However, coground systems based on AcDiSol® 

were preferable in terms of pharmacokinetic performance and physical stability. 

Since many drug molecules are weak acids or bases and can form salts with suitable 

counter-ions, salt formation is the most common approach in drug development used to 

improve the biopharmaceutical properties of new drug candidates. In particular, salt 

formation via mechanochemistry is a very interesting alternative to the classical synthesis 

where large amounts of solvents are used. In this thesis, the solid-state salification of 

vinpocetine and vincamine (that are weak base-type drugs) was considered. In the case of 

vinpocetine, the attention was focused on the manufacturing and solid-state 

characterization of vinpocetine citrate prepared via mechanochemistry. The solid state was 

studied by the use of different advanced characterization tools such as solid-state nuclear 

magnetic resonance, x-ray photoelectron spectroscopy, Raman imaging/spectroscopy etc. 

that revealed a complete protonation of the basic nitrogen of the molecule. Moreover, the 

vinpocetine citrate was identified as an amorphous solid. Afterward, the vinpocetine citrate 

prepared with the mechanochemical process was observed to be over 4 times more 

bioavailable than the original vinpocetine and completely bioequilavent to a marketed 

product prepared via classical solution synthesis. 

In the case of the mechanochemical salification of vincamine, the attention was focused on 

the yield of the solid-state salification via mechanochemistry. It is well known that the 

mechanochemical salt-formation process suffers from a poor yield due to various factors. 

In this PhD thesis, this common problem was prevented by the addition of a common solid 

excipient able to statistically ameliorate and accelerate the mechanochemical salt formation 

of vincamine. We called this process “solid excipient assisted mechanochemical 

salification” setting itself apart from the other synthetic routes by eliminating the need for 
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solvent removal and, as previously said, overcoming the problem of limited process yield 

of neat mechanochemical salt formation. 

A look into the near future, reveals the transition of the mechanochemical process from a 

less known process to a leading technique in the pharmaceutical field owing to its high 

versatility (it is possible to induce physical and/or chemical modifications into the original 

drug). However, as previously mentioned, little is known about the mechanisms involved 

in this process. One of the reasons why this technique has ben rather neglected so far is to 

that mechanochemistry has always been considered as a last resource for those reactions 

that do not occur with the use of other tools. This restrictive perspective, together with the 

low number of studies adressed to an in-depth examination of the mechanisms involved, 

led to few marketed products prepared by the use of this solvent-free technology. 

The mechanochemical activation “route” from the initial crystalline drug to a final solid 

dispersion possessing adequate physicochemical and biopharmaceutical properties, can be 

sketched as a complex pathway with some “critical steps”. The first “critical” step consists 

in the selection of the optimal carrier on the basis of drug/carrier affinity, since the latter 

must act as a stabilizer of the former. Therefore, the potential of the carrier to form stable 

solid dispersions must be proved. It is difficult to find predictive models or techniques for 

this purpose and the state of the art is still evolving. Today, the main approach consists in a 

trial and error process. The MA process itself represents the second “critical” step: studies 

on process (milling time, bowl loading) and formulation variables influencing the quality 

of the solid dispersions are always necessary. Pharmaceutical companies are putting a lot 

of effort to overcome these hurdles in order to design a fully controllable process. In this 

PhD thesis, this “critical step” was thoroughly considered: in each study, a detailed 

statistical approach was carried out in order to select the optimal processing conditions. 

Another “critical” point is the characterization of the solid dispersions to select the product 
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with the best physico-chemical and biopharmaceutical properties. As reported in this 

thesis, full characterization is a crucial step to understand the properties of the composites. 

Nevertheless, more studies are necessary to understand the amorphization kinetics 

involved2 and how these mechanisms are mediated by the addition of the carrier/s. 

Moreover, other non-disruptive characterization tools must be proposed for the 

quantification of the amorphous content and the nanocrystalline size distribution. In the 

future, the mechanochemical process must also be strongly interconnected with the 

development of mathematical models that describe and predict the amorphization kinetic 

and process dynamics.  

The control of solid-state reactions is the common problem for scientists involved in 

mechanochemistry and it is likely going to be the most important issue in the near future. 

In this perspective, subsequent studies should be aimed to understanding the mechanisms 

involved during proton transfer (salt formation), the different factors that influence the 

development of the reaction and thus the control of the reactivity. It is hence necessary to 

verify the effectiveness of “the solid excipient assisted mechanochemical salification” 

proposed in this thesis with other active ingredients, and by using alternative solid 

excipients in order to better understand the mechanisms involved and/or the probable 

changing of such mechanisms as a consequence of the adding a solid excipient.  

 

                                                 
2 Planinšek, O.; Zadnik, J.; Kunaver, M.; Srčič, S.; Godec, A. Structural evolution of indomethacin 
particles upon milling: time-resolved quantification and localization of disordered structure studied 
by IGC and DSC. J. Pharm. Sci. 2010, 99, 1968-1981. 
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One compartment model 

In the case of a one compartment model, eqs.(13)-(16) reduce to: 
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In order to get an analytical solution, it is no longer needed assuming that Cb is always 

negligible with respect to Cr. Accordingly, the transfer rate between the GI tract and the 

blood is given by kab(Cr-Cb) (see eqs.(A1) and A(2)). Assuming that R(t) is given by 

eq.(18), and setting Cr = Cb = 0 for t = 0, model solution reads: 
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When eq.(18) is not suitable for the description of in vitro release data, it is possible 

solving the equations set (A1)-(A3) deducing R(t) from the in vitro experimental data 

according to:  
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Assuming that Cr(tj-1) = Cr j-1 and Cb(tj-1) = Cb j-1, model solution reads: 
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where “n” is the number of experimental points while “n+1” represents the pseudo-

experimental datum corresponding to the end of the drug release process (no drug is still 

present in the release system). Obviously, it is assumed that that for t > tn the release 

kinetics is that characterising the last experimental point (Rn+1 = Rn) and t0 = 0. Eqs.(24)-

(25) clearly state that model expression modifies in relation to the time interval considered 

(∆tj = tj – tj-1). For t > tn+1, model expression does not further change. When eq.(18) data 

fitting to experimental in vitro data is satisfactory, the two choices for the definition of R 

lead to very similar results, i.e eq.(20) and (25) coincide. 
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Two compartments model 

Assuming eq.(21) for the definition of R(t), eqs.(13)-(16) solution leads to the following 

expressions for Cr, CT and mel: 
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Also in this case it is possible adopting eq.(21) for the definition of the release rate R. 

Assuming Cr(tj-1) = Cr j-1 and Cb(tj-1) = Cb j-1, model solution reads: 
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Eqs.(22), (23), (A24) hold inside each time interval considered (∆tj = tj – tj-1). Again, t0 = 0 

and for t > tn+1, model expression does not further change. When eq.(18) data fitting to 

experimental in vitro data is satisfactory, the two choices for the definition of R lead to 

very similar results, i.e. eq.(23) and eq.(19) coincide. 
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A Surface area 

α Significance code 

A1 and A2 Expressions (chapter 3.3) 

[A -] Concentration of an acid in the charged form 

AcDiSol® Sodium croscarmellose  

ADME Absorption, distribution, metabolism and elimination processes  

αi  Effect of milling time (Analysis of variance) 

AIC Akaike information criterion 

Anova Analysis of variance 

API Active pharmaceutical ingredient 

A.R. Administration route 

a.u. Arbitrary units 

AUC Area under the curve 

AUCformulation 
Area under the curve of the coground samples obtained by in  vitro 
release experiments 

AUCin vivo Area under the plasma concentration vs. time curve 

AUClast 
Area under the curve extrapolated to the last sampling time at which a 
quantifiable concentration is found 

AUCmax 
The highest area under the curve value calculated to the in vitro 
solubilization kinetics 

AUC(0-24) Area under the curve from zero to the last sampling time (24 h) 

AUC(0-180) 
In vitro area under the curve of solubilized drug vs. time, from t=0 min 
to the last measuring point (180 min) 

AUC399.0eV and 

AUC401.6eV 
Area under the curve of the nitrogen peaks (protonated and un-
protonated) obtained by X-ray photoelectron spectroscopy 

B Model parameter 

[B] uncharged base Concentration  

BA Bioavailability 

B.C. Before Christ 

BCS Biopharmaceutical classification system 

[BH+] charged base Concentration  

βj 
The effect of the drug-to-polymer weight ratio variable on the 
amorphization process 

C Concentration of dissolved drug 

CA Anhydrous citric acid 
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CB Drug bulk concentration 

Cb Drug blood concentration 

C=C Carbon-Carbon double bond 

Cd Concentration of un-dissolved drug 

CJK'L Concentration of the un-dissolved drug 

CJKLM Concentration of the un-dissolved microcrystalline drug 

CJKNM Concentration of the un-dissolved nanocrystalline drug 

CI Confidence interval 

Ĉi Predicted concentration 

Cj Concentration of the dissolved drug evaluated at radius Rj inside the 
particles of the jth class 

Cl/F Oral clearence 

ch Charged 

CH Ternary carbon 

CH* Switzerland 

CH2 Methylene 

CH3 Methyl 

CH3NO2 Nitromethane 

cm centimeter 

cm-1 Reciprocal centimeter 

cm2 Square centimeter 

cm3 Centimeter cube 

Cmax Maximum concentration 

Cog Coground 

C=O Carbonyl functional group 

CO2 Carbon dioxide 

Cp Solvent concentration at the radial position R 

Cpj Local concentration 

l
pC  Liquid specific heat 

s
pC  Solid specific heat 

Cpeq Solvent concentration in a completely swollen polymeric network 

CP/MAS Cross Polarization Magic Angle Spinning 
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Cq Quaternary carbon 

Cr Drug concentration in the release environment 

Cs Drug solubility at equilibrium 

CO'L Drug amorphous solubility at equilibrium 

COLM Drug macrocrystal solubility at equilibrium 

CONM Drug nanocrystal solubility at equilibrium 

CT Drug concentration inside organs/tissues 

Cu Copper 

D Diffusion coefficient 

d0 diameter 

δ Weibull size distribution parameter 

δ∗ Chemical shift 

dA/dt Drug absorbed at time t 

t

C

∂
∂

 Concentration gradient through the film 

∆Cp Difference between the liquid and solid specific heat capacity 

Deq Diffusion coefficient in equilibrium conditions 

Dds Diffusion coefficient in the pure solvent 

DDS Drug delivery system 

dE/dt Drug eliminated at time t  

∆G Gibbs free energy 

∆gm Molar nanocrystal melting Gibbs free energy 

∆Η Enthaly variation 

∆Ηmr Nanocrystal melting enthalpy 

∆hcg Experimental melting enthalpy of the coground system 

∆hm Molar melting enthalpy 

∆hm∞ Specific melting enthalpy referred to the infinite radius drug crystal 

∆hmix Melting enthalpy referred to the physical mixture 

∆hmr Specific enthalpy 

∆hr Nanocrystal melting enthalpy reduction due to the nanocrystal radius 
reduction 

∆hT Nanocrystal temperature reduction due to the nanocrystal radius 
reduction 
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DKT Dissolution kinetic test 

D.L.n. Number of legislative decrees 

D.L.vo Legislative decret 

dM/dt Mass of drug solubilized 

Dr Diffusion coefficient of the non-Fickian flux 

DR Radius of the first line control volumes 

DRIFT Diffuse reflectance infrared fourier transform spectroscopy 

∆S Entropy variation 

DSC Differential scanning calorimetry 

∆sm Molar nanocrystal melting entropy 

dz Uncertainity calculated with the classical formula of the relative error 
of a ratio 

d0.9, d0.5 and d0.1 Particle diameters determined at the 90th, 50th and 10th per cent 
respectively, of the particle size distribution curve 

e Mathematical constant (Euler’s number) 

E energy 

86/109 ECC Specific directive on the protection of animals used for scientific 
purposes 

EDS Energy-dispersive x-ray spectroscopy 

EDTA Ethylenediaminetraacetic acid 

e.g. Exempli gratia 

εij Experimental error 

EMEA European agency for the evaluation of medicinal products (EMA) 

eq. Equation  

ESI Electrospray ionization 

etc Etcetera 

eV Electron volt 

η Weibull size distribution parameter 

f The ratio between blood and tissues 

f* Function  

ϕ Local polymer volume fraction 
∧

s
df  Drug fugacity in the solid phase 

∧
l

df  Drug fugacity in the liquid phase 
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f1 Angular wideness of the Nth line control volumes 

FDA Food and Drug Administration 

Frel Relative bioavailability 

FT-IR Fourier transform infrared spectroscopy 

g Gram 

g* Gravitational acceleration 

GI Gastrointestinal 

GMP Good manufacturing practice 

γd Drug activity 

γL/A Liquid-air surface tension 

γS/A Solid-air interfacial tension 

γS/L Solid-liquid interfacial tension 

Η Thickness of the diffusion layer 

h Thickness 

[H+]  Proton concentration 

[HA] Uncharged acid concentration 

ΗΜΕ Hot melt extrusion 

[HO-] Hydroxide concentration 

H2O Water molecule 

HPLC High-performance liquid chromatography 

HRTEM High-resolution transmission electron microscopy 

Hw Vial height 
1Η proton 

1ΗΤ1 Proton relaxation time 

i.e. Id est 

J Flux 

Jf Fickian contribution to the solvent flux 

Jr Relaxation flux contribute 

K Proportionality constant 

Ka Absorption constant 

Ka* Acid dissociation constant 

Kab Absorption constant 
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Kb Base dissociation constant 

KBr Potassium bromure 

Kel Elimination constant 

Kg Kilogram 

KH2PO4 Monopotassium phosphate  

KHz Kilohertz 

K i Dissolution constant 

Kp Drug partition coefficient 

Kr Drug recrystallization constant inside the particles 

Krb Recrystallization constant in the release environment 

K*12 
Forward kinetic constant ruling drug exchange between blood and 
tissues 

K*
21 

Reverse kinetic constant ruling drug exchange between blood and 
tissues 

K12 K*12/Vb 

K21 K*
21/Vb 

kV Kilovolt 

L (l) Litre 

LAG Liquid assisted grinding 

log logarithm 

λz Terminal slope of the semi-log plot calculation  

M Mole 

m metre 

M0 Drug dose  

MA Mechanochemical activation 

Mc Amount of drug recrystallized in the release environment 

Md Drug molecular weight 

Me Amount of drug metabolized in the blood 

MEC Minimum effective concentration 

mel Amount of eliminated drug 

µg Microgram 

mg milligram 

MHz Megahertz 

ml millilitre 
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µL microlitre 

mM millimole 

mm millimeter 

MS Mass spectroscopy 

Ms Solvent molecular weight 

MS/MS Mass-mass mode 

MTC Minimum toxic concentration 

M t/S Amount of drug released per unit surface 

mW Millivat  

Mws Solvent molecular weight 

m/z Mass-to-charge ratio 

µ Ground state of the composites 

N Number of all impulses 

n Number of experiments (experimental points) 

N1 Nitrogen atom in position 1 

N4 Nitrogen atom in position 4 

NaCMC Sodium carboxymethyl cellulose 

NaOH Sodium hydroxide 

Nc 
Number of classes into which the continuous particle size distribution 
has been subdivided 

NCE New chemical entity 

ng Nanogram 

N4H+ Protonated nitrogen atom in position 4 

(NH4)2SO4 Ammonium sulphate 

N···HO Intermolecular hydrogen bond 

NIR Near Infrared 

nm nanometre 

Non-SEAMS Non solid excipient assisted mechanochemical salt formation 

Npj Number of particles belonging to the “j” class 

ω Angular velocity 

ωd Drug mass fraction 

P Permeability 

P* Pressure 
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π Pi  

PEG polyethylenglycole 

pH Hydrogen ion concentration 

PhD Doctor of Phylosophy 

pKa Negative logarithm of the acid dissociation constant 

pKb Negative logarithm of the base dissociation constant 

PM Physical mixture 

psi Pound per square inche 

PVP-Cl Crospovidone 

PVP-Clm Micronized crospovidone 

PXRD Powder X-ray diffraction 

Q Heat 

R Universal gas constant 

R2 Coefficient of determination 

r radius 

ρ density 

Rc Crystal radius 

RF Flow rate 

Ri Internal blade radius 

Rj Radius of the spherical shell 

R1j Radius of the inner spherical shell 

R2j Radius of the outer spherical shell 

R1j(0) Radius of the inner spherical shell in the dry condition 

R2j(0) Radius of the outer spherical shell in the dry condition 

Rlv Liquid-vapor curvature 

RL'QNM  Maximum value assumed for the nanocrystal radius 

Rmin Minimum particle radius 

RLRNNM  Minimum value assumed for the nanocrystal radius 

Rnc Nanocrystal radius 

Ro External blade radius 

Rp Particle radius 

Rpj Time dependent radius of particles belonging to class “j” 

rpm Revolutions per minute 
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ρs Solvent density 

ρs Solid density 

ρl Liquid density 

R(t) Drug release kinetics 

Rv Vial radius 

S Solubility of a crystal having radius r 

s Seconds  

Σ Sum 

S* Percentage of vincamine in salt form 

S0 Solubility of a crystal having infinite radius 

SD Standard deviation 

SDDS Sustained-release drug delivery system 

SEAMS Solid excipient assisted mechanochemical salification 

SEM Scanning electron microscopy 

s.r.l. Limited liability society 

SSNMR Solid-state nuclear magnetic resonance 

SVNj Matrix volume connecting the different blades  

σ1 and σ2 Variance model parameters 

T Temperature 

T* Impulse period 

t Time 

τ Relaxation time 

τ∗ Matrix porosity 

t1 Impulse duration 

t1/2 Half life 

t75%Cmax 
Time span during which concentration is at least 75% of the maximum 
concentration 

TEM Transmission electron microscopy 

τeq Relaxation time at equilibrium conditions  

θ Contact angle 

θCH2Cl2 Dicloromethane contanct angle 

θH2O Water contanct angle 

t1/2Ka Absorption half life 
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t1/2Ke Elimination half life 

Tm Melting temperature 

Tmr Crystal melting temperature 

Tm∞ Infinite radius crystal melting point 

tmax Time to reach maximum concentration  

theo Theophylline 

THF Tetrahydrofuran 

TPPM Two pulse phase modulation 

UK United Kingdom 

unch Uncharged 

UV Ultraviolet 

V Volume 

V* Volt 

υ Single grinding medium velocity 

V0 Volume occupied by the ensemble of polymeric particles 

Vb Blood volume 

V i Variance of the ith data point 

VIC Vincamine 

VIC-CIT Vincamine citrate 

VIC-to-CA Vincamine to citric acid 

V ij First control volume 

VIN Vinpocetine 

VNj Nth control volume 

Vr Volume of the release environment 

VT Tissue volume 

W Mechanical energy supplied  

wax Microcrystalline wax 

WI Wisconsin, United States of America 

wt Weight ratio 

w/w Weight-weight 

X1 

Process or formulation variables X2 

X3 
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Xa Amorphous fraction 

Xd Drug molar solubility 

Xncr Nanocrystal fraction 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

XRPD X-ray powder diffraction 

χ2 Chi-square fitting 

Ya Observed response 

Z Ratio between AUCformulation and AUCmax 

Zc Matrix length 

% percentage 

°C Degree Celcius 

S  Integral 

2θ 2 theta angle 

 

 

 

 

 

 

 

 


