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Abstract  20 

Physiologically generated supersaturation and subsequent crystallization of a weakly basic drug 21 

in the small intestine leads to compromised bioavailability. In this study, the pH-induced 22 

crystallization of cinnarizine (CNZ) in the presence of different polymers was investigated. 23 

Inhibitory effect of Eudragit L100 (Eu) on crystallization of CNZ at varying supersaturation 24 

ratios was examined. The effect of Eu on the dissolution behaviour of CNZ from CNZ/Eu 25 

physical mixtures (PMs) and solid dispersions (SDs) was assessed. Results showed that both Eu 26 

and HPMC have a considerable maintenance effect on supersaturation of CNZ but Eu was more 27 

effective than HPMC. When Eudragit was used the phenomenon of liquid-liquid phase 28 

separation (formation of colloidal phase) was observed at supersaturation ratio of 20 times above 29 

the solubility of the drug. PMs showed a higher area under the dissolution curve (AUDC) 30 

compared to plain CNZ. In contrast, SDs showed a lower AUDC than plain CNZ.  For SDs, the 31 

AUDC was limited by the slow release of the drug from Eu in acidic pH which in turn hindered 32 

the creation of CNZ supersaturation following the transition of acidic to neutral pH. From these 33 

findings, it can be concluded that the ability of the formulation to generate supersaturation state 34 

and also maintaining the supersaturation are vital for improving the dissolution of CNZ.  35 

 36 

 37 

 38 

 39 

 40 
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Introduction 41 

Weakly basic drugs have gained much interest due to their physiologically generated 42 

supersaturation and subsequent crystallization in the small intestine. As the weakly basic drugs 43 

might crystallize in the small intestine, therefore, the oral bioavailability of these types of drugs 44 

is a widespread challenge for scientists. It is well known that pH of the environment affects the 45 

solubility of weakly basic drugs in a manner that depends on its pKa, according to the 46 

Henderson-Hasselbalch relationship.  Generally, at acidic pH of the stomach, the ionized form 47 

of the weakly basic drugs displays higher solubility compared to the free base. Therefore, partial 48 

or complete drug solubilization can be achieved in the stomach.  Following a pH change from 49 

the stomach to the small intestine (pH is closer to neutral) the solubility of the weakly basic drug 50 

can drop as a result of the generation of the free base in the small intestine. This indicates that in 51 

the small intestine, the weakly basic compounds may undergo supersaturation due to lower 52 

solubility of the free base (1-4). It is worth noting that the higher thermodynamic activity of a 53 

drug in the supersaturated state enhances its permeation across the biological membrane. It is 54 

well demonstrated that if the time to maintain the drug supersaturation is prolonged for an 55 

adequate time under physiological conditions, then this can lead to an improvement of drug 56 

transition across the intestinal epithelia and consequently increased drug absorption (5-10).  57 

Although, the prolongation of the supersaturated state can be beneficial, due to excess free 58 

energy of the supersaturated solutions (this leads to the preciptation of API), erratic absorption 59 

and low bioavailability for weakly basic drugs may be attained (5). In fact, crystallization of 60 

weakly basic drugs in the small intestine is behind poor oral bioavailability with large intra- and 61 

inter-individual variations.  The main challenge is the inhibition of crystallization of weakly 62 

basic drugs following the passage from the stomach into the small intestine. In order to get 63 
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benefit from the high thermodynamic activity of a drug in supersaturated state and consequently 64 

gaining high drug concentration, the presence of an inhibitor to prevent crystallization is needed 65 

which preferably would not limit diffusion of the drug in the solution (having micelles or 66 

cyclodextrin in the formulation)( 11-13). 67 

Polymer-based drug crystallization inhibitors have been used to inhibit or retard the crystallization 68 

of drugs. The use of polymers is a progressively more widespread way for inhibiting crystallization 69 

from the supersaturated state used to improve the dissolution performance of poorly water-soluble 70 

drugs. It has been proven that a variety of polymers are effective to delay crystallization of drugs 71 

from the supersaturated state for a sufficient time so that the drug absorption in the small intestine 72 

can take place [5,14–19].  73 

Cinnarizine (CNZ), as a model compound, was examined in the present study. CNZ is a weakly 74 

basic drug with pKa11.94 and pKa2 7.47 which is soluble 2 µg/ml at pH 6.5 but dissolves more 75 

(2110 µg/ml) at low pH (20,21). The poor solubility at higher pH indicates that it is highly likely 76 

the proposed drug may partially crystallize in the small intestine following gastric emptying. 77 

Previous works on the bioavailability of CNZ have revealed that the absorption of CNZ is erratic 78 

and absolute bioavailability is very low (22). In this work, the inhibitory effect of various polymers, 79 

including HPMC K4M, Eudragit L100 (Eu), NaCMC, HPC, PEG, and PVP, on pH-induced 80 

crystallization of CNZ was quantified. The choice of polymers was based on their existence as a 81 

crystallization inhibitor published in the literature (15,23). On the basis of the above introduction, 82 

the main purpose of this work was to explore the best polymer with a capability to maintain 83 

supersaturation of CNZ for a long period of time when the formulation is transmitted from an 84 

acidic (the stomach) to neutral pH (the small intestine).  85 

Materials and methods 86 
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Materials 87 

Cinnarizine (Osvah Pharmaceutical Co, Iran), hydroxypropyl methylcellulose (HPMC) K4M 88 

(Sigma, Germany), Eudragit L100 (Eu) (Evonik GmbH, Germany), hydroxypropyl cellulose 89 

(HPC) with MW of 370000 (Sigma, Germany) was used. Polyvinylpyrrolidone K30 (PVP K30), 90 

sodium carboxymethyl cellulose (NaCMC), polyethylene glycol 400(PEG 400), monobasic 91 

potassium phosphate USP-standard (KH2PO4), dibasic potassium phosphate (K2HPO4), 92 

trisodium phosphate (Na3PO4), ethanol analytical grade, dichloromethane analytical grade were 93 

obtained from Merck, Germany. 94 

Supersaturation experiment 95 

A stock solution of CNZ was prepared by dissolving 10 mg of CNZ in 10 ml HCl solution (0.1N). 96 

1 ml of this solution was then added to 50 ml 100 mM potassium phosphate buffer (pH 6.8; ionic 97 

strength, 0.2M) containing 20 mg of polymer to induce an initial drug solution concentration of 20 98 

µg/ ml corresponding to a supersaturation ratio of 10. The total time of supersaturation test was 2 99 

h, and the buffer solution was kept in a water bath shaker at 37±0.5 °C at 100 rpm. 100 

After adding HCl solution to the buffer solution, samples were taken at predetermined time points 101 

(10, 20, 30, 60 and 120 min) and filtrated through a 0.45µm nylon membrane syringe filter. The 102 

obtained filtrate was directly diluted in a 1:1 ratio with the buffer solution to avoid CNZ 103 

crystallization and analyzed using UV-Vis spectrophotometer (UV-160A, Shimadzu, Kyoto, 104 

Japan) at 253 nm. The concentration of CNZ (n = 3) was plotted as a function of time. No 105 

interference between the polymers and CNZ assay was detected at 253 nm. 106 

In order to evaluate the influence of supersaturation ratio on the crystallization of CNZ in the 107 

presence of Eu (0.4 mg/ml), the supersaturation experiments at different supersaturation ratios of 108 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwiR57mGq6_aAhUFhSwKHcSPBkkQFghNMAI&url=http%3A%2F%2Fwww.lotioncrafter.com%2Fhydroxypropyl-methylcellulose-hpmc.html&usg=AOvVaw0INIbbsEJsz46EBdog7oNU
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjL9-elq6_aAhUziKYKHevyB5kQFggmMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FHydroxypropyl_cellulose&usg=AOvVaw1C9XmUNvPmfHn5l9e1q1g7
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwjquIfPra_aAhUB6qQKHZkAC7cQFghBMAI&url=https%3A%2F%2Fpubchem.ncbi.nlm.nih.gov%2Fcompound%2FDipotassium_hydrogen_phosphate&usg=AOvVaw3zryYIqAup6r60CMc5ymyC
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwjqgruura_aAhXQDewKHWnSAdAQFghRMAM&url=https%3A%2F%2Fpubchem.ncbi.nlm.nih.gov%2Fcompound%2Ftrisodium_phosphate&usg=AOvVaw28CidujoEH5y3sfp3Dqn6M
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5 and 20 were also performed. The same supersaturation tests were carried out in the buffer 109 

solution in the absence of polymer. 110 

Solubility 111 

The equilibrium solubility of CNZ was determined in phosphate buffer (pH 6.8) at 37°C using an 112 

excess of CNZ in the presence of Eu and HPMC (concentration of 0.4 mg/ml). The solubility was 113 

achieved after 48 h by using UV-Vis spectrophotometer at 253 nm following filtration through a 114 

0.45µm nylon membrane syringe filter. 115 

Dynamic light scattering (DLS) 116 

DLS measurements were performed using laser- scattering spectrophotometer (Nano ZS, 117 

Malvern, UK) yields the mean particle size and the polydispersity index (PI) as a measure of the 118 

width of the distribution. Light scattering was monitored at 90° and measurements were obtained 119 

at 25 °C. Sample solutions were filtered through a 0.45µm nylon membrane syringe before 120 

measurement. All measurements were done in triplicate. 121 

Preparation of solid formulations 122 

Physical mixtures (PM) of CNZ and polymers at different weight ratios were prepared by weighing 123 

out the accurate amount of CNZ and polymers and triturating for at least 10 min in the mortar and 124 

pestle. Preparation of CNZ-Eu solid dispersions (SD) (CNZ: Eu 20:50, 20:100, and 20:200 w/w) 125 

was carried out by a rotary evaporation method.  CNZ and Eu were dissolved in 1:1 ethanol 126 

/dichloromethane (concentration: 2%w/v) under stirring. Rotary evaporation was performed at 80 °C 127 

and under reduced pressure (0.09 MPa). Temperature and pressure were maintained by a water bath and 128 

vacuum pump respectively. After that, samples were dried in a vacuum oven overnight at 40 °C to 129 
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remove any remaining solvent. The solid dispersions were subsequently ground with a mortar and 130 

pestle and then sieved to separate a particle size fraction of 150-250 µm. 131 

In vitro dissolution studies 132 

Dissolution experiment was conducted using the USP II paddle method. Firstly, samples were 133 

subjected to the acid phase examination in 750 ml of 0.1 N HCl for 2 hours. After that, 250 ml of 134 

0.2 M Na3PO4 was added to create the neutral pH and the dissolution was carried out for another 3 135 

h.  Samples equivalent to 20 mg of CNZ were calculated, weighted and added to each vessel. This 136 

amount of drug represented a theoretical 20 μg/ml CNZ concentration for the neutral stage of 137 

dissolution testing which corresponds to a 10-fold higher than it is needed to create supersaturation 138 

(solubility of the drug at neutral pH, 6.8, is supposed to be 2 μg/ml) (20,21). The dissolution media 139 

was stirred at 100 rpm and held at 37±0.5 °C throughout the experiment.  Samples were taken at 140 

predetermined time points by withdrawing 5 ml from each vessel; then the aliquots were filtered 141 

using a nylon membrane syringe filter (0.45 μm, Whatman, Florham Park, NJ). The filtered 142 

samples were immediately diluted to avoid drug precipitation. CNZ concentrations were assessed 143 

as mentioned above. All measurements were carried out in triplicate.  144 

Viscosity Measurements 145 

A Brookfield RVT viscometer was used to measure the viscosity (in cps) of the solutions 146 

containing various concentration of Eu (0.05, 0.1 and 0.2 mg/ml). A spindle (no. 2) was rotated 147 

at a shear rate of 150 rad/s and 37°C. 148 

Differential Scanning Calorimetry (DSC) 149 

DSC analyses of plain CNZ, Eu, PM and SD formulations were performed using an automatic 150 

thermal analyzer system (DSC-60, Shimadzu, Tokyo, Japan). Samples were weighed (around 5 151 
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mg) in aluminium crimped pans and heated with a heating rate of 10 °C/min from 25 to 300 °C. 152 

The instrument was calibrated using Indium as standard. 153 

Fourier Transform Infrared (FT-IR) Spectroscopy 154 

Fourier-transform Infrared (FTIR) Spectroscopy was carried out using a Spectrometer (M-B-100, 155 

Bomem, Canada) (32 scans at 4 cm-1 resolution). The plain CNZ and SD with Eu were mixed with 156 

KBr, compressed into a disc, and analysed directly over a wavenumber range of 400–4000 cm-1. 157 

Statistical evaluation of data 158 

The data were reported as the mean ± standard deviation (SD) of at least 3 determinations. 159 

Statistical analysis was performed using the analysis of variance (ANOVA) followed by the Mann- 160 

Whitney U test with statistical significance evaluated at P < 0.05. 161 

 162 

Results and discussion 163 

Supersaturation experiment 164 

Polymers with different physicochemical properties were examined to identify excipients that 165 

retard the crystallization of CNZ from neutral solution. In the supersaturation experiment, the 166 

polymers were pre-dissolved at a concentration of 0.4 mg/ml in neutral solution, and a 167 

concentrated solution of CNZ in acidic (i.e., the ‘‘spring’’) was added to the neutral solution to 168 

provide an initial degree of supersaturation where the concentration of drug 10 times higher than 169 

the determined solubility, and then the solution concentration was monitored as a function of time 170 

(Figure 1). As shown in this Fig, after 10 min, the concentration of CNZ in the solution without 171 

any polymer decreased rapidly and reached a concentration close to the equilibrium solubility of 172 

the crystalline CNZ (2 µg/ ml). This fast decrease in CNZ concentration is an indication of an 173 

immediate crystallization of CNZ from the supersaturated solution. Similar findings have been 174 
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reported in other studies wherein celecoxib and felodipine quickly crystallized in the lack of 175 

polymers (24,25). 176 

According to Fig.1, the CNZ concentration decreased more slowly in the presence of Eu and 177 

HPMC compared to the solution without any polymer.  178 

The CNZ concentration measured after 20 min for the solution containing 0.4 mg/ml Eu was 9.1, 179 

whereas this value was 6.6µg/ml when HPMC with a concentration of 0.4 mg/ml was used. In 180 

order to take into account the possible solubilizing effect of Eu and HPMC, the equilibrium 181 

solubility of CNZ was determined in a neutral solution containing 0.4 mg/ml of the polymers. 182 

According to the results, no significant difference was found between the equilibrium solubility of 183 

CNZ in Eu and HPMC solutions (1.98±0.08 and 2.13 ±0.06 µg//ml, respectively) and non-polymer 184 

solution (2.07±0.07 µg//ml) (p>0.05). This implies that Eu and HPMC have no solubilization 185 

effect, and reveals that supersaturated state of the drug in the presence of Eu and HPMC are 186 

attributed to the maintenance effect of the polymers on CNZ supersaturation.  After120 min, CNZ 187 

reached a concentration of 5.5µg/ml in Eu solution and 2.7µg/ml in HPMC solution. The CNZ 188 

concentrations in the polymer solution after 120 min were still higher than in the solution without 189 

any polymer. The results demonstrated that both Eu and HPMC (i.e., the ‘‘parachutes’’) efficiently 190 

suppressed the crystallization of CNZ, but Eu was more effective compared to HPMC (p<0.05). 191 

The area under the concentration-time (AUC) profile of the supersaturation curve was evaluated 192 

to give more quantitative data for supersaturation results. The AUC provides an estimation of both 193 

degree and duration of supersaturation then evaluating the extent of supersaturation in the 194 

solutions. AUC values for different polymers are presented in Table 1. The AUC values also 195 

clearly confirmed the superiority of Eu with respect to stabilizing CNZ supersaturation and 196 
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inhibiting the crystallization of the drug. The Eu solution showed about 1.8-fold and 6.2-fold 197 

greater mean AUC values than HPMC solution and the solution with no polymer, respectively.  198 

The results of supersaturation experiments revealed that Eu and HPMC acted as effective anti- 199 

crystallizer to prevent the crystallization of CNZ when compared to other polymers. It has been 200 

demonstrated that stabilization of drug supersaturation by the polymers is mainly due to the 201 

intermolecular interaction between drug and polymer (26-28). When there is an attractive 202 

intermolecular interaction between the drug and the polymer in the solution, this interaction can 203 

slow down the nucleation process hence crystal growth of the drug. The above phenomenon 204 

inhibits the crystallization and maintains the supersaturated state (29).  205 

According to previously published findings, the ability of a polymer to interact with a drug is 206 

dependent on several factors, such as functional groups of polymer and location of these groups 207 

and hydrophobicity, rigidity and molecular weight of polymer molecules. According to previous 208 

research, higher polymer’s hydrophobicity leads to an improved inhibition efficiency of polymer 209 

on drug crystallization because of its stronger interaction with drug molecules. Several other 210 

research also confirmed that the hydrophilic polymers such as PEG had no crystallization 211 

inhibition efficiency which was attributed to the fact that hydrophilic polymers interact more 212 

favorably with water molecules (30,31). Apart from hydrophobicity, the rigidity of polymers 213 

may influence their inhibition efficiency on drug crystallization. It has been found that polymers 214 

with relatively rigid structures inhibit drug crystallization more effectively compared to polymers 215 

with flexible structures (32). Additionally, the improved inhibition capability of polymers with 216 

high molecular weight on drug crystallization can be related to high existing functional groups 217 

on the polymer chains for improved interaction of polymers with drug molecules (30). 218 

Effect of supersaturation ratio on crystallization of CNZ 219 
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The influence of the supersaturation ratio on the crystallization of CNZ in the presence of 0.4 220 

mg/ml Eu is shown in Fig. 2. As shown in this Figure the maximum concentration of the drug 221 

increased as the supersaturation ratio was increased (p<0.05).  222 

Also, it is clear that the initial crystallization rate was proportional to the supersaturation ratio. 223 

This can be explained by the fact that the driving force for crystallization rises with increasing 224 

supersaturation ratio (33). Therefore, the higher initial concentration will not consistently result in 225 

better performance. A pale solution was generated at a supersaturation ratio of 20 (CNZ 226 

concentration of 40µg/ml), while a transparent solution was formed at supersaturation ratios of 5 227 

and 10. To verify the appearance of colloidal species at different supersaturation ratios, a few 228 

millilitres of the sample was withdrawn after 1 h of supersaturation experiment and filtered through 229 

a 0.45 μm PTFE filter to eliminate crystallized particles. Dynamic light scattering analysis of the 230 

obtained supernatant revealed no colloidal species were present at supersaturation ratios of 5 and 231 

10 after supersaturation experiment, but it was not the case when the supersaturation ratio was 20 232 

and colloidal particles were seen in this sample. The determined diameter of the colloidal species 233 

at supersaturation ratio of 20 was approximately 170 nm, with a polydispersity index (PDI) smaller 234 

than 0.2 (Figure 3). It is interesting to note that at supersaturation ratio of 20, colloidal particles 235 

are formed immediately following pH transition. The generation of these colloidal particles during 236 

supersaturation experiment could be explained by liquid-liquid phase separation (LLPS) 237 

phenomenon (34). It is well known that, generally, a colloidal solute-rich phase is evolved above 238 

a definite level of supersaturation (35).  239 

 240 

Such LLPS can occur when the highly supersaturated solution is quickly formed and crystallization 241 

is efficiently inhibited (36). The LLPS threshold concentration has been reported to occur at a 242 
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similar concentration to the amorphous solubility of the drug. According to the reported finding of 243 

LLPS determination tests, the practically measured LLPS onset concentration is in good agreement 244 

with the calculated solubility of the amorphous form of a drug (34,37). The solubility of the 245 

amorphous form of the drug can be predicted using thermodynamic data of the crystalline and 246 

amorphous forms of the drug (38). The theoretically predicted solubility of the amorphous form 247 

of CNZ is around 12 times than that of the crystalline CNZ (around 2μg/ml). As it was expected, 248 

LLPS was observed at concentration of 40 μg/ml of CNZ (supersaturation ratio of 20) which was 249 

supersaturated regarding the predicted amorphous solubility of CNZ in the presence of 0.4 mg/ml 250 

Eu which was added to inhibit crystallization of CNZ. 251 

In the absence of Eu, no LLPS was observed for the solution of CNZ at a supersaturated ratio of 252 

20 which indicates that the presence of Eu can efficiently inhibit the crystallization of CNZ, and 253 

provide the potential to the occurrence of LLPS. According to this result, it is reasonable to 254 

conclude that LLPS cannot occur in the solution that undergoes fast crystallization. Similar results 255 

have been reported for the supersaturated solution of nifedipine (39,40). 256 

It is well known that the formation of drug –rich phase is beneficial for absorption enhancement 257 

of drug. It has been supposed that drug-rich phase can operate as a drug reservoir, becoming easily 258 

accessible in the solution, replenishing drug molecules that are diffused through membranes, 259 

leading to a highest possible flux as long as the drug-rich phase is present (41,42). 260 

In vitro dissolution of PMs 261 

The addition of CNZ ‘‘springs’’ to a neutral solution containing excipients is a valuable method 262 

for initial screening to find an excipient that would stabilize supersaturation of the drug. However, 263 

this method cannot promise that the efficient excipient dissolves quickly enough under 264 

gastrointestinal conditions to function appropriately when used in the solid formulation. It is 265 
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possible that the drug in solid formulation dissolves and subsequently crystallizes before the 266 

polymers dissolve in an adequate amount to inhibit the crystallization of the drug. To prove this, 267 

the dissolution of solid formulations consisting of CNZ with effective polymers was carried out. 268 

Taking into account the results of supersaturation experiments, dissolution tests were firstly carried 269 

out for the plain drug and its PMs with Eu and HPMC (drug/polymer 20:100). To evaluate the 270 

dissolution performance of CNZ from solid formulations, the tests were performed by a pH switch 271 

dissolution method, starting with an acidic pH of 1.2 for two hours followed by a pH adjusting to 272 

6.8 for additional three hours. The pH switch in this dissolution model was preferred based on 273 

previous studies with the intention to simulate biorelevant pH conditions (43,44). Taking into 274 

account the high solubility of CNZ in pH 1.2 (2110 mg/L), it is supposed that the applied amount 275 

(20 mg) of CNZ would be wholly soluble in acidic medium and produce supersaturated solution 276 

with starting neutral phase as a consequence of dramatic decrease in CNZ solubility at pH 6.8 (2 277 

µg/ml) (21). Thus, this pH switch in the dissolution test clearly implies the effect of different 278 

formulations on stabilizing supersaturation of CNZ in neutral solution. 279 

The in vitro dissolution results of the samples are depicted in Figure 4. Complete dissolution of 280 

the plain drug was achieved within 10 min at acidic pH. These findings were consistent with 281 

previous observation of the rapid dissolution behaviour of CNZ in acidic condition (45). Drug 282 

release pattern of CNZ from Eu and HPMC PMs were almost identical to that of the plain drug in 283 

acidic medium. Therefore, at the beginning of the neutral phase, the extent of supersaturation was 284 

similar for plain CNZ and its PMs with Eu and HPMC (p>0.05). Following the acid –to– neutral 285 

pH change, in the absence of any polymer, significant crystallization of CNZ was seen as the mean 286 

value of 3.5µg/ml CNZ was determined 20 min after the pH transition and over 80% of the drug 287 

crystallized during this time. However, the Eu-based and HPMC –based PMs showed the 288 
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inhibition effect against CNZ crystallization (the concentration of CNZ in Eu and HPMC based 289 

PM was 11.5 and  6.5 µg/ml in solution 20 min after pH change respectively). 290 

These formulations kept on to provide obvious stabilization of supersaturated CNZ up to 3 h after 291 

the pH transition. As mentioned before, CNZ solubility was not significantly changed in the 292 

presence of these polymers. Therefore, the positive effect of the polymers on dissolution 293 

performance of CNZ was not likely attributable to an increase in the equilibrium solubility of CNZ. 294 

To give a more quantitative evaluation of the dissolution profile, the area under the dissolution 295 

curve (AUDC) for the neutral phase was considered because the main difference between 296 

dissolution performance of CNZ and PMs was in this phase. Moreover, AUDC neutral is the key 297 

metric by which to assess the different formulations as it is likely to correlate to in vivo absorption. 298 

AUDC neutral for different samples are shown in Table 2. 299 

The Eu-based PMs showed AUDC neutral values of 1741 µg.min/ml, while the plain drug and its 300 

PM with HPMC produced significantly lower AUDC neutral value of 525 and 932 µg.min/ml, 301 

respectively (p<0.05). The AUCD neutral values further showed the superiority of the Eu physical 302 

mixture with regard to the promotion of CNZ supersaturation in a neutral phase.  HPMC provided 303 

supersaturation to a lesser extent than observed with Eu, which could either be a consequence of 304 

the lower dissolution rate of HPMC (as it tends to swell before it dissolves) compared to Eu or 305 

alternatively because Eu is a better crystallization inhibitor than HPMC. 306 

These findings were consistent with the results obtained from supersaturation tests examining the 307 

inhibitory effects of the polymers against CNZ crystallization in solutions containing pre-dissolved 308 

Eu and HPMC.  Dissolution results of PMs consistent with the results of supersaturation 309 

experiments demonstrated the superiority of Eu in respect to inhibiting crystallization of CNZ. 310 

Therefore, in this study, only Eu was considered for further study. The influence of Eu amount in 311 



 

15 
 

PMs on the dissolution profiles of CNZ was evaluated using various CNZ:Eu ratios (20:50, 20:100 312 

and 20:200). The dissolution results signified that Eu-based PMs at all concentrations stabilized 313 

supersaturated levels of CNZ maintaining drug concentration significantly higher than the 314 

equilibrium solubility of CNZ (2μg/ml) for the whole period of neutral phase (3h) (p < 0.05 in all 315 

cases) (Fig.5).  However, as can be seen from this Figure a direct correlation between the Eu 316 

content and the maximum CNZ concentration was not observed. The maximum CNZ 317 

concentration for PM (drug/polymer 20:200) and PM (drug/polymer 20:100) was relatively similar 318 

(around 11.5µg/ml after 20 min) (p>0.05), while PM (drug/polymer 20:50) differed with a lesser 319 

concentration of CNZ (almost 8.9 µg/ml after 20 min) (p<0.05). 320 

Although, PM of drug/polymer with ratios of 20:100 and 20:200 showed >2.5 fold improvement 321 

in AUDC neutral for the plain drug, AUDC statistical analysis demonstrated no significant 322 

difference among these PMs (p>0.05). PM of drug/polymer 20:100 was chosen as the most 323 

promising PM for achieving the greatest CNZ concentration, with the highest drug loading and 324 

lowest polymer proportion. 325 

As mentioned previously, the interaction of the polymer with drug is the main factor which affects 326 

the crystallization of a drug from supersaturated solution. However, according to some studies, the 327 

viscosity should also be regarded as a potential factor contributing to the effect of the polymers on 328 

stabilizing supersaturation (46). 329 

This possibility was addressed in relation to the maintenance effect of the polymers on drug 330 

supersaturation by evaluation of the solution viscosity containing various concentrations of Eu 331 

(0.05, 0.1 and 0.2 mg/ml).  Eu concentrations of 0.05, 0.1 and 0.2 mg/ml represent the 332 

concentration of Eu that would be obtained in solution subsequent the dissolution of Eu- based 333 

PMs at drug/ polymer ratios of 20:50, 20:100 and 20:200, respectively. At the Eu concentrations 334 
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of 0.05, 0.1 and 0.2 mg/ml, the viscosity of the solutions was determined and it is appeared to be 335 

below 1cP (at a reference shear rate of 150 rad/s, 37°C). According to the results of AUDC and 336 

viscosity, increasing the Eu amount in PMs resulted in higher AUDC values up to 20:100 (CNZ: 337 

Eu) ratio, whereas the solution viscosity was still very low for the solution containing 0.1 mg/ml 338 

of Eu. So, it can be concluded that viscosity is an insignificant factor in the Eu mediated stabilizing 339 

supersaturation. This appears to reveal that intermolecular interaction between CNZ and Eu only 340 

governs the stabilizing of supersaturation in a neutral phase.  341 

According to previously published findings, the ability of a polymer to interact with a drug is 342 

mainly dependent on its functional sites (32). As Eu has the numerous acidic groups on the polymer 343 

backbone, thus, it is reasonable to assume that Eu with an abundance of hydrogen bond donor sites 344 

provides the suitable condition for interaction with CNZ molecules having hydrogen bond acceptor 345 

sites (C-N groups). Similarly, Hydrogen bonding has been accounted as a most important 346 

mechanism to stabilize supersaturation of other drugs in presence of the polymer (17). 347 

However, it is worth pointing out that the mechanism of drug supersaturation maintenance by the 348 

polymer is still not comprehensively understood. In another study, the researchers compared the 349 

effect of three polymers namely hydroxypropylmethyl cellulose acetate succinate (HPMCAS), 350 

PVP and HPMC in inhibiting crystallization of felodipine and they showed that  HPMC AS was 351 

more effective than PVP and HPMC in maintaining supersaturation of the drug and the reasons 352 

for that remained unknown (25). 353 

In vitro dissolution of SDs 354 

In order to investigate the influence of the process of making Eu with CNZ on their capability in 355 

maintaining supersaturation of the drug, the dissolution properties of Eu-based SDs were also 356 

evaluated. As shown in Fig.6, the dissolution profiles for Eu-based SDs were very different from 357 
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that of their PM counterparts. The dissolution profiles for CNZ revealed that the Eu- based SD 358 

generated lower drug concentration in neutral phase than was obtained for a Eu- based PM at the 359 

same drug/polymer ratio (p<0.05). This may be explained as follows. According to previous 360 

research, the induction and maintenance of a supersaturation state are essential to enhance the 361 

dissolution properties of weakly basic drugs (47).  362 

Dissolution results revealed that in SDs, the supersaturation was not generated in the neutral phase 363 

and dissolution enhancement was not achieved in spite of the presence of Eu with efficient 364 

supersaturation stabilizing effect. 365 

In these formulations, in acidic phase very low drug release was obtained (less than10% of the 366 

drug released within120 min at 20:100 drug /polymer ratio) which may be related to insolubility 367 

of Eu in acidic phase (as Eu is soluble at pH > 6.0) and to the high molecular weight of CNZ (369.5 368 

Da) (20). In fact, the Eu-based SD inhibited the release of CNZ under gastric pH while at neutral 369 

pH it dissolved quickly and released the drug which crystallized out in the medium. In the case of 370 

PMs, complete dissolution of CNZ in acidic phase resulting in substantial CNZ supersaturation 371 

from these formulations following the pH change to 6.8. This suggests that Eu–based SD 372 

formulation of CNZ would not be effective in promoting the dissolution of the drug, as this type 373 

of formulation eliminates the acid-phase dissolution of CNZ and subsequent supersaturation upon 374 

the acid to neutral pH change. On the other hand, it is obvious from the DSC thermograms that 375 

Eu-based SDs do not show any signs of crystallinity (Fig.7). This demonstrated that CNZ was 376 

dispersed in the SDs in an amorphous state. SD formulations containing amorphous drug has a 377 

high energy and such a higher energy can increase the apparent solubility compared to 378 

formulations containing the crystalline drug. 379 
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 In previous studies, it has been demonstrated that amorphous SDs containing pH-dependent 380 

polymers may produce concentrations higher than equilibrium solubility of the drug as a 381 

supersaturation burst at pH in which the polymers dissolved (16,48-51). 382 

 Therefore, it is reasonable to expect that Eu-based amorphous SD of CNZ could trigger the high 383 

initial concentration to form a supersaturated state at pH 6.8, considering the fact that Eu L100 is 384 

soluble at this pH (25,52). However, contrary to our expectation, there was no spring dissolution 385 

model of CNZ from Eu-based amorphous SDs in neutral phase (pH 6.8).  386 

In the work published by Dereymaker et al. (53) they demonstrated that CNZ SDs have similar 387 

dissolution properties when various polymers were used and the amorphous CNZ crystallizes so 388 

rapidly during the dissolution in acetate buffer at pH 4.5. They concluded that formulation of CNZ 389 

as a solid dispersion does not appear to be suitable due to fast crystallization of CNZ.  In another 390 

study performed by Baghel et al wherein crystallization tendency of dipyridamole and CNZ were 391 

determined, CNZ was also defined as a fast crystallizing drug (54). 392 

These findings could be explained as follows. Upon dissolution, there are two different pathways 393 

for the crystallization of amorphous drugs. One is crystallization through the solid-to-solid 394 

pathway. The other is crystallization from supersaturated solution generated upon the dissolution 395 

of amorphous drug (50). It was assumed that if solid to solid transformation is the dominant 396 

crystallization mechanism of amorphous CNZ in SDs upon dissolution, then the dissolution 397 

profile of SDs observed should be similar to that of the crystalline CNZ. This similarity between 398 

the dissolution profiles of SDs and that of the crystalline CNZ in neutral phase can be clearly 399 

seen in Fig. 6 as expected. Therefore, the dissolution profiles of CNZ from Eu- based SDs with 400 

lack of supersaturated state upon dissolution in neutral pH may be attributed to this fact that 401 

crystallization of amorphous CNZ happens immediately in the solid amorphous state. It seems 402 
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that amorphous CNZ already crystallized by solid- to solid way upon exposure to aqueous 403 

dissolution media so that only the dissolution behaviour of the crystallized CNZ was observed. 404 

The rapid crystallization of amorphous CNZ upon dissolution may be attributed to sorption of 405 

water with plasticization effect into the amorphous CNZ which led to higher molecular mobility 406 

and hence accelerated crystallization. Indeed, CNZ as a fast crystallizing drug which possibly 407 

suffers from solid to solid transformation upon dissolution compromised the benefits of 408 

amorphous solubility of CNZ. Thus, this drug does not appear to be appropriate to be formulated 409 

as Eu- based SD. 410 

Similar results were reported for some other drugs including nifedipine, glipizide, sulfadoxine and 411 

sucrose. It has been reported that for these drugs, crystallization initiates by solid- to- solid 412 

transformation on the surface of their amorphous forms (55-58). 413 

 414 

DSC and FT-IR analysis 415 

The DSC thermograms of the samples are shown in Fig.7. In the case of Eu-based SD, contrary to 416 

plain CNZ and its physical mixture with Eu, no melting peak of the drug was seen suggesting that 417 

CNZ was dispersed within Eu to generate dispersion at a molecular level.  418 

To investigate a possible interaction between CNZ and Eu, the FT-IR spectra of Eu, treated CNZ 419 

and Eu–based solid dispersion were measured (Fig. 8). The pure CNZ has bands at 3066 cm-1 420 

(aromatic CH stretch), 3021 cm-1(alkene CH stretch), 2956 cm-1(aliphatic CH stretch), 1141 cm- 421 

1(C-N stretch), 1001 cm-1 (=C-H alkene) and 963 cm-1 (=C-H aromatic) (59). Eu has important 422 

functional peaks at 1700 and 1730 cm-1 for the C=O bonds in the case of the carboxylic acid group 423 

and the esterified carboxylic group, respectively (60).  It was noticed that C-N peak of CNZ at 424 

1141 cm-1 for CNZ-Eu formulation was changed which could be an indication of an interaction 425 
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between Eu and CNZ during the processing. This change could be as a result of the interaction 426 

between carboxylic acid group (donor) of Eu with C-N group (acceptor) of CNZ via hydrogen 427 

bonding. FT-IR results confirmed the expected interaction between Eu and CNZ which was 428 

mentioned previously. According to DSC and FT-IR results, it can be postulated that the CNZ-Eu 429 

interactions are stronger than CNZ-CNZ interactions which appear to be valuable for stabilizing 430 

CNZ molecules in solution. 431 

Conclusion 432 

The current study assessed CNZ supersaturation and excipient-mediated crystallization inhibition 433 

in neutral pH. Following pH change from acidic to neutral, the effect on maintaining 434 

supersaturation of CNZ was assessed using different polymers including HPMC, Eu, NaCMC, 435 

HPC, PEG and PVP. It was demonstrated that maximum maintaining CNZ supersaturation was 436 

achieved by Eu. The stabilizing effect of Eu on CNZ supersaturation in the neutral phase may be 437 

related to drug-polymer interaction which was confirmed by FT-IR. The dissolution results 438 

demonstrated that the physical mixture of Eu with CNZ markedly improved dissolution behaviour 439 

of plain CNZ, however, Eu was not efficient in Eu–based solid dispersions, because of its hindering 440 

effect on the generation of CNZ supersaturation, revealing the importance of formulation type over 441 

the effectiveness of Eu in maintaining the supersaturation of CNZ.  According to the results of this 442 

study, a physical mixture of CNZ with Eu is expected to provide a higher chance for CNZ 443 

absorption in the small intestine and it may be valuable to carry out further in vivo test on this 444 

formulation. 445 
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 667 

 668 

Table 2 669 

The area under the dissolution curve (AUDC) for the neutral phase for different formulations  670 

AUC 

(µg.min/ml) 
Polymers  

141.07±13.2 Without polymer 

873.11±24.3 Eu L100 

471.39±6.9 HPMC K4M 

269.59±24.1 HPC(Mw=370000) 

246.19±28.6 PVP 

116.34±7.0 PEG 

124.76±10.4 NaCMC 

AUDC (µg.min/ml) samples 
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 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

525.84±25.3 Plain CNZ 

932.42±26.8 PM(CNZ/HPMC) 20:100 

1458.25±17.0 PM(CNZ/Eu) 20:50 

1741.90±11.5 PM(CNZ/Eu) 20:100 

1723.45±23.6 PM(CNZ/Eu) 20:200 

485.87±24.9 SD(CNZ/Eu) 20:50 

376.64±15.3 SD(CNZ/Eu) 20:100 

240.51±24.9 SD(CNZ/Eu) 20:200 
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 681 

Fig.1. Inhibitory effects of polymers on precipitation of a supersaturated solution of CNZ 682 

(20µg/ml) at pH 6.8. 683 

 684 

 685 

 686 
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 687 

Fig. 2. Inhibitory effect of Eu (0.4 mg/ml) on precipitation of CNZ at different supersaturation ratios 688 

 689 

Fig. 3. DLS particle size measurement of CNZ colloidal particles at super saturation ratio of 20 in 690 

presence of Eu 691 
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 695 

Fig. 4. In vitro release of plain CNZ and PMs with Eu and HPMC 696 

 697 

Fig. 5. In vitro release of Eu-based PMs at different CNZ-Eu ratios 698 

 699 
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 700 

 701 

Fig. 6. In vitro release of Eu-based SDs at different CNZ-Eu ratios 702 

 703 

Fig. 7. DSC scans of the samples: plain CNZ and PM and SD prepared with Eu 704 

 705 
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 706 

 707 

Fig. 8. FT-IR of spectrum of samples (a) Eu, (b) treated CNZ, and (c) Eu-based SD 708 

 709 

 710 
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 713 


