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Abstract
Background. Eprosartan mesylate is a poorly water-soluble drug. It does not dissolve well in the aqueous 
gastrointestinal fluid, which means it is not absorbed well via the oral route, because a drug can cross cell 
membranes when it is dissolved in the gastrointestinal fluid.

Objectives. The purpose of  this research was to enhance the aqueous solubility and dissolution rate 
of eprosartan mesylate using the solid dispersion technique. Enhancing the solubility and dissolution leads 
to better absorption via the oral route.

Material and methods. A number of eprosartan mesylate-laden polymeric solid dispersions were pre-
pared with hydroxypropyl methylcellulose (HPMC) and polysorbate 80 by means of the solvent evaporation 
technique. The impact of the weight ratios of the constituents on the solubility and dissolution rate was stu-
died in comparison with the plain drug. The formulation presenting the optimal solubility and dissolution 
underwent the solid-state characterization using X-ray diffraction (XRD), differential scanning calorimetry 
(DSC), scanning electron microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR).

Results. Both polysorbate 80 and HPMC positively affected the solubility and dissolution of eprosartan 
mesylate.

Conclusions. In particular, a ternary solid dispersion consisting of eprosartan mesylate, HPMC and poly-
sorbate 80 at a weight ratio of 1:4.2:0.3 showed the highest solubility (36.39 ± 3.95 mg/mL) and dissolu-
tion (86.19 ±4.09% in 10 min). Moreover, the drug was present in the amorphous form in the solid disper-
sion with no covalent drug–excipient interactions.

Key words: amorphous, hydroxypropyl methylcellulose, aqueous solubility, eprosartan mesylate, poly-
meric solid dispersions
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Introduction 
Eprosartan mesylate, a monomethanesulfonate of (E)‑2‑

butyl‑1‑(p‑carboxybenzyl)‑α‑2‑thienylmethylimid‑azole‑
5‑acrylic acid,1 is a  water‑insoluble crystalline powder.2  
It is considered a promising angiotensin II receptor an‑
tagonist.3 It is usually prescribed at a dose of 400–800 mg 
once or twice daily for 13 weeks to patients with mild to 
severe hypertension.4 Unlike angiotensin‑converting en‑
zyme inhibitors, it does not induce coughing and has no 
severe drug interactions.5

As a poorly water‑soluble drug (its solubility in water 
is <1 mg/mL at 25°C), eprosartan mesylate is categorized 
in class 2 of the Biopharmaceutics Classification System 
(BCS). The oral bioavailability of a BCS class 2 drug can 
be enhanced by ameliorating its aqueous solubility using 
a  solubility‑enhancing technique such as solid disper‑
sion.6 As its efficacy is very low, eprosartan mesylate is 
administered in high doses.7,8 Improving the solubility 
of eprosartan mesylate in water might improve its oral ef‑
ficacy and circumvent the need for high doses.

Several techniques, such as micronization, nanoparticle 
formation, solubilization with surfactants, microemul‑
sions, complexation with cyclodextrins, encapsulation 
with hydrophilic polymeric wall materials, self‑emulsi‑
fying drug delivery systems, and dispersing hydrophobic 
drugs in hydrophilic polymeric matrices, have been suc‑
cessfully employed to improve the aqueous solubility and 
dissolution of poorly water‑soluble drugs.

Solid dispersion − the dispersal of a hydrophobic drug 
in a  hydrophilic polymer with or without the addition 
of a  surfactant − is an excellent strategy to enhance the 
solubility and dissolution of  water‑insoluble drugs.9–19 
A  solid dispersion prepared with the addition of  a  sur‑
factant (a ternary solid dispersion) results in greater im‑
provement of the solubility and dissolution of BCS class 2 
drugs as compared to solid dispersions prepared without 
a surfactant (binary solid dispersions).20 Solid dispersions 
can be prepared conventionally by the melting method,21 
the kneading method,22 the solvent evaporation method,9 
or the lyophilization technique.23 The use of solid disper‑
sions manufactured by the solvent evaporation method is 
among the most promising ways to enhance the solubility 
and dissolution rates of water‑insoluble chemical entities, 
due to the molecular‑level closeness of the drug to the hy‑
drophilic carriers, which improves wetting, and the con‑
version of  the crystalline components into their respec‑
tive amorphous forms, which enhances the surface area 
exposed to the surrounding dissolution medium.18,24

In the present study, a number of eprosartan mesylate‑
laden ternary solid dispersions were prepared with hy‑
droxypropyl methylcellulose (HPMC) and polysorbate 80 
by the solvent evaporation method. The aqueous solubil‑
ity and dissolution of  the drug in the solid dispersions 
were determined. The structural, thermal, morphologi‑
cal, and spectroscopic characteristics of the solid disper‑

sion exhibiting the best solubility and dissolution were 
determined using X‑ray diffraction (XRD), differential 
scanning calorimetry (DSC), scanning electron micros‑
copy (SEM), and Fourier‑transform infrared spectroscopy 
(FTIR), respectively.

Material and methods 

Material 

Eprosartan mesylate was supplied by the Jinan Chen‑
ghui‑Shuangda Chemical Co., Ltd. (Jinan, China). Poly‑
vinylpyrrolidone (PVP), sodium lauryl sulfate (SLS), 
carboxymethylcellulose sodium (CMC‑Na), and 2‑hy‑
droxypropyl‑beta‑cyclodextrin (HP‑β‑CD) were from 
Sigma‑Aldrich (St. Louis, USA). Poly‑oxyethylene esters 
of 12‑hydroxystearic acid (Solutol® HS 15), poloxamer 188 
and poloxamer 407 were procured from BASF (Ludwigs‑
hafen am Rhein, Germany). Gelatin, polyethylene glycol 
6000 (PEG‑6000), polysorbate 20 (tween 20), polysorbate 
60 (tween 60), polysorbate 80 (tween 80), sorbitan mono‑
laurate 20 (span 20), and sorbitan monooleate  80 (span 
80) were obtained from Daejung Chemicals & Metals Co., 
Ltd. (Siheung, South Korea). Hydroxypropyl methylcel‑
lulose and dextran were bought from Shin‑Etsu Chemi‑
cal Co., Ltd. (Tokyo, Japan). Carbopol® 941 was from 
Lubrizol Corp. (Wickliffe, USA). All other materials were 
of the reagent grade.

Method of preparation 

For each solid dispersion formulation, exactly weighed 
amounts of  eprosartan mesylate, HPMC and polysor‑
bate 80 were completely dissolved in 80% (v/v) aqueous 
ethanol to make a  transparent solution. These solutions 
were dried in a tray dryer at 40°C until a constant weight 
was achieved. The dried mass was pulverized and passed 
through a sieve 60. The solid dispersions were stored in 
an  air‑tight 45‑milliliter conical tube. The composition 
of the various solid dispersions is shown in Table 1.

Solubility test 

Excess of the solid dispersion was added to 1 mL of dis‑
tilled water in a  2‑milliliter microtube and vortexed for 
1 min. Each sample was placed in a water bath (25°C) and 
agitated (100 rpm) for 5 days. Then, after centrifugation 

Table 1. The compositions (w/w/w) of the eprosartan mesylate-laden 
polymeric solid dispersions used in the study

Components [g] I II III IV V VI VII

Eprosartan mesylate 1.0 1.0 1.0 1.0 1.0 1.0 1.0

HPMC 1.0 0.9 0.8 0.7 2.1 4.2 5.6

Polysorbate 80 0 0.1 0.2 0.3 0.3 0.3 0.3

HPMC – hydroxypropyl methylcellulose.

http://www.rxlist.com/script/main/art.asp?articlekey=7836
http://www.rxlist.com/script/main/art.asp?articlekey=7836
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(5000 g), 0.5 mL of the supernatant was carefully taken us‑
ing a micropipette and appropriately diluted with ethanol. 
The diluent was analyzed using a HALO DB‑20 UV‑vis‑
ible spectrophotometer (Dynamica Scientific, Ltd., Clay‑
ton, Australia) at a wavelength of 233 nm to determine the 
concentration of eprosartan mesylate.

Drug content determination 

For each formulation, a  carefully weighed quantity, 
equivalent to 50 mg of eprosartan mesylate, was dissolved 
in 100  mL of  80% (v/v) aqueous ethanol in a  100‑milli‑
liter measuring flask. Thus, the theoretical concentra‑
tion of  the stock solution was 500  µg/mL. The solution 
was strained through a 0.45 μm pore‑sized syringe filter 
and the filtrate was diluted appropriately with ethanol. 
Then, using the HALO DB‑20 UV‑visible spectropho‑
tometer, the diluted sample was analyzed at a wavelength 
of  233  nm to calculate the concentration of  eprosartan 
mesylate. The experiment was carried out in triplicate for 
each formulation. The eprosartan mesylate content was 
determined by the following formula:

Xs = Xa / Xt × 100 (1)

where
Xs – the content of eprosartan mesylate [%];
Xa – the actual titer, quantified through the UV‑visible 

spectrophotometer [µg/mL];
Xt – the theoretical concentration [µg/mL].

Dissolution test 

Dissolution was investigated using a  USP Dissolu‑
tion Apparatus 2 (Vision® Classic 6TM; Hanson Research 
Corp., Los Angeles, USA). Each sample, equivalent to 
50  mg of  eprosartan mesylate, was added to 900  mL 
of  a  dissolution medium containing 1% (w/v) SLS.25,26 
The dissolution medium was kept at 37 ±0.5°C by a sur‑
rounding water bath. The paddle was fixed at a rotation 
speed of  100 rpm.19 At each predetermined time point, 
1  mL of  the dissolution medium was sampled, filtered 
(a  pore size of  0.45  μm) and diluted adequately. After 
each sampling, the dissolution medium was immediately 
replenished with the pre‑warmed dissolution medium to 
maintain the sink conditions. The diluted samples were 
examined by the HALO DB‑20 UV‑visible spectropho‑
tometer at a wavelength of 233 nm.

Powder X-ray diffraction 

The crystallinity or amorphousness of the samples was 
assessed using a  Rigaku X‑ray diffractometer (D/MAX‑
2500 PC; Rigaku Corp., Tokyo, Japan). The X‑ray diffrac‑
tion analysis was completed using the Cu Kα1 monochro‑
matic radiation source at a voltage of 50 kV and a current 

of  100 mA. The powder XRD (PXRD) results were re‑
corded in the 10–70° range in the 2θ scanning mode, at 
a scan speed of 5°/min and a step size of 0.02°/s.

Differential scanning calorimetry 

Differential scanning calorimetry was used as a confir‑
matory test for the change of the crystalline form of epro‑
sartan mesylate to the amorphous form in the optimal for‑
mulation. Hydroxypropyl methylcellulose, the eprosartan 
mesylate powder, a physical blend and the optimized solid 
dispersion formulation were analyzed using a differential 
scanning calorimeter DSC Q20 (TA Instruments, New 
Castle, USA). The physical mixture was obtained by mix‑
ing eprosartan mesylate, HPMC and polysorbate 80, in 
the same weight ratio as in the optimal formulation, using 
a mortar and a pestle. About 10 mg of each sample was 
tightly enclosed in the aluminum sample pan and heated 
at 15°C/min in the calorimeter. The test was executed in 
the range of  30–300°C in the presence of  nitrogen gas 
flowing at a rate of 30 mL/min.

Scanning electron microscopy 

The evaluation of the morphology of the pure eprosar‑
tan mesylate powder, HPMC and the optimal solid dis‑
persion was performed using an S‑4800 scanning electron 
microscope (Hitachi, Ltd., Tokyo, Japan). All the samples 
were coated with platinum and inspected under the elec‑
tron microscope. Platinum coating is necessary for proper 
visibility and imaging of the samples; without it, samples 
are either invisible or extremely blurry.

Fourier-transform infrared spectroscopy 

A Nicolet 6700 spectrophotometer (Thermo Fisher Sci‑
entific, Inc., Waltham, USA) was used for the FTIR analyses 
of the optimal formulation, the physical mixture and the indi‑
vidual components. Each sample was appropriately mounted 
on the sample disc under the scanning pin and viewed from 
600 cm−1 to 4000 cm−1 using a resolution of 2 cm−1.

Statistical methods 

In the solubility test, 3 samples were analyzed for each 
polymer, surfactant and formulation. The mean value 
and standard deviation (SD) were determined using MS 
Excel software (Microsoft Corp., Redmond, USA). Dur‑
ing the dissolution test, 6 samples were taken at speci‑
fied time points for each formulation, and the mean val‑
ue and SD were determined. Moreover, values of percent 
dissolved obtained at a specific time point for the opti‑
mal formulation were compared with the corresponding 
values of  each formulation separately, using the t‑test. 
A p‑value of 0.05 was taken as the threshold of statistical 
significance. 
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Results and discussion 
First, to select the most appropriate excipients for a ter‑

nary solid dispersion, the solubility of eprosartan mesylate 
was determined in 1% (w/v) aqueous solutions of each sur‑
factant and hydrophilic polymer. The hydrophilic polymer 
and surfactant in which the drug exhibited the highest ap‑
parent solubility were selected for the preparation of solid 
dispersions. Eprosartan mesylate showed the highest solu‑
bility in HPMC (514.43 ±3.53 µg/mL) and polysorbate 80 
(513.64 ±0.12 µg/mL) among the polymers and surfactants, 
respectively; therefore, they were selected as the most ap‑
propriate constituents for the solid dispersion formulation 
in this study (Fig. 1A and 1B, respectively).

The solvent evaporation method is considered one 
of the most promising methods for the preparation of sol‑
id dispersions in terms of the enhancement of solubility, 

dissolution and oral bioavailability.9,18 In this method, 
the drug and the excipients are completely dissolved in 
a  solvent before drying to achieve molecular‑level mix‑
ing. Therefore, all the components are homogeneously 
present and closely combined in the dried product. This 
improves wetting and enhances the surface area of  the 
drug by converting it to its amorphous counterpart, as 
the polymeric matrix prevents the recrystallization of the 
drug. Normally, during the drying process, the dissolved 
crystalline drug tends to recrystallize from the solution,27 
but this tendency is inhibited when polymeric matrices 
are present in the solution.28,29 In such cases, recrystalli‑
zation is either circumvented completely or crystalline in‑
tensity is diminished considerably.18,27 Both the type30 and 
quantity31,32 of the polymeric matrix play a role in exerting 
this inhibitory effect on recrystallization. The homogene‑
ity of the products was reflected by the high drug content, 
which was 99–101% in all formulations in this study. The 
solvent evaporation method was therefore adopted in our 
study.

All the 7 formulations showed better solubility and dis‑
solution than plain eprosartan mesylate (Fig. 2A and 2B, 
respectively). The solubility for each formulation was as 
follows: I – 3.06  ±0.80  mg/mL; II – 7.69  ±1.93  mg/mL;  
III – 14.25  ±4.11  mg/mL; IV – 23.00 ±3.34  mg/mL;  
V – 34.98  ±3.42  mg/mL; VI – 36.39  ±3.95  mg/mL; and 
VII – 32.01 ±3.92 mg/mL. The dissolution at 10 min was: 
I – 8.94  ±0.70%; II – 23.95  ±3.87%; III – 35.40  ±3.57%;  
IV – 55.27 ±8.02%; V – 85.48 ±10.16%; VI – 86.19 ±4.09%; 
and VII – 84.24 ±5.20%. As the quantity of the surfactant 
increased in formulations I–IV, the solubility and disso‑
lution were improved. This enhanced solubility can be 
accredited to the solubilizing power of  polysorbate 80. 
Formulation IV was then selected, and the further effect 
of HPMC on solubility and dissolution was investigated. 
Hydroxypropyl methylcellulose improved the aque‑
ous solubility and dissolution as compared to formula‑
tion IV. This further improvement can be ascribed to 
the hydrophilic polymer increasing the wettability of the 
drug. In particular, formulation VI showed the highest 
solubility and dissolution; however, the values of formu‑
lations V–VII did not significantly differ from one an‑
other. The solubility of  formulation VI was also higher 
than the solubility of the corresponding physical mixture  
(36.39 ±3.95 mg/mL vs 19.98 ±7.98 mg/mL, respectively).  
Moreover, the dissolution rate of  eprosartan mesylate 
with solid dispersion formulation VI was more rapid than 
the rates achieved by the solid dispersions discussed in 
some recent studies.33,34 As compared to formulation VI,  
the dissolution profile of the corresponding physical mix‑
ture was inferior and erratic. This behavior can be as‑
cribed to the presence of the crystalline form of the drug 
and the heterogeneity of the physical mixture. In conse‑
quence, on the grounds of the highest apparent solubility 
and excellent dissolution, formulation VI was selected as 
the optimal formulation in this study.

Fig. 1. The solubility of eprosartan mesylate in 1% (w/v) aqueous solution 
of various carriers: hydrophilic polymers (A) and surfactants (B). Each value 
denotes the mean ± standard deviation (SD) of 3 trials 

CMC-Na – carboxymethylcellulose sodium; HP-β-CD – 2-hydroxypropyl-
beta-cyclodextrin; PEG-6000 – polyethylene glycol 6000; PVP – polyvinyl-
pyrrolidone; SLS – sodium lauryl sulfate; Solutol HS 15 – poly-oxyethylene 
esters of 12-hydroxystearic acid; span 20 – sorbitan monolaurate 20;  
span 80 – sorbitan monooleate 80.
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The XRD pattern of eprosartan mesylate showed typi‑
cal crystalline peaks (Fig.  3A). Hydroxypropyl methyl‑
cellulose was amorphous; no sharp crystalline peaks ap‑
peared (Fig. 3B). Eprosartan mesylate‑related peaks were 
also observed observed in the pattern of the physical mix‑
ture (Fig. 3C). In contrast, eprosartan was converted into 
the amorphous state in solid dispersion formulation  VI 
(Fig. 3D), as no sharp peaks were seen, unlike the pattern 
of the physical mixture.

Similarly, the DSC curve of eprosartan mesylate showed 
a  deep endotherm at about 251°C at its melting point 
(Fig.  4A), confirming its typical crystalline nature. No 
sharp endotherm appeared in the thermogram of HPMC, 
due to its amorphousness (Fig.  4B). However, a  broad 
endothermic slide was seen between 40°C and 175°C. 

An  eprosartan‑related endotherm was observed in the 
thermogram of  the physical mixture (Fig. 4C); however, 
there was no endotherm in the thermogram of solid dis‑
persion formulation VI (Fig. 4D). This confirmed that the 
drug was present in the crystalline state in the physical 
mixture, but was changed to the amorphous form in the 
solid dispersion. Thus, the DSC results were in harmony 
with the XRD patterns.

The shapes and surfaces of  the particles of  eprosar‑
tan mesylate (Fig. 5A), HPMC (Fig. 5B) and formulation 
VI (Fig. 5C) were observed by means of SEM. The plain 
eprosartan mesylate powder consisted of  rod‑shaped 
crystals with very rough surfaces. The particles of HPMC 
had irregular shapes and surfaces. The particles of formu‑
lation VI appeared as flakes.

In the FTIR spectrum, the chief distinctive peaks of epro‑
sartan mesylate were at 743 cm−1, 772 cm−1, 830 cm−1,  
849  cm−1, and 1154  cm−1 (Fig.  6A). These peaks were 
also clearly seen in the spectrum of the physical mixture 
(Fig. 6C). The spectrum of solid dispersion formulation 
VI (Fig. 6D) overlapped that of the physical mixture; the 
chief distinguishing peaks did not shift. This suggests 
that eprosartan mesylate has no strong bonding with the 
excipients.

Fig. 3. X-ray diffraction (XRD) patterns: eprosartan mesylate (A), HPMC (B), 
the physical mixture (C), and solid dispersion VI (D)

Fig. 4. Differential scanning calorimetry (DSC) thermograms: eprosartan 
mesylate (A), HPMC (B), the physical mixture (C), and solid dispersion VI (D)

Fig. 2. The effect of polysorbate 80 (I–IV) and HPMC (V–VII) on the aqueous 
solubility (A) and dissolution (B) of eprosartan mesylate in solid dispersions; the 
solubility and dissolution of the drug in a physical mixture (PM) is also shown. 
Each value denotes the mean ±SD of 3 solubility trials and 6 dissolution trials 

* p < 0.05 compared with the plain drug powder and formulations I–IV;  
# p > 0.05 compared with formulations V–VII. 
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Conclusions 

Solid dispersion formulation VI, containing eprosartan 
mesylate, HPMC and polysorbate 80 at a ratio of 1.0/4.2/0.3 
(w/w/w), showed the highest solubility (36.39 ±3.95 mg/mL)  
and dissolution (86.19  ±4.09% in 10  min) among all the 
samples tested. The solubility was approx. 170 times higher 
than the solubility of the plain drug powder (36.39 ±3.95 vs  

0.21 ±0.10 µg/mL, respectively). Moreover, eprosartan me‑
sylate was in the amorphous state in solid dispersion formu‑
lation VI, as shown by XRD and confirmed by DSC. Also,  
no covalent bonding existed between the drug and the ex  
cipients, as shown by the FTIR spectra. The particles of the  
formulation had irregular shapes and surfaces, and appeared  
as flakes. In view of the above, this formulation might be 
an effective system for the oral delivery of eprosartan me‑
sylate with improved solubility and dissolution.
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Abstract
Polymorphism of pharmaceutical substances has a significant impact on their physicochemical properties, 
durability, bioavailability and consequently on their pharmacological activity. Solid dosage forms may ex-
ist in both crystalline and amorphous forms. Amorphous varieties are characterized by higher solubility 
and dissolution rates, while crystalline forms show greater purity and storage stability. The choice between 
the crystalline or amorphous form of a drug is extremely important to ensure effective and safe pharma-
cotherapy. Statins − the most commonly used group of drugs in the treatment of  lipid disorders − are 
an example of drugs that occur in many crystalline and amorphous forms. Statins belong to class II in the 
biopharmaceutical classification system (BCS), which means that they are poorly soluble, but permeate 
biological membranes well. The bioavailability of statins shows considerable variation, which is associated 
with the first-pass effect in the liver and the accumulation of the drug in the hepatocytes. The improvement 
of bioavailability after oral administration of poorly soluble medicinal substances remains one of the most 
challenging aspects of the drug development process. A specific polymorphic form is obtained by applying 
appropriate conditions during the process of its preparation under industrial conditions, including the use 
of a suitable solvent, a specific temperature or rate of crystallization. The article provides a comprehensive 
update on the current knowledge of the influence of polymorphic form on statin solubility and bioavailabil-
ity. Research is still being carried out to obtain new polymorphic varieties of statins that are characterized by 
better physicochemical and pharmacokinetic parameters.
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Introduction 
Polymorphism is the occurrence of different crystalline 

forms of the same chemical substance. These forms differ 
in the geometry of a single cell that repeats in the 3 dimen-
sions of the crystal. There are many medicinal substances 
that exhibit polymorphism. The same drug substance 
may exist in several polymorphic forms, depending on 
the distribution of molecules in the crystal lattice, which 
means individual variants may differ in their properties 
and activities. Therapeutic substances may also exist in 
amorphous forms, in which there is no regularity in the 
distribution of the structural elements and the molecules 
are arranged chaotically, like in liquids.1,2

Individual polymorphic forms of  the same drug sub-
stance may differ in their physical properties such as 
chemical reactivity, solubility and dissolution rate, stabil-
ity, melting and sublimation temperature, density, hard-
ness, adsorption, hygroscopicity and refractive index.1,2 
Crystalline forms are thermodynamically more stable 
than amorphous varieties, which are high energy systems 
with a high free enthalpy. Amorphous substances demon-
strate a tendency toward crystallization, which is a tran-
sition to an energy-beneficial system. The solubility and 
dissolution rate of  crystalline forms are less than those 
of amorphous materials. The crystallites are also less hy-
groscopic. The better solubility of  amorphous varieties 
results in their higher bioavailability, which is the fraction 
of the administered dose of the drug that gets into system-
ic circulation at a specific rate, and is a factor determining 
the pharmacological activity of the drug.3

The polymorphism of  medicinal substances can be 
crucial in the production of a drug in the form of tablets 
under industrial conditions. Amorphous forms create 
problems at the formulation stage: they mix less and have 
worse rheological properties than crystalline systems.4 
Among crystalline varieties, the most readily formulated 
into tablets are those with a symmetrical structure (e.g., 
tetragonal or regular), while substances that crystallize in 
the monoclinic system cause problems during tablet for-
mulation.

The literature contains several examples of drugs that 
can occur in crystalline as well as in amorphous forms, 
including indomethacin,5 paracetamol,6 phenobarbital 
and nifedipine.7 Moreover, there are many poorly soluble 
drugs for which differences in polymorphic form solubil-
ity are crucial in terms of drug bioavailability, e.g., chlor-
amphenicol palmitate, oxytetracycline, carbamazepine, 
ritonavir, phenylbutazone and rifaximin.8

Statins are the most commonly used group of  drugs 
in the treatment of  lipid disorders.9 They are inhibitors 
of  3-hydroxy-3-methylglutarylcoenzyme A  (HMG-CoA) 
reductase, which is involved in the conversion of HMG-
CoA to mevalonate, the primary substrate in the syn-
thesis of  cholesterol. Inhibition of  this enzyme leads to 
a  reduction in total cholesterol, low-density lipoprotein 

(LDL) cholesterol and triglyceride (TG), and increases 
the concentration of  high-density lipoprotein (HDL) 
cholesterol.10 Moreover, statins have various pleiotropic 
effects resulting from cholesterol-independent mecha-
nisms of  action, statins’ ability to affect several tissue 
functions and the modulation of specific signal transduc-
tion pathways. The beneficial effects of  statins include 
anti-inflammatory and antioxidant activity, improvement 
of endothelial function, increased bioavailability of nitric 
oxide and inhibition of the progression of atherosclerotic 
plaques.11 Statins are classified into 3 categories based on 
their increasing potency and efficacy in lowering plasma 
LDL concentrations. First-generation statins included 
lovastatin, pravastatin and fluvastatin. Simvastatin and 
atorvastatin belong to the second generation, and rosuv-
astatin and pitavastatin to the third generation of statins.12

Many clinical studies have shown that from 13% to 75% 
of patients fail to achieve their target levels of LDL-cho-
lesterol and total cholesterol.13,14 The underlying causes 
of statin resistance are multifactorial. It appears that both 
medication-specific and patient-specific factors contrib-
ute to the variability of cholesterol-lowering activity. The 
effectiveness of therapy with statins differs among com-
pounds and may be decreased as a result of variability in 
the pharmacokinetics of  this group of  drugs. This vari-
ability may be caused by the different lipophilic proper-
ties of statins and their solubility. Statins belong to class II 
of  the biopharmaceutical classification system (BCS), 
which means that they are poorly soluble, but they perme-
ate biological membranes well. For low-solubility BCS II 
drugs, various oral formulation technologies, including 
salt formation, particle-size reduction, the use of  lipid 
vehicles and co-solvents in the form of liquid-filled cap-
sules, complexation, and more recently amorphous sol-
id dispersions are designed to maximize the availability 
of the active pharmaceutical ingredient (API) in the gas-
trointestinal tract. Statins are an  example of  drugs that 
exist in an amorphous state and many crystalline forms, 
differing in their physical properties and pharmacologi-
cal activity. Therefore, the polymorphic form of  certain 
statins may significantly impact their bioavailability and 
in consequence their cholesterol-lowering effects. 

In the current article, a  comprehensive review of  the 
available evidence regarding the effects of  polymorphic 
form on statins’ solubility and bioavailability is presented, 
including the possible clinical implications.

Polymorphism of statins 

Atorvastatin

Atorvastatin is one of  the most widely prescribed 
drugs in the world, and the most widely prescribed 
statin.15 It is the most effective statin in lowering choles-
terol in LDL, non-HDL and other lipoproteins.16 Atorv-
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astatin is usually marketed as its calcium trihydrate salt, 
which allows it to be conveniently formulated in phar-
maceutical formulations. Like other statins, atorvastatin 
belongs to BCS class II. Its molecules have a  lipophilic 
character; it is insoluble in aqueous solutions at pH ≤4, 
and very slightly soluble in water and phosphate buffer 
at pH 7.4.17 However, atorvastatin penetrates the intes-
tinal membrane very easily at the intestinal pH  6–6.5, 
and it absorbs into the blood quickly, achieving maxi-
mal concentration (Cmax) after 1–2 h. About 30% of the 
administered dosage is absorbed in this way. However, 
due to the first-pass effect in the liver and intestine, and 
elimination by the mucous membrane of  the stomach 
and intestine before reaching systemic circulation, the 
absolute bioavailability of  atorvastatin is 14%.18 The 
bioavailability of  the drug is one of  the key parameters 
for many therapeutic indications. It is dependent on 
the form of  the atorvastatin in the pharmaceutical for-
mulation. More than 70 polymorphic forms of  atorv-
astatin are known, among which crystalline forms are 
the majority, and at least 2 forms are amorphous (re-
ferred as “form 23” and “form 27”).19 The crystalline 
forms of  atorvastatin have strictly defined properties; 
their solubility depends on the structure of  the crystal 
network and the size of the molecules. These forms are 
more permanent in the thermodynamic sense than the 
amorphous forms; their solubility and dissolution rates 
are lower, which leads to lower bioactivity. On the other 
hand, atorvastatin in amorphous form has significantly 
more specific surface area, more substantial capacity to 
absorb solvents and is more reactive than the crystalline 
forms, which results in better solubility and bioavail-
ability.17 Several techniques are commonly used for the 
transformation of the crystalline drug to the amorphous 
state, including supercritical anti-solvent precipitation 
and the spray drying process.20–22

Numerous authors have characterized polymorphic 
forms of  atorvastatin based on crystallographic and 
spectroscopic techniques. Shete et al. performed solid-
state characterizations of  commercial crystalline and 
amorphous atorvastatin samples available in the Indian 
market using X-ray powder diffractometry (XRPD), dif-
ferential scanning calorimetry (DSC), thermogravimet-
ric analysis, Karl Fisher titrimetry, microscopy, contact 
angle, and intrinsic dissolution rate (IDR).23 The authors 
found that all the crystalline samples were stable form I, 
which had previously been characterized.24 Amongst the 
amorphous atorvastatin samples, XRPD demonstrated 
that 5 samples were amorphous “form 27”, while one 
matched amorphous “form 23”.25 The samples of amor-
phous atorvastatin had higher wettability and IDR than 
the crystalline samples, which may impact the perfor-
mance and stability of the dosage form.23 Kim et al. pre-
pared amorphous atorvastatin hemi-calcium using the 
spray-drying and supercritical antisolvent (SAS) pro-
cesses and compared its physicochemical properties 

and oral bioavailability with the crystalline form after 
administration of both forms in 25 mg/kg doses to male 
rats.20,21 The oral absorption of amorphous atorvastatin 
calcium nanoparticles was higher compared with crystal-
line atorvastatin calcium, which was reflected by greater 
AUC and Cmax values. The AUC0–12 h of  the amorphous 
atorvastatin was 2.1 times that of the crystalline form.21 
The enhancement in oral bioavailability of  amorphous 
atorvastatin was attributed to a  combination of  higher 
apparent solubility and a higher dissolution rate due to 
its amorphous nature. 

Rosuvastatin 

Rosuvastatin is more effective at reducing LDL and 
TG levels in the blood plasma than statins of  the first 
generation, including lovastatin or pravastatin, and its 
activity is 7 times greater than atorvastatin.26 In con-
trast to atorvastatin, a  molecule of  rosuvastatin has 
a hydrophilic character, which determines the different 
pharmacokinetic properties of the drug in the body. Af-
ter oral administration of rosuvastatin, Cmax is obtained 
after 3–4 h, and the absolute bioavailability amounts to 
about 20%.27 Rosuvastatin is converted to a slight degree 
(about 10%) into water-soluble derivative by the CYP2C9  
isoenzyme, and its half-life amounts to about 19  h. 
In pharmaceuticals, rosuvastatin occurs in the form 
of  a  monohydrate calcium salt. At least 4 crystalline 
forms of rosuvastatin (A, B, B-1 and C) and 1 amorphous 
form are known. Form A is a pure crystalline compound; 
forms B and C are hydrated crystallines; and form B-1 is 
a dehydrated compound. When comparing the physico-
chemical properties of  the crystalline forms, it was re-
ported that forms B and C are much more soluble in wa-
ter than form A and that this property may increase their 
bioavailability. Moreover, they are more thermostable 
than the amorphous form, which is less resistant to tem-
perature changes, and in consequence less stable dur-
ing the formulation process.28,29 The amorphous form 
of rosuvastatin is manufactured by the spray-drying and 
freeze-drying processes.30 It is present in the medication 
called Crestor®.

Simvastatin 

Simvastatin, along with atorvastatin and rosuvastatin, is 
one of the most commonly used statins in Poland.31 It is 
very well absorbed after oral administration (>90%) with 
Cmax obtained after 1–2 h. Its bioavailability is very low 
(<5%), which is associated with the extensive metabolism 
of simvastatin by the isoenzyme CYP3A4.27 Currently at 
least 3 crystalline32 and 2 amorphous forms of simvastatin 
are known.33 When comparing the amorphous forms, it 
was found that they significantly differ in the size of mol-
ecules, physicochemical properties and stability. These 
differences come from distinct methods in the produc-



Karaźniewicz-Łada M, et al. Polymorphic forms of selected statins80

tion process of amorphous forms, including cryo-milling 
(CM) and melting and quench-cooling (QC). Zhang et al. 
reported that the solubility of the amorphous forms pre-
pared by these 2 methods was enhanced compared to the 
crystalline form, and that the QC form was more soluble 
than the CM form.34 In terms of physical stability, a higher 
crystallization rate was observed for the CM form, while 
the QC form exhibited lower molecular mobility and 
higher chemical degradation.34 

The superiority of  amorphous simvastatin over the 
crystalline forms was confirmed by Singh et al.35 The au-
thors prepared an amorphous form of simvastatin by the 
process of fused dispersion. They observed an improve-
ment in the dissolution rate at pH 6.8, with a maximum 
release of 99% of the amorphous drug in comparison to 
21% release of the crystalline form. Moreover, the phar-
macodynamic effect after the administration of  both 
forms to rats with induced hypercholesterolemia was 
compared. Rats treated with amorphous simvastatin pre-
sented a 2.5-fold decrease in total cholesterol, a 1.5-fold  
increase in TG, a  1.4-fold decrease in LDL, a  2.4-fold 
decrease in VLDL, and a 1.3-fold increase in HDL-cho-
lesterol compared to the rats treated with the crystalline 
form. These effects could be attributed primarily to the 
improved solubility and dissolution associated with the 
amorphization of the drug.35

Pitavastatin 

The potency of pitavastatin is dose-dependent and ap-
pears to be equivalent to that of atorvastatin. Pitavastatin 
is well absorbed from the gastrointestinal tract (>80%) 
and achieves Cmax about 1–2 h after administration. The 
absolute bioavailability of the drug is relatively high (about 
60%).27 It is available in pharmaceuticals in the form of so-
dium, calcium and magnesium salts. Several polymorphic 
forms of pitavastatin (designated as A, B, C, D, E, F and K) 
are known, as well as amorphous varieties. In the manu-
facturing process, the final crystalline form of pitavastatin 
is affected by the conditions of the crystallization process, 
which can be accelerated by adding the appropriate form 
of  crystals in an  amount not exceeding 5%.36 Form  K, 
compared to the other crystalline varieties, is character-
ized by better physical and chemical stability, which is 
extremely important in pre-formulation processes such 
as drying, grinding or granulation. There was no conver-
sion of this form to another crystalline variety during the 
manufacturing or storage of the drug.37 To obtain amor-
phous pitavastatin, concentrated solutions of  the crys-
talline form in organic solvents, including 1,4-dioxane,  
tetrahydrofuran and ethyl methyl ketone, are exposed 
to non-solvents such as heptane or methyl-t-butyl ether. 
Lyophilization of an aqueous solution of pitavastatin cal-
cium is also performed.36 There is no data available on the 
differences between crystalline and amorphous forms in 
in vivo conditions.

Fluvastatin 

Fluvastatin has about 33% of the efficacy of atorvastatin 
in lowering cholesterol in LDL, non-HDL and remnant 
lipoproteins.16 Fluvastatin attains Cmax about 1–2 h after 
oral administration, and its bioavailability is 20–30%.25 In 
pharmaceutical formulations, it occurs as the crystalline 
sodium salt in the form of a racemic mixture of the (3R, 5S)  
and (3S, 5R) enantiomers. Numerous crystalline forms 
(designated as A, B, C, D, E, F, JF, JF1, JF2 and JF3) and 
amorphous forms are currently distinguished. Individual 
forms differ from each other in terms of physicochemi-
cal properties. Form B is characterized by a lower hygro-
scopicity than form A  and the amorphous form, which 
improves the handling and storage of the compound.38,39

Pravastatin 

Pravastatin, similarly to rosuvastatin, is a  hydrophilic 
compound and it is metabolized to a small extent by cy-
tochrome P450 enzymes. It is quickly absorbed from the 
gastrointestinal tract, obtaining Cmax after about 1 h, and 
its bioavailability is about 18%.27 In pharmaceutical for-
mulations, it is present as the crystalline form of the so-
dium salt. At present, at least 12 crystalline pravastatin 
varieties (known as A, B, C, D, E, F, G, H, I, J, K and L) 
are known to have similar physicochemical properties.40 
Chun  et  al. described a  method for obtaining an  amor-
phous form of the drug: they prepared crystalline pravas-
tatin sodium solid dispersions using various bile salts and 
observed the complete conversion of the crystalline form 
into an amorphous form.41 The permeation flux of amor-
phous pravastatin from the solid dispersion was much 
higher than that of  the crystalline form from physical 
mixtures and commercial tablets,41 which may improve 
the bioavailability of  the compound in pharmaceutical 
formulations.

Lovastatin 

Lovastatin is a crystalline powder that is practically in-
soluble in water (0.4 mg/mL); it has a partition coefficient 
(logP) of  4.26. Lovastatin is absorbed from the gastro-
intestinal tract (30%) and Cmax is attained after 2–4 h.  
As a result of the first-pass effect in the liver, the absolute 
bioavailability of  the drug is only 5%.27 Lovastatin does 
not show classic polymorphism. However, it is possible 
to distinguish crystals characterized by identical dimen-
sions of  elemental cells but with a  different orientation. 
It has been found that depending on the crystallization 
conditions, 2 differing morphologically crystalline forms 
can be obtained, having the form of either plates or nee-
dles. This type of polymorphism does not have a signifi-
cant effect on the physicochemical properties of the drug. 
Both forms have the same melting point, similar stabil-
ity, solubility and reactivity. Yoshida  et  al. reported that 
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the preservative excipient butylhydroxyanisole causes 
amorphization of lovastatin crystallites and that the com-
pound is therefore incompatible with lovastatin.42 Patel 
and Patel observed a decrease in the crystalline fraction 
of lovastatin and an increase in the amorphous fraction in 
solid dispersions of the drug prepared using polyethylene 
glycol 4000 and polyvinylpyrrolidone K30.43 Lovastatin 
prepared in both polymers showed a  better dissolution 
profile than that of the pure crystalline form.

Conclusions
Due to the differences between the crystalline and 

amorphous forms of  drug substances, which affect not 
only their solubility and dissolution rates but also their 
storage stability, the choice of the appropriate form is ex-
tremely important to ensure effective and safe pharma-
cotherapy. It is particularly crucial for statins, which are 
poorly soluble and have low bioavailability. The low total 
bioavailability of statins creates the need for new polymor-
phic forms that will increase the therapeutic effect and 
reduce the dose of the drug taken by the patient. Based on 
the available scientific reports, it can be concluded that 
amorphous forms of  statins create the possibility of  in-
creasing the solubility and bioavailability of  this group 
of drugs, which in turn is an opportunity to increase their 
effectiveness in the treatment of cardiovascular diseases.
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Abstract
Background. Cellulose microcrystalline (MCC), hydroxypropyl methylcellulose (HPMC) and croscarmello-
se sodium are cellulose derivatives which are widely used in pharmaceutical technology. Although they are 
inert pharmaceutical ingredients, they can influence the release profile of an active substance from the do-
sage form depending on their distribution, type and quantity used in the formulation.

Objectives. The aim of the present investigation was to examine the effect of chosen cellulose derivatives 
on the physical and analytical attributes of a drug product containing an active substance of Biopharmaceu-
tics Classification System (BCS) class II.

Material and methods. The tablets were prepared using the wet granulation technology. The batches 
differed in the amount and grade of HPMC, the type of MCC and the distribution of croscarmellose sodium. 
The granule properties as well as physical (tablet hardness, disintegration time, friability) and analytical 
(dissolution profile in different media) attributes of the tablets were examined.

Results. The flow characteristics were satisfying in the case of all prepared batches. However, the differen-
ces in flow properties were visible, especially in the cases where MCC of coarser particles was replaced with 
MCC of finer particles. The type of MCC used in the product formula also had a significant influence on the 
drug product dissolution profile. The batches in which MCC of finer particles was used had substantially bet-
ter results, regardless of HPMC viscosity type and the distribution of croscarmellose sodium between the 
inner and outer phase. What is more, the differences in the results between batches of different MCC types 
were especially visible in dissolution conditions, i.e., 0.1N hydrochloric acid (HCl).

Conclusions. By choosing the right type, quantity and distribution of cellulose derivatives, it was possible 
to obtain the optimal formula of the drug product similar to in-vitro conditions to the reference drug. Out 
of all the tested excipients, the type of cellulose microcrystalline was found to have the most critical influ-
ence on both physical and analytical properties of the pharmaceutical formulation.

Key words: wet granulation, dissolution profile, cellulose derivatives, drug formulation technology
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Introduction 
Cellulose is one of the most commonly used polymers in 

pharmaceutical technology. It is a high-molecular-weight 
linear biopolymer consisting of d-glucose units joined by 
β-(1,4) linkages. It is a biodegradable, low-cost, renewable, 
and easily accessible material with high bio-compatibility, 
which makes its use so common in various fields.1

In pharmaceutical technology, there are several cellu-
lose derivatives which play a different role in the product 
formulation, i.e., tablet filler (cellulose microcrystalline 
– MCC), binder (ether derivatives: hydroxypropyl meth-
ylcellulose – HPMC, hydroxypropylcellulose, methylcel-
lulose, ethylcellulose), superdisintegrant (croscarmellose 
sodium), and film-coating agent (the above-mentioned 
ether derivatives). They can also be used to create modi-
fied-release drug products as well as osmotic and bioadhe-
sive delivery systems. What is more, cellulose derivatives 
are gaining more and more popularity in nanotechnology 
due to the possibility of  obtaining compounds such as 
nanofibrillar cellulose and cellulose nanocrystal.1–4

Cellulose microcrystalline is a purified, partially depoly-
merized cellulose. It is a white, crystalline powder with po-
rous particles. It is commercially available in several grades 
which have different properties and applications.5 Hy-
droxypropyl methylcellulose, also known as hypromellose, 
is a partly O-methylated and O-(2-hydroxypropylated) cel-
lulose. It is commercially available in different grades that 
vary in viscosity properties and the extent of substitution. 
Hypromellose is usually used as binder in the wet granula-
tion process in concentrations up to 5% w/w.5,6 Croscarm-
ellose sodium is a cross-linked polymer of carboxymethyl-
cellulose sodium. It belongs to the superdisintegrant group, 
i.e., the substances which facilitate fast disintegration and 
can be used in a smaller quantity than disintegrants, usually 
up to 5% w/w in the case of tablets.4,5

The above-mentioned cellulose derivatives were used 
during the development of  a generic drug product with 
an  active substance of  Biopharmaceutics Classification 
System (BCS) class II. The influence of  the said excipi-
ents (their type, grade, amount per tablet, and/or distri-
bution in the tablet) on the physical and analytical attri-
butes of  the product was examined. The reference drug 
is considered as very rapidly dissolving, i.e., at least 85% 
of the labeled amount of the drug substances is dissolved 
within 15 min.7 The developed generic product has to ful-
fill the same dissolution criteria. The qualitative composi-
tion of the prepared batches is similar to the composition 
of the reference product. In both cases, the MCC, HPMC 
and croscarmellose sodium polymers were used.

The BCS is a scientific framework which helps to classi-
fy active substances regarding their solubility and perme-
ability. The active substance which was used in the study 
belongs to BCS class II. This means that it shows low wa-
ter solubility and high permeability. In recent years, the 
number of  the newly developed drugs which have poor 

solubility properties has significantly increased. It has 
been stated that among new drug candidates, almost 70% 
show poor water solubility. When the active substance 
has solubility limitations, its bioavailability can be signifi-
cantly affected, even if the substance is highly permeable. 
Therefore, the solubility of the active substance is a very 
important physical property, and thus in vitro dissolution 
testing can play a key role in drug development.8–10

Material and methods

Material

The following materials were used: active substance 
of BCS class II, lactose monohydrate, MCC PH200, MCC 
PH101, croscarmellose sodium, HPMC 6cP, HPMC 3cP, 
sodium lauryl sulfate, and magnesium stearate. All sub-
stances used in the study were purchased from external 
suppliers.

Methods

Pre-formulation studies 

During the pre-formulation studies, the Raman spec-
trum was performed for the active substance used in the 
study and the reference product in order to check that the 
same polymorphic form of  the active substance as in the 
reference product was used. The parameters of powder X-
ray diffraction measurements were as follows: instrument 
– PANanlytical X’Pert PRO MPD; radiation: CuKα, voltage: 
40 kV, anode current: 40 mA, goniometer: PW3050/60, 
scan rate: 0.0305o/s, step size: 0.0131°, sample holder: 
PW181/25&40 (transmission, sample between foils), sam-
ple spinner: PW3064/60 (reflection/transmission spinner), 
sample spin rate: 1 rpm, detector: PIXcel (PW3018/00).

What is more, the particle size measurement of the ac-
tive substance was performed using the Mastersizer 2000 
particle size analyzer.

Preparation of tablets via high-shear granulation process 

The active substance, lactose monohydrate, MCC, 
croscarmellose sodium, and hypromellose were put into 
a  high-shear mixer. The granulating fluid was prepared 
by dispersing HPMC in water and, in the next step, the 
addition and dissolution of  sodium lauryl sulfate. After 
mixing the dry powders, the granulation fluid was added 
into the high-shear mixer and the granulation step was 
performed. The wet granules were sieved and dried in 
a  fluid-bed dryer. The dried granules were sieved, and 
the outer phase was added and mixed. The final granules 
were compressed into tablets using the Riva Piccola labo-
ratory rotary tablet press machine with 8 punch sets fit-
ted in the tablet press turret. The compression force used 
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during the tableting process was in the range between 4 
and 6 kN. The rotation speed was 15 rpm. The obtained 
tablets had a diameter of 5.5 mm.

Preparation of tablets via fluid-bed granulation process 

The active substance, lactose monohydrate, MCC, cros-
carmellose sodium and hypromellose were put into a flu-
id-bed granulator. The granulating fluid was prepared by 
dispersing HPMC in water and, in the next step, the ad-
dition and dissolution of sodium lauryl sulfate. After mix-
ing the dry powders, the granulation fluid was added into 
the fluid-bed granulator, and the granulation and drying 
step were performed. The dried granules were sieved, and 
the outer phase was added and mixed. The final granules 
were compressed into tablets using the Riva Piccola labo-
ratory rotary tablet press machine with 8 punch sets fit-
ted in the tablet press turret. The compression force used 
during the tableting process was in the range between 
4 and 6 kN. The rotation speed was 15 rpm. The obtained 
tablets had a diameter of 5.5 mm.

Determination of bulk density and tapped density 

The final granulate was taken into a  250-milliliter 
measuring cylinder and the initial volume was record-
ed. The measuring cylinder was tapped the specified 
number of  times using the ERWEKA tapped volume-
ter. The bulk density and tapped density were calcu-
lated according to the following formulas:

bulk density = weight of the final granulate
[g/mL?]   (1)

initial volume

tapped density = weight of the final granulate
[g/mL?]  (2)

final volume after tapping

Determination of Hausner ratio 

The Hausner ratio was calculated based on the follow-
ing formula:

Hausner ratio = tapped density
(3)

bulk density

Determination of Carr’s compressibility index 

The Carr’s index was calculated based on the following 
formula:

Carr’s index = tapped density – bulk density
× 100   (3)

bulk density

Flowability 

The flow properties of  the final granules were deter-
mined using a  granulate tester (ERWEKA GTB; ERWE-
KA). A minimum of 100 g of the granules were introduced 
into a dry funnel whose bottom opening had been blocked. 
In the next step, the bottom opening of the funnel was un-
blocked and the sample flowed out of the funnel. Flowabil-
ity was determined as the time needed for the 100 g of the 
sample to flow out of the funnel and as the time needed for 
the 100 mL of the sample to flow out of the funnel. The di-
ameter of the nozzle used in the analysis was 10 ±0.01 mm.

Determination of particle size distribution 

The degree of  fineness of  the final granulate was estab-
lished using the Analysette 3 PRO vibratory sieve shaker. The 
assessment of the particle size distribution of the final gran-
ules was evaluated by allowing the material to pass through 
a series of sieves (100 µm, 180 µm, 250 µm, 355 µm, 500 µm, 
and 800 µm) and weighing the amount of granules that was 
stopped by each sieve as a fraction of the whole mass.

Tablet hardness 

The tablet hardness was determined using the Multi-
Check 3 tester (ERWEKA). The measurements were con-
ducted on 10 tablets of each batch.

Friability test 

The friability test was conducted using the TDR 100 ER-
WEKA friability tester (ERWEKA). In order to perform the 
test, a sample of minimum 6.5 g of tablets was weighted.  
Before weighing, any loose dust from the tablets was re-
moved. After weighing, the tablets were placed into the 
drum. The drum was rotated 100 times. After that, the 
tablets were removed from the drum and weighted again 
in order to establish the weight loss.

Disintegration time 

The disintegration time of the tablets was determined us-
ing the Pharma Test PTZ AUTO. The test was conducted 
on 6 tablets of  each batch. In order to perform the test, 
1 dosage unit was placed in each of the 6 tubes of the basket 
and a disc was added. The test was performed using water 
as medium at a temperature of 37 ±2°C. According to the 
current edition of the European Pharmacopoeia (Ph. Eur.), 
the tablets should disintegrate in less than 15 min.11

Dissolution profile 

In order to determine the dissolution profile of  the 
tablets, a  paddle apparatus (Apparatus II USP) and 
a UV-VIS spectrophotometer were used. The test was 
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conducted on 6 tablets of  each batch and the results 
were compared to the results of  the reference prod-
uct. In order to establish similarity between the tested 
batches and the reference product, the following dis-
solution media were applied:
– 0.2% sodium dodecyl sulfate (SDS) in acetate buffer pH 4.5;
– 0.1N hydrochloric acid (HCl);
– acetate buffer pH 4.5;
– phosphate buffer pH 6.8.

The rest of the dissolution conditions were identical for 
each dissolution medium: dissolution apparatus – type II 
with paddle agitators; volume of  dissolution medium: 
500 mL; paddle speed: 75 rpm; temperature: 37 ±0.5°C; 
duration time: 60 min.

The volume of the dissolution medium was decreased 
from a standard value of 900 mL to 500 mL due to the low 
absorbance of the active substance. The European Phar-
macopoeia allows using dissolution medium in volumes 
500–1000 mL.11

A dissolution profile analysis was conducted according 
to the following description: The tablets were added to 
each of the 6 apparatus vessels containing the dissolution 
medium heated to the prescribed temperature. The pro-
cess was started with a rotation speed of 75 rpm. During 
the test, samples of the solution were taken at the follow-
ing time points: 5 min, 10 min, 15 min, 20 min, 30 min, 
45 min, 50 min, and 60 min. The samples were filtered 
through a 10-micrometer filter. Next, the absorbance val-
ue of  the test solutions and a suitable standard solution 
were determined spectrophotometrically at a wavelength 
of 200–400 nm, using 10-millimeter cuvettes, against the 
dissolution medium as a blank.

The above-mentioned analysis is specific, i.e., the blank 
solution and the solution of all known impurities for the 
active substance do not show any absorbance at a wave-
length characteristic for the active substance. What is 
more, the spectrum obtained for the test solution and the 
standard solution are similar and show the maxima of ab-
sorbance at the same wavelengths (±2 nm).

The first sample during the analysis was collected after 
5 min of testing. Although the disintegration time of the 
tablets is very short (<5 min), it does not mean that the ac-
tive substance is already fully dissolved in the medium af-
ter the disintegration. The active substance releases from 
the surface of the tablet as well as from the tablet residue 
after the disintegration.

Results and discussion

Pre-formulation study

The active substance is a  white crystalline powder, 
practically insoluble in water (<10 mg/L), in aqueous 
acidic medium (<10 mg/L in 0.1M HCl) or in higher pH 

(<10 mg/L for pH 9.0). It is slightly soluble in organic sol-
vents and its log P value is at the level of 1.5. The active 
substance has more than one polymorphic form. Howev-
er, the polymorphic form used in the study was confirmed 
via the X-ray diffraction analysis to be the same as the one 
in the reference product.

The active substance in the reference product is in a mi-
cronized form. Therefore, the active substance used in the 
study underwent a micronization process as well. In order 
to check its particle size distribution, the active substance 
sample was measured via the laser diffraction method and 
the results show that d(0.9), which corresponds to 90% 
of the cumulative undersize distribution, is <30 µm.

Formulation study

In order to obtain the most suitable formula which would 
be similar to the reference product, batches F1–F9 were 
produced. Batches F1–F4 differed in the amount of HPMC 
6cP. Hydroxypropyl methylcellulose plays a binder role in 
the tablet formulation. In the case of batch F5, HPMC 6cP 
was replaced with HPMC of lower viscosity, i.e., 3cP. One 
batch – F6 – was produced using different manufactur-
ing technology from the rest of the trials – the granulate 
was obtained via the fluid-bed granulation. Usually, it is 
possible to obtain finer granules using the wet granula-
tion process via a fluid-bed granulator instead of a high-
shear mixer. The aim of preparing batch F6 was to check 
if the manufacturing of  significantly smaller granules 
would have an influence on the dissolution profile results.  
The qualitative as well as quantitative composition of batch 
F6 is exactly the same as for batch F5. What is more, the 
granulation fluid was identical and all the other steps 
of the process, except the granulation part, were kept the 
same. In the case of batches F7–F9, MCC PH200 which 
was used as a tablet filler was replaced with MCC of finer 
particles, i.e., PH101. More detailed information about the 
batch compositions are presented in Table 1.

Evaluation of granules

In order to characterize the powder flow of  the pre-
pared batches F1–F9, the following methods were used: 
flow rate through an  orifice, angle of  repose, the com-
pressibility index, and the Hausner ratio (Table 2).

The flow rate of the granules was measured in 2 ways: as 
the time it takes for 100 g of the granules to pass through 
the orifice and as the time it takes for 100 mL of the gran-
ules to pass through the orifice. The best results (the 
shortest time) in the case of both methods were obtained 
for batch  F4, which contains MCC of  coarser particles 
(PH200) and HPMC of higher viscosity (6cP). The worst 
results (the longest time) were found for batch F7, where 
MCC of coarser particles was replaced with MCC of fin-
er particles (PH101) and HPMC 6cP was replaced with 
HPMC 3cP.
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The angle of  repose reflects the resistance to move-
ment between the particles. According to European Phar-
macopoeia (Ph. Eur.), when the angle of repose is above 
50 degrees, the flow is rarely acceptable for manufactur-
ing purposes.11 In the case of all batches, the angle of re-
pose was below 50 degrees. However, there is a significant 
difference in the results between the batches with MCC 
of coarser particles and the batches in which MCC PH200 
was replaced with MCC PH101.

The next 2 methods used in order to evaluate the flow 
characteristics of  the granules are compressibility index 
and the Hausner ratio. Both of  the methods are deter-
mined by measuring the bulk and tapped volume of the 
final granules. According to the flowability scale (Ph. 
Eur.), results above 25% for the compressibility index and 
1.34 for the Hausner ratio indicate poor flow properties.11  

The flow character for most of the prepared batches was 
determined as good (compressibility index: 11–15%, 
Hausner ratio: 1.12–1.18). The worst results were ob-
tained for batch F8 (the flow character determined as 
passable) and the best results were obtained for batch F2 
(the flow character determined as excellent).

The particle size distribution for all prepared batches 
was determined via the sieve analysis (Table 3). There is 
a  significant difference between the granule particle size 
of the batches prepared using MCC PH200 and the batch-
es where MCC PH200 was replaced with MCC PH101. 
Due to the fact that MCC is present in the composition 
of batches in high amounts, it is obvious that it has a signifi-
cant influence on the particle size distribution of the final 
granules. In the case of batches F7–F9, approx. 50% of the 
particles are <100 µm, which means that the granules are 

Table 1. Composition of prepared batches F1–F9

Qualitative and quantitative composition of the prepared batches [%/tablet]

Formulation code F1 F2 F3 F4 F5 F6 F7 F8 F9

Manufacturing technology
wet granulation  

via high-shear mixer
wet granulation  

via fluid-bed granulator
wet granulation  

via high-shear mixer

Inner phase

Active substance ≤12.5 ≤12.5 ≤12.5 ≤12.5 ≤12.5 ≤12.5 ≤12.5 ≤12.5 ≤12.5

Lactose monohydrate 35.38 35.00 35.5 34.79 34.79 34.79 34.79 34.79 34.79

MCC PH200 52.25 51.88 52.38 51.34 51.34 51.34 – – –

MCC PH101 – – – – – – 51.34 51.34 51.34

Croscarmellose sodium 2.50 2.50 5.00 5.00 5.00 5.00 5.00 5.00 2.50

HPMC 6cP 0.63 1.00 1.00 1.88 – – – 1.88 1.88

HPMC 3cP – – – – 1.88 1.88 1.88 – –

Granulating fluid

HPMC 6cP 0.63 1.00 1.00 1.88 – – – 1.88 1.88

HPMC 3cP – – – – 1.88 1.88 1.88 – –

Sodium lauryl sulfate 2.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Water 27.00 27.00 27.00 27.00 27.00 27.00 27.00 27.00 27.00

Outer phase

Croscarmellose sodium 2.50 2.50 – – – – – – 2.50

Magnesium stearate 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

MMC – cellulose microcrystalline; HPMC – hydroxypropyl methylcellulose 

Table 2. Flow properties of granules

Batch 
number

Bulk density  
[g/mL]

Tapped density 
[g/mL]

Hausner ratio Carr’s compressibility index 
[%]

Flow rate  
[s/100 g]

Volume flow rate  
[s/100 mL]

Angle of repose 

F1 0.53 0.60 1.14 12.0 36.5 ±0.97 18.2 ±0.10 39.5 ±1.17

F2 0.54 0.60 1.11  9.6 27.3 ±0.17 12.3 ±0.06 40.8 ±0.49

F3 0.5 0.56 1.13 11.2 27.8 ±0.32 11.9 ±0.12 39.3 ±0.38

F4 0.48 0.54 1.13 11.2 21.9 ±0.52 9.2 ±0.06 38.8 ±0.75

F5 0.49 0.55 1.13 11.2 24.7 ±6.27 18.4 ±3.82 38.2 ±1.65

F6 0.46 0.53 1.16 13.6 32.4 ±0.10 12.3 ±0.15 38.4 ±0.40

F7 0.52 0.63 1.21 17.6 49.1 ±12.54 14.7 ±0.46 45.6 ±0.95

F8 0.51 0.64 1.26 20.89 28.5 ±0.64 13.2 ±1.43 46.1 ±1.70

F9 0.53 0.65 1.21 17.6 46.0 ±2.50 17.1 ±2.29 43.1 ±1.95
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very fine. Batch F6, which was prepared via the fluid-bed 
granulation, is characterized by an  intermediate particle 
size distribution, placing itself between batches F7–F9 and 
F2–F5. Very fine particles were also obtained in batch F1, in 
which HPMC 6cP was added at the lowest amount. Batches  
F2–F5 had the largest particle size and, according to Ph. 
Eur., are determined as moderate fine, i.e., the median size 
(X50) of the particles is in the range of 180–355 µm.11

Evaluation of tablet cores

The following physical parameters of  the tablet cores 
were determined: tablet hardness, disintegration time 
and tablet friability (Table 4). For all of  the batches, the 
mean tablet hardness is in the range of 50–70 N. For all 
of the batches, the disintegration time is <15 min, which 
complies with the requirements for uncoated tablets.11 
The shortest disintegration time was observed in the case 
of batch F8 and the longest disintegration time was ob-
served for batch F4. All batches present very satisfying fri-
ability test results. In all cases, the tablet friability is below 
or close to 0.1% w/w.

All batches underwent the dissolution profile analysis. 
The results obtained were compared to the results of the 
dissolution profile for the reference sample.

The results of the dissolution profile in chosen media for 
batches F1–F9 (Fig. 1) show that by increasing the amount 
of HPMC it was possible to obtain a faster drug release. What 
is more, the replacement of HPMC 6cP with HPMC of lower 
viscosity (3cP) resulted in slightly better results, more simi-
lar to the reference product. The effect of dissolution profile 
improvement was especially visible when the granulation 
method was changed from high-shear mixing to fluid-bed 
granulation. However, the best dissolution profile results 
were obtained when MCC of coarser particles was replaced 
with MCC of finer particles, regardless of the type of HPMC 
used and the distribution of croscarmellose sodium.

For rapidly dissolving products, 2 dissolution profiles 
can be considered as similar without further mathemati-
cal evaluation when >85% of the active substance dissolves 
within 15 min. The comparison of dissolution profile re-
sults in acetate buffer pH 4.5 with 0.2% SDS after 15 min 
of testing is provided in Table 5. Based on the results ob-
tained, it can be stated that batches F6–F9 are similar to 
the reference product.

The level of similarity between the developed product 
and the reference drug should be as high as possible. One 
of  the methods which can evaluate the level of  similar-
ity in in-vitro conditions is performing the dissolution 
profile analysis in 3 different media. Therefore, 3 differ-
ent batches were chosen: F5, F6 and F9, and the analysis 
of the dissolution profile in the following dissolution me-
dia was performed: 0.1N HCl, acetate buffer pH 4.5 and 

Table 3. Particle size distribution of granules

Batch 
number

Sieve analysis of final granulate [%]

<100 µm 100–180 µm 180–250 µm 250–355 µm 355–500 µm 500–800 µm >800 µm

F1 29.1 22.6 20.6 21.6 5.2 0.7 0.2

F2 21.6 22.4 21.1 23.5 9.6 1.6 0.2

F3 22.3 20.9 20.9 23.8 9.1 2.9 0.1

F4 16.4 16.4 18.3 26.8 17.0 4.8 0.2

F5 21.1 19.8 19.8 24.9 12.3 1.9 0.1

F6 31.7 32.1 21.3 13.7 1.0 0.2 0

F7 54.3 17.4 7.4 7.8 10.9 2.0 0.1

F8 51.8 14.8 5.9 8.2 14.3 4.9 0.1

F9 47.8 16.1 6.9 9.1 15.2 4.8 0.1

Table 4. Physical parameters of tablet cores (compression force during 
tableting – 6 kN)

Batch 
number Hardness [N]

Disintegration time [min]
Friability [%]

min–max mean ±SD

F1 59 ±1.84 2:52–3:00 2:56 ±0:03 0.069

F2 58 ±1.35 3:24–3:50 3:37 ±0:10 0.037

F3 67 ±2.11 3:10–3:50 3:33 ±0:16 0.120

F4 71 ±2.46 3:50–4:30 4:10 ±0:16 0.054

F5 65 ±3.11 3:12–3:30 3:21 ±0:07 0.013

F6 60 ±4.11 3:38–3:56 3:50 ±0:07 0.006

F7 58 ±3.27 2:32–3:02 2:48 ±0:10 0.096

F8 68 ±2.99 1:54–2:18 2:06 ±0:10 0.019

F9 62 ±2.99 2:22–2:52 2:37 ±0:10 0.032
Fig. 1. Dissolution profile results for batches F1–F9 in acetate buffer pH 4.5 
with 0.2% sodium dodecyl sulfate
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phosphate buffer pH 6.8 (Fig. 2). The analysis carried out 
under acidic conditions (0.1N HCl) show significant dif-
ferences between the tested batches. The worst results 
were obtained in the case of batch F5. Slightly better re-
sults were obtained for batch F6, which has the same qual-
itative and quantitative composition as batch F5, but it 
was produced with a different wet granulation technique, 
i.e., via the fluid-bed granulation. The results for batches 
F5–F6 are significantly lower than for batch F9 and the 
reference product. Out of all the batches tested, batch F9 
seems to be the most similar to the reference drug.

Conclusions
It was found that cellulose derivatives presented in the 

composition of a drug product with an active substance 
of BCS class II had a significant influence on the physi-

Table 5. Comparison of dissolution profile results in acetate buffer pH 4.5 with 0.2% sodium dodecyl sulfate (SDS) after 15 min of testing

Batch Reference product F1 F2 F3 F4 F5 F6 F7 F8 F9

% of API dissolved  
in 15 min

average for 6 samples 90 73 79 79 70 86 91 95 93 92

min 85 71 76 77 66 82 86 92 93 90

max 93 78 82 82 74 90 96 97 94 93

RSD [%] 3.6 5.5 3.9 2.5 4.4 3.6 4.7 2.5 0.6 1.1

Is the batch similar to the reference product? – no no no no yes/no* yes yes yes yes

API – active pharmaceutical ingredients; RSD – relative standard deviation; * The average is above 85%; however, some of the results are still below 85%.

cal and analytical attributes of the product. Out of all the 
prepared batches, the best results with regard to granule 
properties were obtained for batches MCC of coarser par-
ticles and HPMC of higher viscosity. However, the results 
of  the dissolution profile for these batches differed sig-
nificantly when compared to the results of the reference 
product. The dissolution profile enhanced when HPMC 
of  higher viscosity was replaced with HPMC of  lower 
viscosity (batch F5). What is more, the dissolution pro-
file was even better when the granulation technology 
used in batch F5 was changed from high-shear mixing 
to fluid-bed granulation (batch F6) while using the same 
qualitative and quantitative composition. However, de-
spite very promising dissolution profile results in 0.2% 
SDS in acetate buffer, which was established as the cho-
sen dissolution medium, the analysis in 3 different media 
showed significant differences in acidic conditions, i.e., 
0.1N HCl, between batch F6 and the reference product.  

Fig. 2. Dissolution profile results in different media for chosen batches F5, F6 and F9 in comparison to the reference product
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Therefore, further changes in the composition are re-
quired. The preparation of batches F7–F9 showed that the 
type of MCC used had the most critical influence on the 
dissolution profile out of all the cellulose derivatives test-
ed. The dissolution profile in chosen media was similar in 
the case of all batches where MCC of coarser particles was 
replaced with MCC of  finer particles, regardless of  the 
HPMC viscosity type used and the distribution of cros-
carmellose sodium. The results of the dissolution profile 
in 3 different media for the chosen batch F9 showed very 
high similarity to the reference product.
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Abstract
Background. Poly-γ-glutamic acid (γ-PGA) provides an  environmentally friendly alternative to plastic 
materials which have widely polluted the environment.

Objectives. The microbial production of γ-PGA, an amino acid biopolymer with glutamic acid subunits, 
was investigated using renewable agricultural residues in an attempt to find cheaper substitutes for conven-
tional synthetic media components.

Material and methods. Bacteria which produce γ-PGA were isolated through depolymerizing Coix  
lacryma-jobi, a cellulosic grass, and the effects of various carbon and nitrogen sources, temperature, inocu-
lant load, incubation period, and pH on γ-PGA yield were determined after submerged fermentation. Bacte-
rial growth was measured turbidimetrically at 550 nm. The γ-PGA produced was characterized using Fourier 
transform infrared (FT-IR) spectroscopy and the polymer shape was determined using scanning electron 
microscopy (SEM).

Results. The best γ-PGA producer was molecularly identified as Bacillus toyonensis As8. The conditions 
which produced the highest γ-PGA yield were glucose, ammonium sulfate, 25°C, a pH of 5.5, and an in-
cubation period of 48 h. This bacterium yielded the most γ-PGA (26.45 g/L) on cassava peels, while other 
agro-wastes (corn cob, sorghum leaves, Coix noir leaves, and rice bran) also supported bacterial growth with 
lower γ-PGA yields than conventional carbon sources. The wrinkled γ-PGA had absorbance peaks of hydro-
xyl, amide, carbonyl, and amine groups comparable with the ranges of those found in commercial γ-PGA.

Conclusions. The use of agricultural by-products as fermentation substrates increased γ-PGA yield and 
may therefore be used as substitute components in γ-PGA production.

Key words: agricultural wastes, biopolymer synthesis, poly-γ-glutamic acid characteristics, Bacillus  
toyonensisCite as
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Introduction 
Poly-γ-glutamic acid (γ-PGA) is a non-toxic, anion-

ic, water-soluble, and biodegradable homopolyamide 
consisting of d- and l-glutamic acid units polymerized 
by γ-amide linkages and found between α-amino and 
γ-carboxylic acid groups1–3 (with the molecular for-
mula (C5H7NO3)n). In light of  the many undesirable 
properties associated with the use of chemically man-
ufactured products, γ-PGA – along with many other 
biopolymers – has enjoyed a  growing interest due to 
its biodegradability and non-toxicity. When compared 
with other production methods – such as chemi-
cal synthesis, peptide synthesis and biotransforma-
tion – microbial fermentation is considered the most 
cost-effective, having numerous advantages: minimal 
environmental pollution, potential production using 
inexpensive raw materials, high natural product purity, 
and mild reaction conditions.3–5 This important bio-
polymer has been found in species from all domains 
of  life, including archaea, bacteria and eukaryotes.6,7 
The traditional Japanese food natto – Bacillus subtilis-
fermented soybeans – contains a  naturally occurring 
mucilaginous mixture of  γ-PGA and fructan. Apart 
from Bacillus, many other species have been reported 
to produce γ-PGA, such as Planococcus, Sporosarcina, 
Staphylococcus, Fusobacterium, Natrialba, and Hy-
dra.3–7 At present, microbial fermentation of biomass 
is still the most preferred means of commercial γ-PGA 
production.5

The desirable properties of γ-PGA as a safe, biode-
gradable, edible, eco-friendly, and water-soluble bio-
polymer make it and its derivatives important as food 
thickeners, bitterness-relieving agents,8 humectants, 
cryoprotectants,9 sustained-release materials, drug 
delivery agents, biological adhesives, heavy metal ab-
sorbers, bioflocculants, dye-removing agents, fertil-
izer synergists, and biodegradable plastics. Other po-
tential applications may include its use as a  contrast 
agent or vaccine adjuvant, or in the areas of  immobi-
lization, microencapsulation, gene delivery, and tissue 
engineering.1,8–10

Although the process leading to the microbial fer-
mentative biosynthesis of γ-PGA is well-known, some 
challenges remain, such as the cost and suitability 
of substrate media for optimal yields, a fact which lim-
its economically viable commercial applications. In 
addition to the important efforts currently directed 
at finding a  lasting solution to various problems as-
sociated with γ-PGA production for commercial ap-
plications, there is a  need to continue the search for 
potential γ-PGA producers with unique properties. In 
this study, the effects of  media components and the 
suitability of agricultural byproducts as substrates for 
γ-PGA production in flask fermentation by various 
bacteria were investigated. 

Material and methods

Sample collection, microorganisms  
and screening for γ‑PGA production  
on a solid medium 

The Bacillus toyonensis (B. toyonensis) As8 used in this 
experiment was isolated from samples of  decomposing 
Coix lacryma-jobi collected from a  fallow agricultural 
farm of  the University of  Ibadan, Nigeria. The bacteria 
were isolated through serial dilutions of the samples11 in-
oculated using the pour plate method on nutrient agar and 
incubated at 30°C for 24 h. Bacterial colonies observed on 
the surface of  the nutrient agar were picked at random, 
based on differences in colonial morphology, and were 
streaked onto the surface of nutrient agar to obtain dis-
tinct colonies representative of a single pure isolate. 

Screening for γ‑PGA production 

Pure cultures of each bacterial isolate were cultivated on 
a solid medium composed of 1 g/L glucose, 0.5 g/L yeast 
extract, 1 g/L l-glutamic acid, 0.05 g/L KH2PO4, 0.01 g/L 
MgSO4, and 15 g/L agar (pH 7.0) at 37°C for 24 h.12 Sticky, 
highly viscous colonies forming on the agar – examined 
for stickiness with gentle touches using a  sterile inocu-
lating needle – were considered γ-PGA-producing bacte-
rial isolates. The isolates (10% v/v 24-hour-old broth cul-
ture, equivalent to 108 CFU/mL) selected from the solid 
screening medium as described previously were grown at 
37°C on a shaker incubator (ZHWY211F, New Brunswick 
Scientific Company, New Jersey, US) at 150 rpm for 72 h 
in a conical flask containing 100 mL of  screening broth 
(10 g/L l-glutamic acid, 10 g/L glucose, 5 g/L (NH4)2SO4, 
1  g/L K2HPO4, 1  g/L KH2PO4, 0.5  g/L MgSO4 ∙ 7H2O, 
0.02 g/L MnSO4, and 0.05 g/L FeCl3 ∙ 7H2O). After 72 h 
of  incubation, the broth culture was centrifuged at 
12,000  rpm for 20 min at 4°C to obtain cell-free super-
natants, after which an  equal volume of  cold ethanol 
was added to the supernatant to yield a  fibrous precipi-
tate regarded as the crude γ-PGA. This precipitate was 
concentrated with centrifugation and was subsequently 
oven-dried at 55°C to a constant weight; the weight was 
then measured.12,13 The best γ-PGA-producing bacteria 
were identified with morphological, biochemical and 16S 
rRNA gene sequencing using universal primers.11,14,15

Recovery and quantification  
of the produced γ‑PGA 

The cells were separated from the fermentation broth 
with 20 min of  centrifugation at 12,000 rpm to obtain 
a cell-free supernatant. The γ-PGA was precipitated from 
the supernatant through the addition of 4 volumes of 95% 
ethanol with gentle stirring. The mixture was then stored 
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in a refrigerator (Haier THERMOCOOL BD-124E, HPZ 
Nigeria) at 4°C for 12 h. The resulting precipitate con-
taining crude γ-PGA was collected using a  high-speed 
refrigerated centrifuge (Hitachi Himae CR21GII, Hitachi 
Group, Tokyo, Japan) at 12,000 rpm for 20 min at 10°C. 
The crude γ-PGA was oven-dried at 55°C to a constant 
weight, which was then measured.6 

Effects of medium components  
and environmental conditions  
on γ‑PGA production 

The effects of environmental conditions and the com-
ponents of the medium on γ-PGA production using the 
selected bacterial isolates were investigated using the one-
factor-at-a-time method with a PGA basal medium con-
taining 5 g/L (NH4)2SO4, 1 g/L K2HPO4, 1 g/L KH2PO4, 
0.5  g/L MgSO4 ∙ 7H2O, 0.02  g/L MnSO4, and 0.05  g/L 
FeCl3 ∙ 7H2O.13 Variables such as the effects of  different 
carbon sources (glucose, fructose, maltose, lactose, su-
crose, citric acid, and starch) and nitrogen sources (pep-
tone, urea, yeast extract, l-glutamic acid, ammonium sul-
fate, ammonium chloride, and sodium nitrate), pH (4.5 to 
9.0 in 0.1M phosphate buffers), incubation temperature 
(25°C, 30°C, 35°C, 40°C, and 45°C), different inoculant 
loads (1% and 10%), and incubation period (24–96 h) on 
the production medium were investigated in order to 
determine the ones which are most conducive to γ-PGA 
production. To measure the effects of the different carbon 
sources, the basal medium contained 20 g/L l-glutamic 
acid, 10  g/L (NH4)2SO4, 1  g/L K2HPO4, 1  g/L KH2PO4, 
0.5  g/L MgSO4 ∙ 7H2O, 0.02  g/L MnSO4, and 0.05  g/L 
FeCl3 ∙ 7H2O. The l-glutamic acid was then substituted 
for each of  the sugars listed above. Likewise, to test the 
effects of nitrogen sources, the basal medium contained 
20 g/L glucose, 10 g/L (NH4)2SO4, 1 g/L K2HPO4, 1 g/L 
KH2PO4, 0.5  g/L MgSO4 ∙ 7H2O, 0.02  g/L MnSO4, and 
0.05  g/L FeCl3 ∙ 7H2O; (NH4)2SO4 was then substituted 
for the other nitrogen sources. 

To measure the effects of  pH, incubation tempera-
ture and incubation period, the basal medium consisted 
of 20 g/L l-glutamic acid, 20 g/L glucose, 10 g/L (NH4)2SO4, 
1  g/L K2HPO4, 1  g/L KH2PO4, 0.5  g/L MgSO4 ∙ 7H2O, 
0.02 g/L MnSO4, and 0.05 g/L FeCl3 ∙ 7H2O.13 A  loopful 
of  18–24-hour-old nutrient agar culture of  the γ-PGA-
producing bacterium was transferred into the PGA broth 
and incubated at 35°C for 24 h. A 10% v/v dilution of this 
preparation was used as an inoculant for the experiments. 
The fermentation flasks were incubated with agitation at 
150 rpm over 4 days. Bacterial growth was determined 
with optical density using a Jenway 6405 UV-VIS spectro-
photometer (Cole-Parmer, UK) at 550 nm.6,16

The effects of different agricultural wastes (corn cob, sor-
ghum leaves, Coix noir leaves, cassava peel, and rice bran) as 
carbon sources for γ-PGA production by the selected γ-PGA 
producers were investigated. Freshly collected agricultural 

wastes were oven-dried at 45°C, pulverized and sieved to ob-
tain powder-sized particles. Each of these substrates (20 g/L) 
was added into the γ-PGA production medium as the major 
source of carbon and autoclaved at 121°C for 15 min, after 
which they were allowed to cool to room temperature and 
were inoculated as described previously. They were then 
incubated at 35°C on a shaker incubator (ZHWY211F, New 
Brunswick Scientific Company, New Jersey, US) at 150 rpm 
for 72  h. At the end of  the incubation, the fermentation 
broth was diluted with an equal volume of sterile distilled 
water and centrifuged using the refrigerated centrifuge at 
12,000 rpm for 20 min to recover the γ-PGA; the yield was 
then measured.6,16 The best environmental variables and ag-
ricultural wastes for the highest γ-PGA yield in these experi-
ments were used to produce γ-PGA. 

In all cases, the means of triplicate experimental read-
ings were used.

Characteristics of γ‑PGA 

The peaks of the spectra of key functional groups in the 
γ-PGA produced in the experiments were identified using 
Fourier transform infrared (FT-IR) spectroscopy. Their ab-
sorption spectra, with peaks corresponding to specific bonds 
in the γ-PGA product, were compared with standards char-
acteristic of  amine (C–N), carbonyl (C=O), amide (N–H), 
and hydroxyl (OH) groups in the ranges of 1085–1165 cm−1, 
1394–1454 cm−1, 1620–1655 cm−1, and 3400–3450 cm−1, re-
spectively.17,18 Scanning electron microscopy (SEM) was also 
used to determine the surface morphology of the polymer 
produced. An FEI Inspect S50 scanning electron microscope 
(FEI Company, Japan) with an acceleration voltage of 10 kV 
was used. The polymer samples were placed on a metallic 
stub and sputtered with gold film under vacuum; images 
were taken at different levels of magnification.

Results and discussion 

Screening of isolates for γ‑PGA production 

Approximately 14% of  the 36 isolates obtained from 
the decomposing Coix lacryma-jobi (As8, Is6, Is7, Is13, 
and Is14) produced viscous colonies when screened. The 
highest yield from the submerged fermentation, 16.53 g/L 
of γ-PGA, was recovered from the As8 fermentation cul-
ture. This was followed by isolates Is14, Is6, Is7, and Is13 
with γ-PGA yields of 14.82 g/L, 14.07 g/L, 12.58 g/L, and 
9.42 g/L, respectively. The 5 γ-PGA-positive isolates were 
Gram-positive, facultative, anaerobic spore formers and 
were presumptively identified as Bacillus species (Ta-
ble 1). Phenotypic and biochemical techniques have been 
successfully used in the past to identify different microor-
ganisms in microbiology.16 Isolate As8, the most prolific 
γ-PGA producer, was capable of  metabolizing different 
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sugars (such as glucose, fructose and maltose) and tested 
positive for utilizing catalase, protease, lecithinase, and 
citrate, as well as for starch hydrolysis and gelatin hydroly-
sis. The isolate As8, however, did not metabolize lactose, 
galactose or raffinose. Genotypically, Bacillus sp. As8 was 
96% percent similar to the B. toyonensis strain BCT-7112 
and was therefore referred to as B. toyonensis As8. 

Growth and γ‑PGA production responses  
of Bacillus toyonensis As8 to physicochemical 
modifications of medium components 

Bacillus toyonensis As8 (the representative colony de-
picted in Fig. 1A) had the highest γ-PGA yield (16.53 g/L) 
with glucose and fructose as carbon sources, while its 
yield in a starch-based medium was the lowest (4.06 g/L) 
– even though that substrate was highly conducive to 
bacterial growth (Fig. 1B). All of the sugars used as car-
bon sources supported bacterial growth. These findings 
may be attributed to the fact that simple sugars are more 
desirable for bacterial metabolism since less energy is re-
quired to incorporate them into the metabolism of a cell. 
However, Ju et al.19 obtained a higher γ-PGA yield with 
30 g/L of starch in the fermentation medium and B. sub-
tilis MJ80, yielding 48.3 g/L of γ-PGA. The findings that 
citric acid and starch supported bacterial growth may be 
attributed to the ease with which these compounds con-
vert into glutamic acids, through the tricarboxylic acid 
cycle and finally into poly-γ-glutamate.20

Table 1. Morphological and biochemical characteristics of poly-γ-glutamic-acid (γ-PGA)-producing bacteria

γ‑PGA‑producing isolates As8 Is6 Is7 Is13 Is14

Gram’s reaction + + + + +

Morphology short rods rods rods rods rods

Endospore staining + + + + +

Gelatin hydrolysis + + + + +

Starch hydrolysis + + + + +

Proteolysis + + + + +

Hemolysis + − − − −

Lecithinase test + − + − +

Catalase test + + + + +

Citrate utilization + + − + +

Methyl red test − − − − −

Voges–Proskauer test + + + + +

Glucose + − + − +

Fructose + +/− + − +

Lactose − − − + +

Maltose + +/− − +/− +

Sucrose + − − + +

Galactose − − +/− − +

Raffinose − + − − +/−

Probable identity of the organism Bacillus sp. As8 Bacillus sp. Is6 Bacillus sp. Is7 Bacillus sp. Is13 Bacillus sp. Is14

(+) – positive; (−) – negative; (+/−) – variable.

Fig. 1. (A) Colonial view of Bacillus toyonensis As8. (B) Effect of different 
carbon sources on the growth and poly-γ-glutamic-acid (γ-PGA) yield 
of Bacillus toyonensis As8
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Ammonium sulfate supported both bacterial growth 
(optical density: 1.854) and γ-PGA production (19.95 g/L) 
by B. toyonensis As8 (Fig. 2). Organic peptone and malt 
extract did support γ-PGA production, though less so 
than inorganic ammonium sulfate. Because γ-PGA was 
produced in the medium containing ammonium sulfate 
in the absence of  l-glutamic acid, we may deduce that 
B. toyonensis As8 can be classified as an l-glutamic acid-
independent γ-PGA-producing strain.3

There was a progressive reduction in γ-PGA yield as the 
incubation temperature increased (Fig. 3), indicating that 
the γ-PGA yield from B. toyonensis As8 was temperature-
dependent.16 Production was highest at 25°C, with a dry 
weight of 18.25 g/L. The lowest yield of 6.10 g/L was ob-
served at 45°C, at which temperature the γ-PGA producer 
exhibited the highest turbidimetric reading. In a related 
study, the optimal growth temperature for Bacillus lichen-
iformis NRC20 was reported to be 30°C, while the highest 
γ-PGA yield was obtained at 35°C.16,21 

From Fig. 4, while the lowest γ-PGA production was 
recorded at an acidic pH (4.5), the highest was at pH 5.5 
(26 g/L). At neutral pH and above, the γ-PGA yield was 
reduced to about 64% of the highest yield though the bac-
terial growth was highest. The highest fermentative pro-
duction of γ-PGA was reported at a pH of 6.5.22 The level 
of pH significantly affects bacterial nutrient solubility and 
uptake, enzyme activity, and cell membrane morphology, 
thus impacting the formation of by-products (γ-PGA re-
lease).16 The fact that the highest γ-PGA yield was record-
ed at pH 5.5 may indicate that this pH influenced micro-
bial metabolism to favor a higher γ-PGA release. 

Effects of inoculant concentration and 
incubation period on γ‑PGA production 

Over the 96 h, bacterial growth increased in the 2 
flask experiments. However, the highest γ-PGA yield 
(23.65 g/L) was observed after 48 h of incubation in the 
production medium inoculated with 10% of B.  toyonen-
sis As8. After this, there was a progressive reduction in 
yield from both media (Fig.  5A,B). Ju et al.19 reported 
the highest γ-PGA yield by a B. subtilis strain at the end 
of a 5-day incubation before a fall in yield and concluded 
that – for that strain – the longer the incubation time, the 
higher the production of γ-PGA. There was a progressive 
increase in optical density proportional to increasing in-
cubation time. It was reported that the γ-PGA product 
could serve as a  source of  glutamate for the producing 

Fig. 4. Effect of pH on the growth and poly-γ-glutamic-acid (γ-PGA) 
production of Bacillus toyonensis As8

Fig. 3. Effect of incubation temperature on the growth  
and poly-γ-glutamic-acid (γ-PGA) yield of Bacillus toyonensis As8

Fig. 2. Effect of different nitrogen sources on the growth  
and poly-γ-glutamic-acid (γ-PGA) yield of Bacillus toyonensis As8

Fig. 5. Effect of (A) 1% and (B) 10% inoculation with different incubation 
periods on the growth and poly-γ-glutamic-acid (γ-PGA) production 
of Bacillus toyonensis As8
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strain during its late stationary phase of life to sustain cell 
metabolism while nutrients and energy become limited,23 
which might be the reason for the reduction in the γ-PGA 
recovered. This also agrees with another report that the 
glutamic acid product of  γ-PGA degradation catalyzed 
by γ-glutamyl hydrolase was utilized by the bacteria as 
a source of carbon and nitrogen.24 

γ‑PGA production using agricultural residues 

Many carbon- and nitrogen-based agro-industrial 
wastes (such as rice straw, wheat bran, corn bran, corn 
cob, sugarcane bagasse, cotton stalk, sorghum stover, and 
soybean cake) have been used as substrates in microbial 
fermentation because they can be biologically converted 
to 6-carbon and 5-carbon compounds which are fun-
neled into the main carbon metabolism via glycolysis and 
the pentose phosphate pathway.20,25 Although all of  the 
agro-substrates supported γ-PGA production, the high-
est yield was obtained with cassava peel (22.26  g/L) as 
the sole source of carbon (Table 2), an indication that the 
carbohydrate it contained could easily be metabolized by 
B. toyonensis As8 into simpler forms for subsequent con-
version into α-ketoglutaric acid (a precursor metabolite 
of l-glutamine) in the citric acid cycle (TCA). There was 
an increase in γ-PGA production when 10% of the γ-PGA 
producer was cultivated under optimal culture conditions 
in a medium that now contained either cassava peel, fruc-
tose or Coix leaves with ammonium sulfate, at 25°C and 
a pH of 5.5, over 48 h to yield 26.45 g/L, 23.23 g/L and 
16.87 g/L of γ-PGA, respectively.

at 1639.38  cm−1, carbonyl absorption at 1439.00  cm−1 
and hydroxyl absorption at 3417.00 cm−1 – are in agree-
ment with those of  other authors17,19,26 who indepen-
dently reported a  strong amide (N–H) absorption at 
~1620–1655  cm−1, a  weaker carbonyl (C=O) absorption 
at ~1394–1454 cm−1, a strong hydroxyl (OH) absorption 
at ~3400–3450 cm−1, and a characteristically strong amine 
(C–N) absorption in the range of 1085–1165 cm−1. 

Table 2. Effects of various agricultural wastes as carbon sources on  
poly-γ-glutamic-acid (γ-PGA) production by Bacillus toyonensis As8

Agro‑waste – carbon source γ‑PGA [g/L]

Corn cob 6.03

Sorghum leaves 10.03

Coix noir leaves 8.37

Cassava peels 22.26

Rice bran 8.35

Fig. 6. FTIR Spectra of the poly-γ-glutamic-acid (γ-PGA) produced by 
Bacillus toyonensis As8

Fig. 7. Scanning electron micrograph of the poly-γ-glutamic-acid (γ-PGA) 
produced by Bacillus toyonensis As8

Characterization of the γ‑PGA produced 

Fourier transform infrared spectroscopy of  the γ-PGA 
produced by B.  toyonensis As8 revealed the key charac-
teristic functional groups of  γ-PGA (Fig.  6). The absor-
bance spectrum had peaks ranging from 441.26  cm−1 to 
3771.78 cm−1, where functional groups including hydroxyl, 
amide, carbonyl, and amine groups – common features 
of  γ-PGA – were represented. This is similar to the re-
sults obtained by Kedia et al.,18 who measured over 100 
scans and wavelength ranges of 400–4000 cm−1 using the 
same technique. The results of  the present study for the 
γ-PGA produced by B. toyonensis As8 – amide absorption  

Figure 7 shows the scanning electron micrograph of the 
γ-PGA produced by B. toyonensis As8. The polymer par-
ticles were clumped together as agglomerates and the sur-
faces of the agglomerates were rough, wrinkled and non-
uniform, which indicates the polymeric material might be 
non-free-flowing, loosely packed and porous.

Conclusions 
In this study, the effects of  media components and 

various agricultural wastes as substrates for the microbial 
production of γ-PGA were investigated. Cassava peels as 
the sole source of  carbon supported the highest γ-PGA 
yield for the non-glutamic-acid-dependent Bacillus  
toyonensis As8 (26.45  g/L) at a  pH of  5.5 and at 25°C.  
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Also, the key groups/peaks present in the product were 
characteristic of  the γ-PGA. Although they have been 
used in the past as substrates due to their abundance in 
our environment, cassava peels and many other agricul-
tural by-products could be harnessed as substrates for 
large-scale γ-PGA production in a bid to reduce the high 
costs associated with commercial γ-PGA production.
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Abstract
Background. Tinidazole (TNZ) is an anti-parasite drug used in the treatment of a variety of amebic and 
parasitic infections. It has low solubility in aqueous media and is categorized under Class II of the Biophar-
maceutical Classification System.

Objectives. The aim of this research was to study the potential for enhancing the solubility of TNZ using 
carboxylic acid co-crystals.

Material and methods. The solubility of TNZ was determined individually using 6 carboxylic acids for 
forming co-crystals at a 1:1 stoichiometric ratio. Three carboxylic acids – namely tartaric acid (TA), oxalic 
acid (OA) and glutaric acid (GA) – resulted in the formation of co-crystals with enhanced solubility. An equ-
ilibrium solubility study of TNZ co-crystals at 1:1.5 and 1:2 stoichiometric ratios was also carried out. The co-
-crystals which developed were evaluated using X-ray powder diffraction (XRD) and differential scanning 
calorimetry (DSC) to study the drug–co-crystal former interactions.

Results. The solubility of TNZ in distilled water was found to be 0.014 mg/mL. The highest enhancement 
ratio was obtained with TNZ and TA at a ratio of 1:1. Differential scanning calorimetry thermograms sugge-
sted that the drug and carboxylic acids had undergone interactions such as hydrogen bonding. The XRD and 
DSC results confirmed the formation of co-crystals.

Conclusions. It was concluded that the results of enhanced solubility of TNZ using co-crystals is a clear in-
dication of the potential for co-crystals to be used in the future for other poorly water-soluble drugs, consi-
dering that co-crystals are a safe and cost-effective approach.

Key words: solubility, co-crystals, solvent evaporation
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Introduction 
Pharmaceutical co-crystals are multi-component crys-

tals based on hydrogen bonds without the transfer of 
hydrogen ions to form salts.1 Co-crystal formation has 
recently gained attention in pharmaceutical applications. 
The ability to tailor the physicochemical properties of 
a substance via complexation is highly desirable in terms 
of dissolution rate, bioavailability, stability, and process-
ing.2–5 Co-crystals can also enhance the flowability, com-
pressibility and hygroscopicity of drugs.6 A co-crystal may 
be defined as a material which contains 2 or more discrete 
molecular entities in its crystal lattice.7 In pharmaceuti-
cal terms, a co-crystal is a molecular complex of an active 
pharmaceutical ingredient and a second molecule, known 
as a  co-crystal former, which typically requires comple-
mentary hydrogen bonding between the 2 components.8 
Co-crystallization may influence the pharmacokinetics 
of therapeutically active compounds, which may in turn 
influence their biopharmaceutical and bioavailability 
properties, including absorption.9–11 The components in 
a co-crystal exist in a definite stoichiometric ratio, and are 
assembled via non-covalent interactions such as hydro-
gen bonds, ionic bonds, π–π, or van der Waals interac-
tions rather than by ion pairing.12

Tinidazole [1-(2-ethylsulfonylethyl)-2-methyl-5-nitro-
imidazole] (TNZ) (Fig. 1) is an anti-parasite drug used 
against protozoan infections. It may also be used as part 
of a combination therapy for Helicobacter pylori eradica-
tion. It has low solubility in aqueous media and is catego-
rized as Class II in the Biopharmaceutical Classification 
System.13 This property makes the drug a suitable candi-
date for research investigating new salts with improved 
solubility.

The aim of this work was to explore the possibility of 
TNZ co-crystal formation with various carboxylic acids, 
with an emphasis on determining whether it can form co-
crystals with multiple stoichiometries. A  method based 
on solvent evaporation was used to determine the possi-
bility of forming co-crystals from the 2 components.

The spherical crystallization technique is a  novel ag-
glomeration method for liquid systems which was de-
veloped by Kawashima in the 1980s.1 In this system, 

agglomeration and spheroidization can be carried out 
simultaneously during the crystallization process of 
a  substance with a bridging liquid by means of stirring. 
In the beginning, the spherical crystallization technique 
was mainly used in direct tableting technology because 
crystallization and agglomeration could be carried out si-
multaneously in a single step. The resultant agglomerates 
exhibited dramatically improved flowability, packability 
and compressibility.2,3 Later on, functional drug devices 
such as microspheres,4 microcapsules,5 microballoons,6 
and biodegradable nanospheres7 were developed using 
the emulsion-solvent-diffusion method, one of the spher-
ical crystallization techniques involving the introduction 
of a functional polymer into the system. 

Material and methods 

Material 

The TNZ was received as a gift sample by Aarti Drugs 
Ltd., Mumbai, India. Tartaric acid (TA), oxalic acid (OA), 
glutaric acid (GA), citric acid, salicylic acid, malonic acid, 
magnesium stearate, talc, and lactose monohydrate were 
purchased from Research-Lab Fine Chem Industries, 
Mumbai, India. Sodium starch glycolate and microcrys-
talline cellulose were purchased from BASF India Ltd., 
Mumbai, India. Methanol was purchased from Thomas 
Baker Chemicals, Mumbai, India. All other reagents were 
of analytical grade.

Methods 

Determination of solubility 

The saturation solubility of TNZ was determined in dis-
tilled water. In brief, 100 mg of TNZ was added to the dis-
tilled water and kept in an incubator shaker (100 rpm) for 
24 h at 37°C. After 24 h, the solution was centrifuged at 
2000 rpm for 15 min and filtered through Whatman grade 
41 filter paper. The supernatant was diluted with distilled 
water and its absorbance was measured at 318 nm using 
a UV spectrophotometer (model V-630; Shimadzu Cor-
poration, Kyoto, Japan). The saturation solubility was 
then calculated.

Preliminary trials for the preparation of TNZ co-crystals 

Based on the literature,14–18 6 carboxylic acids were ini-
tially selected for producing co-crystals of TNZ at a 1:1 
stoichiometric ratio. In brief, a precisely weighed amount 
of TNZ and individual carboxylic acids (TA, OA, GA, ma-
lonic acid, salicylic acid, and citric acid) at a 1:1 stoichio-
metric ratio were dissolved in methanol and sonicated for 
10 min in order to completely mix the ingredients. The re-
sulting solution was poured onto a Petri plate and stored 

Fig. 1. Chemical structure of TNZ
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to allow the solvent to completely evaporate at room tem-
perature (25°C). Co-crystals of TNZ formed with 3 of the 
carboxylic acids (TA, OA and GA). No co-crystals were 
obtained from malonic acid, salicylic acid or citric acid. 
Based on these results, TA, OA and GA were selected for 
further study and were used to produce TNZ co-crystals 
at 1:1.5 and 1:2 stoichiometric ratios (Table 1).

Equilibrium solubility study of TNZ co-crystals  
(1:1, 1:1.5, and 1:2 stoichiometric ratios) 

The solubility of TNZ in water from co-crystals formed 
with the 3 carboxylic acids remaining after screening 
(TA, OA and GA) was determined at room temperature 
using an incubator shaker (OS-02; Chromus Biotech, 
Bengaluru, India). Excess amounts of the TNZ co-crys-
tals with the individual carboxylic acids at different ra-
tios (Table 2) were added to 5 mL of distilled water and 
were shaken until a saturated solution was formed. The 
vials were shaken on a mechanical shaker for 24 h. The 
solution was then centrifuged at 2000 rpm for 10 min 
in an ultra-centrifuge and were filtered through What-
man grade 41 filter paper. Aliquots were suitably diluted 
with distilled water and methanol (1:1) and analyzed us-
ing a  UV spectrophotometer (model V-630; Shimadzu 
Corporation) at 318 nm.

Characterization of TNZ co-crystals 

Differential scanning calorimetry (DSC) 

To investigate the effect of temperature, thermograms 
of TNZ, TA, OA and GA, as well as of co-crystals of TNZ 
and the 3 carboxylic acids were recorded using a differen-
tial scanning calorimeter (DSC 4000 System; Perkin El-
mer, Waltham, USA). An empty aluminum pan was used 
as a  reference. The DSC measurements were taken at 
a heating rate of 10°C/min from 30°C to 300°C.19,20

X-ray powder diffraction analysis 

The physical state of pure TNZ and TNZ in co-crystals 
was examined using an X-ray diffraction analyzer (Phil-
ips 1710 powder X-ray diffractometer; Koninklijke Phil-
ips N.V., Amsterdam, the Netherlands). The X-ray dif-
fraction patterns were recorded using CuKα radiations 
(θ = 1.54059 Å), a current of 30 mA, and a voltage of 40 kV. 
The samples were analyzed over a 2θ range of 10–80.21–23

In vitro dissolution study 

The drug dissolution rates from different co-crystals 
were determined and compared to that of pure TNZ. The 
dissolution study was performed using a  United States 
Pharmacopeia (USP) type-II apparatus (model TDT-08L; 
Electrolab India, Mumbai, India). The dissolution medi-
um (900 mL of distilled water) was maintained at a tem-
perature of 37 ±0.5°C in the dissolution vessel. The co-
crystal equivalent of 300 mg of TNZ was placed into the 
dissolution vessel and the paddle was rotated at 50 rpm. 
Aliquots were withdrawn at 15 min intervals for 90 min. 
Those samples were filtered and analyzed using a  UV 
spectrophotometer (model V-630; Shimadzu Corpora-
tion) at 318 nm. The dissolution study was conducted in 
triplicate.19,20

Table 2. Formulation of TNZ tablets prepared by the direct-compression 
method (formulation T1)

Ingredients Quantity  
[mg]

Co-crystal equivalent of 300 mg of tinidazole  
with tartaric acid (1:1)

482

Microcrystalline cellulose 60

Sodium starch glycolate 12

Magnesium stearate 8

Talc 8

Lactose 150

Table 1. Results of solubility studies for TNZ–carboxylic acid co-crystals

Drug Carboxylic acid Quantity of drug  
[mg]

Quantity of carboxylic acid 
[mg]

Solubility 
 [mg/mL]*

Solubility enhancement 
ratio

1:1 stoichiometric ratio

TNZ tartaric acid 200 121.39 0.1540 ±0.002 11.00

TNZ oxalic acid 200 72.81 0.0700 ±0.001 5.00

TNZ glutaric acid 200 106.85 0.0784 ±0.001 5.60

1:1.5 stoichiometric ratio

TNZ tartaric acid 200 182.08 0.0995 ±0.002 7.10

TNZ oxalic acid 200 109.22 0.1445 ±0.003 10.32

TNZ glutaric acid 200 160.28 0.1183 ±0.002 8.45

1:2 stoichiometric ratio

TNZ tartaric acid 200 242.78 0.0995 ±0.001 1.12

TNZ oxalic acid 200 145.62 0.1445 ±0.002 3.41

TNZ glutaric acid 200 213.70 0.0160 ±0.001 1.18

* Data is presented as mean ± standard deviation (SD) (n = 3).
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Production of TNZ tablets  
by the direct-compression method 

Tablets of co-crystal equivalents of 300 mg of TNZ and 
TA (1:1) were prepared using the direct-compression 
method according to the formula given in Table 2. All of 
the ingredients were passed separately through a 60-mesh 
sieve. Co-crystals and microcrystalline cellulose were 
mixed by adding small amounts of each several times 
and blending them to obtain a uniform mixture and kept 
aside. The ingredients were then weighed and mixed in 
geometrical order and the tablets were compressed with 
a  Rimek Compression Machine using the 8-millimeter 
flat round punch. The resulting tablets were evaluated 
and the pre-compression and post-compression param-
eters were compared.

In vitro drug release study 

The in vitro drug release from the resulting tablets was 
studied using a USP type-II apparatus (USP XXIII Disso-
lution Test Apparatus; Electrolab India, Mumbai, India) 
at 100 rpm using 900 mL of distilled water as a  release 
medium. The temperature of the medium was maintained 
at 37 ±0.5°C. Aliquots were withdrawn at 30-minute in-
tervals for 180 min, then filtered and analyzed at 318 nm 
using a UV spectrophotometer (model V-630; Shimadzu 
Corporation). The drug concentration was determined 
from the standard calibration curve. The release profile 
of a commercially available TNZ tablet (300 mg of TNZ – 
Tiniba 300 tablet; Zydus Cadila, Ahmadabad, India) was 
compared with that of the tablets produced.

Results and discussion 
Some of the acids (TA, OA and GA) provided satisfac-

tory results in terms of safety for acceptance in therapy  
(Fig. 2). Hydrogen bonds occur between the nitrogen and 
sulfonyl oxygen of TNZ and the hydrogen of the hydroxyl 
group of TA. When it comes to OA and GA, the formation 
of hydrogen bonds between these atoms may not be favor-
able. The 2 carbon atoms separating the carboxyl groups 
(-COOH) from the hydrogen-bond donor hydroxyl groups 
in TA may be optimally suited to form such hydrogen 
bonds, whereas the 3 carbon atoms separating the carboxyl 
groups (-COOH) in GA – or 0 carbon atoms in the case of 

Fig. 2. The probable hydrogen bond formation between TNZ and tartaric 
acid (A), TNZ and oxalic acid (B), and TNZ and glutaric acid (C)

OA – may be less favorable than TA. The stronger ability of 
TA to form hydrogen bonds with TNZ may be responsible 
for the enhanced solubility of these co-crystals. 

Equilibrium solubility studies  
of the co-crystals 

The solubility of TNZ in distilled water was found to be 
0.014 mg/mL. Co-crystals of TNZ and tartaric acid dem-
onstrated maximum solubility at a stoichiometric ratio of 
1:1, while OA and GA co-crystals performed best at a ra-
tio of 1:1.5. The solubility enhancement ratios of the above 
combinations were 11.00 (TNZ:TA, 1:1), 10.32 (TNZ:OA, 
1:1.5), and 8.45 (TNZ:GA, 1:1.5), respectively (Table 1).

Differential scanning calorimetry analysis 

As the physical state of a drug influences its release kinet-
ics, differential scanning calorimetry (DSC) was conducted 
for the pure drug, for carboxylic acids and for the co-crys-
tals in order to determine the physical state of drug – i.e., 
amorphous or crystalline – before and after the production 
of co-crystals. The results of the DSC study are present-
ed in Fig. 3. The DSC spectrum of TNZ showed a sharp 
endothermic peak at 128°C, indicating its melting point 
(126–129°C). In the DSC thermogram of the co-crystals 
with enhanced solubility (TNZ:TA, 1:1, TNZ:OA, 1:1.5 and 
TNZ:GA, 1:1.5), the endothermic peaks of both the drug 
and the carboxylic acids (TA, OA and GA) were visible, but 
not very intense and slightly shifted from their original po-
sitions, indicating that the TNZ and the carboxylic acids 
had undergone interactions such as hydrogen bonding.

X-ray powder diffraction analysis 

X-ray diffraction was used to evaluate the physical state 
of TNZ and the drug within the co-crystals produced. The 
X-ray diffractograms of TNZ, the carboxylic acids and the 
co-crystals are presented in Fig. 4. Tinidazole displayed 
characteristic, intense peaks at 2θ of 10.62, 15.24, 17.84, 
18.18, 18.84, 21.23, 22.42, 23.87, 27.20, 27.63, 28.28, 29.57, 
31.28, 33.15, 35.26, 36.26, 37.26, 38.26, 31.21, 34.24, and 
39.46, indicating its crystalline nature.

Fig. 3. Differential scanning calorimetry analysis (DSC) of TNZ and co-crystals
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In the co-crystals prepared with TA, peaks of a reduced 
intensity were visible at 2θ of 11.39, 13.92, 15.84, 17.93, 
18.17, 19.42, 20.34, 21.14, 23.42, 32.34, 33.17, and 37.52, 
indicating that the drug is partly dissolved within the 
formed matrix and partly in an amorphous form distrib-
uted throughout the system.

The co-crystals with GA showed peaks at 2θ of 10.62, 
13.94, 17.24, 18.44, 19.14, 22.22, 24.24, 26.42, 25.13, 29.31, 
37.41, 41.16, and 49.46, while the co-crystals with OA 
demonstrated peaks at 2θ of 10.12, 11.95, 12.87, 14.24, 
16.14, 17.24, 18.24, 19.57, 20.11, 21.22, 23.24, 29.42, 30.23, 
31.37, 32.21, 37.86, and 49.34. Overall, the decrease in the 
number and intensity of peaks indicates that the drug is 
partly dissolved within the formed matrix and partly in 
a crystalline form distributed throughout the system; this 
confirms the formation and existence of co-crystals.

Dissolution profile of TNZ and TNZ  
co-crystals at different stoichiometric ratios 

The dissolution profiles of TNZ and co-crystals of TNZ 
with different carboxylic acids and at different stoichiomet-
ric ratios are presented in Fig. 5–7. From the equilibrium 

solubility studies and dissolution studies, it was determined 
that a 1:1 stoichiometric ratio is best for TNZ + TA co-crys-
tals. A 1:1.5 stoichiometric ratio was found to be best for 
TNZ + OA and TNZ + GA co-crystals. The analysis indi-
cates that TNZ + TA (1:1 stoichiometric ratio) performed 
the best of all the ratios, and was therefore selected for the 
production of tablets.

Evaluation of tablets 

Pre-compression parameters 

The small differences in the values of bulk density and 
tapped density illustrate the free-flowing nature of pow-
der blend. Hausner’s ratio was found to be 1.132, which 
indicates that the powder blend is free-flowing (Table 3). 
The value of compressibility index (15–16) and the angle 
of repose (30–31°) indicate good flowability, so the power 
blend can be used to directly manufacture directly com-
pressed tablets. 

Fig. 4. X-ray powder diffraction (XRPD) spectra of (a) TNZ, (b) tartaric acid, 
(c) TNZ + tartaric acid (1:1), (d) glutaric acid, (e) TNZ + glutaric acid (1:1.5), 
(f ) oxalic acid, and (g) TNZ + oxalic acid (1:1:1.5)

Fig. 5. Dissolution profile of TNZ and TNZ co-crystals (1:1 ratio) in distilled 
water at 37°C ±0.5°C (data presented as mean ±SD, n = 3)

Fig. 6. Dissolution profile of TNZ and TNZ co-crystals (1:1.5 ratio) in distilled 
water at 37°C ±0.5°C (data presented as mean ±SD, n = 3)

Fig. 7. Dissolution profile of TNZ and co-crystals of TNZ (1:2 ratio) in 
distilled water at 37°C ±0.5°C (data presented as mean ±SD, n = 3)

Table 3. Results of pre-compression powder blend (formulation T1);  
the data is presented as mean ± standard deviation (SD) (n = 3)

Bulk  
density 

[gm/cm3]

Tapped 
density 

[gm/cm3]

Hausner 
ratio

Compressibility  
index  

[%]

Angle  
of repose  

[°]

0.845 ±0.04 0.926 ±0.08 1.132 ±0.06 16.30 ±1.26 31.00 ±1.45
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Post-compression parameters 

The post-compression parameters of the tablets con-
taining TNZ–carboxylic acid co-crystals (formula-
tion T1) are as follows: the hardness of the tablets was 2.0 
±0.14  kg/cm2, their friability was 0.61 ±0.01%, the drug 
content was 97 ±0.82%, and the disintegration time was 
120 ±5 s (Table 4). All of the post-compression param-
eters were within the acceptable ranges.

In vitro release studies 

Figure 8 presents a  graph comparing the percentage 
of cumulative TNZ release over time for the tablets pro-
duced in this study vs a commercially available formula-
tion. The results indicate that after 2 h, the cumulative 
percentage release of formulation T1 was greater (74.23%) 
than that of the tablets available on the market (48.42%).

Conclusions 
Our study has clearly revealed that the application of 

carboxylic acid co-crystals is an effective and safe ap-
proach to increasing the dissolution rate of poorly water-
soluble drugs. We have demonstrated the utility of car-
boxylic acid co-crystals using a practically insoluble drug, 
TNZ, which is a clear indication of their potential applica-
tion in various other poorly water-soluble drugs.
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