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Abstract

Background: Cocrystallization is one of the crystal engineering strategies used to alter the physicochemical
properties of drugs that are poorly water-soluble. Gliclazide (GLZ), an antidiabetic drug, belongs to
Biopharmaceutical Classification System class-II (low solubility and high permeability) and has low bioavailability,
resulting in poor therapeutic effects in patients. Therefore, to impart better solubility and bioavailability of GLZ, the
study was carried out by preparing GLZ cocrystals using liquid-assisted grinding method with three coformers [3,5-
dinitrosalicylic acid (DNS), 2,6-pyridine dicarboxylic acid (PDA), and L-proline (LPN)], and these were characterized
using Differential Scanning Colorimetry (DSC), Powder X-ray diffraction (PXRD), Fourier Transform Infra-red
spectroscopy (FTIR), and Raman spectral studies. Further, Scanning electron microscopy (SEM) analysis, accelerated
stability, solubility, in vitro dissolution studies, and in vivo pharmacokinetic studies were performed in male Wistar
rats.

Results: DSC and PXRD analysis confirmed the formation of the GLZ cocrystals. Hydrogen bonding between pure
GLZ and its coformers was demonstrated based on FTIR and Raman analysis. SEM data showed morphological
images for GLZ cocrystals differed from those of pure GLZ. In comparison with pure GLZ, these GLZ cocrystals have
greatly improved solubility, in vitro dissolution, and in vivo profiles. Among the three, GLZ–DNS cocrystals
outperformed the pure drug in terms of solubility (6.3 times), degradation (1.5 times), and relative bioavailability
(1.8 times).

Conclusion: Hence, cocrystallization of GLZ leads to improved physicochemical properties of poorly soluble drug
gliclazide.
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Background
Drug discovery is a dynamic process resulting in a di-
verse set of new molecules as new chemical entities
(NCE). Developing these NCEs as suitable drugs into

different dosage forms is becoming more challenging as
many of them suffer from solubility issues. Such mole-
cules would be ineffective in their bioactivity due to low
solubility and permeability, limiting their therapeutic ac-
tion. Modification of solubility of poorly water-soluble
drugs without compromising the stability is a particular
challenge for the pharmaceutical industry [1–4]. Diverse
techniques are available to improve the physicochemical
properties of poorly soluble drugs such as nanoparticles
[5–8], liposomes [9], microemulsions [10], nano-
emulsions [11], carbon nanotubes [12], cyclodextrins
[13], solid dispersions [14], nanoparticles [15], and self-
micro emulsifying drug delivery systems [16], etc.
Although effective in improving bioavailability, the utility
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of these techniques depends on the specific physico-
chemical nature of the molecule in question. Some of
these techniques suffer from inherent problems, viz. cy-
clodextrins are associated with the risk of nephrotoxicity
[13], solid dispersions with the problems of processing,
storage, and phase separation.
Crystal engineering through cocrystallization is a po-

tential approach to address the problems associated with
these poorly soluble drug candidates. Cocrystals are
multi-component solid crystalline supramolecular com-
plexes that normally comprise two or more molecular
components within the same crystal lattice in a stoichio-
metric ratio that binds them via non-covalent interac-
tions [17, 18]. Over the years, cocrystallization is used in
the field of pharmaceuticals to improve the biopharma-
ceutical properties of active pharmaceutical ingredients
(APIs) [19]. Cocrystals are long known but little ex-
plored, understudied class of crystalline solids. The for-
mation of cocrystals offers a wide range of
physicochemical enhancement without affecting their in-
trinsic structure thereby maintains their pharmacody-
namic activity intact [20]. Because of the simple and
viable methods involved in the preparation of cocrystals,
less usage of excipients in the formulation and retention
of stability made this field attractive [21]. Although the
technique is well investigated, relatively few cocrystals
could successfully enter clinics recently like Entresto,
Suglat [22, 23], and Lexapro [24]. Some more like Stegla-
tro [25], and TAK-20 [26], Co-crystal E-58425 [26] are
under different phases of clinical development.
In continuation of our attempts to improve the

solubility of poorly soluble yet biologically signifi-
cant drugs, using cocrystallization as a suitable tech-
nique [27, 28], we focused our attention on

gliclazide (GLZ) (Fig. 1). The researchers’ interest
could be easily assessed as a simple Google search
on “gliclazide cocrystals” resulted as many as 11,300
hits (citations) [29]. To understand the present sta-
tus and plan of our efforts to go for cocrystalliza-
tion of GLZ, a list of previous attempts on this
subject (cocrystallization using different coformers)
and their relative performances in prompting an im-
provement in solubility is compiled in Table 1.
Considering the properties of cocrystallization, a crys-

tal engineering technique was applied to manipulate the
physicochemical properties of the drug, GLZ. It is an
oral hypoglycemic agent, a drug of choice for the long-
term treatment of non-insulin-dependent diabetes melli-
tus (NIDDM) and is listed on the WHO model list of es-
sential medicines (20th WHO Model List of Essential
Medicines; WHO, March 2017). As a BCS (Biopharma-
ceutics Classification System) class II drug (low solubil-
ity, high permeability), GLZ has a slow absorption rate
and low bioavailability due to its poor solubility (54 mg/
L), and t1/2 is around 11 h [37]. Chemically, it is 1-(hexa-
hydrocyclopenta(c)pyrrol-2(1H)-yl)-3-(p-tolylsulfonyl)
urea. Taking a clue from the different coformers
employed by earlier workers, we took a phenolic acid (2,
5-dinitro salicylic acid), an amino acid (L-proline), and
nitrogenous heteroaromatic dicarboxylic acid (2,6-pyri-
dine dicarboxylic acid) as coformers and attempted
cocrystallization with GLZ. Since there is a lot of scope
for the cocrystallization technique industrially, one needs
to have wide options as coformers so that it could be
easier to choose the most appropriate one for further de-
velopment in formulations, etc. The present report deals
with the cocrystallization of GLZ (Fig. 1) using these
three coformers and their evaluation for potential utility.

Fig. 1 Chemical structures of a GLZ, b DNS, c PDA, and d LPN
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No previous work was reported with these combinations
before.

Results
Designing of cocrystal is the first step of cocrystalliza-
tion and was based on the supramolecular synthon
approach. The potential functional groups which are
essential for the non-covalent interactions between
molecules of GLZ and coformers were NH of GLZ,
COOH and OH moieties of DNS, and COOH groups

of LPN and PDA. In GLZ cocrystallization, heteromo-
lecular and homomolecular interactions are possible,
which can be predicted by the functional groups
present and participate in intermolecular interactions.
Based on this, heteromolecular synthons (N–H—O–
H) are involved in hydrogen bonding formation in
GLZ–DNS. In the case of GLZ–PDA and GLZ–LPN,
homomolecular (N–H—N–H) and heteromolecular
(N–H—O–H) synthons participated in hydrogen
bonding (Fig. 2). These non-covalent interactions

Table 1 Reported cocrystallization with gliclazide using different coformers

S.l No. Coformers Technique of preparation Solubility enhancement Reference

1. Tromethamine Solvent evaporation, kneading, dry grinding 4 fold [30]

2. Succinic acid, malic acid Liquid-assisted grinding method (LAG) 2-fold
2-fold

[31]

3. Sebacic acid, α-hydroxyacetic acid LAG
LAG

2.4-fold
3-fold

[32]

4. Malonic acid Co-precipitation 29.17-fold [33]

5. Catechol, resorcinol LAG
LAG

6.07-fold
3.51-fold

[34]

6. Piperazine LAG 6.58-fold [34]

7. Metformin LAG 1.16-fold [35]

8. Benzamidine Ball milling Dissolution enhanced [36]

Fig. 2 Possible intermolecular interactions between GLZ–DNS, GLZ–PDA, and GLZ–LPN
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between GLZ and coformers were confirmed and ex-
plained in detail by FTIR and Raman analysis in the
results and discussion part.

Differential scanning calorimetry (DSC)
The DSC thermogram of the pure GLZ revealed a single
sharp endothermic peak at 181.09 °C, DNS at 182.02 °C,
PDA at 248.70 °C, and LPN at 250.96 °C. In the case of
GLZ cocrystals, GLZ–DNS, GLZ–PDA, and GLZ–LPN
showed respective single, sharp, and unique endothermic
signals at 148.80 °C, at 211.03 °C, at 228.81 °C (Supple-
mentary Fig. 1).

Powder X-ray diffraction (PXRD) studies
All the peaks in PXRD are due to the reflections
from specific atomic planes, and any changes in these
reflections represent the variation in crystal lattice

[38]. The PXRD pattern of the pure GLZ exhibited
characteristic diffraction lines to 2θ values at 10.048°,
15.05°, 15.921°, 16.816°, 17.093°, 17.917°, 18.184°,
20.427°, 20.799°, 20.129°, 22.068°, 25.319°, 26.864°,
27.604°, 28.263°, and 29.43°; diffraction patterns of
DNS exhibited 2θ values at 9.727°,10.774°, 14.372°,
15.805°, 17.763°, 19.491°, 20.765°, 21.604°, 22.007°,
22.982°, 23.747°, 24.462°, 25.338°, 26.643°, 27.267°,
21.802°, 28.966°, and 29.968°; GLZ–DNS exhibited
new characteristic peaks at 6.360° and 7.356°. The
PXRD patterns of PDA exhibited diffraction to 2θ
values at 10.79°, 15.85°, 16.75°, 19.18°, 22.83°, 24.16°,
25.99°, and 27.75°; GLZ–PDA exhibited to new peaks
at 14.99°, 21.12°, and 21.89°. The PXRD patterns of
LPN exhibited diffraction to 2θ values at 7.17°, 15.13°,
18.02°, 19.53°, 20.85°, 22.65°, 24.70°, 25.87°, and
26.98°; and GLZ–LPN exhibited new peaks at 9.23°,

Fig. 3 PXRD patterns of A GLZ–DNS, B GLZ–PDA, and C GLZ–LPN cocrystals
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13.86°, 14.58°, 21.12°, and 21.89°. The PXRD patterns
of all the GLZ cocrystals are presented in Fig. 3.

FTIR studies
The FTIR spectra of GLZ cocrystals are represented in
Table 2 (Supplementary Fig. 2(1), 2(2), 2(3).). The IR
spectra of GLZ exhibited stretching vibration of (N–H)
at 3268.17 cm-1, (Ar–C–H) stretching vibration at
3117.13 cm-1, (C=O) stretching vibration at 1703.91
cm-1, (S=O) stretching vibrations at 1354.02 cm-1, DNS
stretching vibration of (Ar–CH) at 3107.52 cm-1, (OH)
stretching vibrations at 2966.12 cm-1 and 3460.43 cm-1,

stretching vibrations of (C=C) at 1608.28 cm-1, and
stretching vibrations of (N=O) at 1350.52 cm-1.
For GLZ–DNS cocrystals of the NH stretching, vibra-

tion shifted to 2925.04 cm-1, OH stretching vibration
shifted to 2858.56 cm-1 and 3439.26 cm-1, C=O shifted
to 1631.55 cm-1. Ar–CH stretching vibration shifted to
3090.07 cm-1.
The PDA has aromatic (CH) stretching vibration at

3107.52 cm-1, (C=O) stretching vibration at 1690.28
cm-1, (OH) stretching vibrations at 3054.21 cm-1 and
2832.07 cm-1, and (C=C) stretching vibration at 1400.87
cm-1. For GLZ–PDA cocrystals, NH stretching vibration
shifted to 3176.19 cm-1,–OH group stretching vibration

Table 2 Relevant bands of GLZ–DNS, GLZ–PDA, and GLZ–LPN in FTIR spectroscopy

GLZ DNS GLZ–DNS PDA GLZ–PDA LPN GLZ–LPN

NH 3268.17 - 2925.04 - 3176.19 3174.10 2934.77

OH - 2966.12,
3460. 43

2858.56,
3439.26

3054.21, 2832.07, 2947.24,
2280.41

3294.99 2868.44,
2836.59

Ar–CH 3117.13 3107.52 3090.07 3107.52 3113. 41 - -

C=O 1703.91 1675.32 1613.55 1690.28 1599.62 - 1607.45

S=O 1354.02 - 1312.07 - 1176.28 - 1299.48

NO2 - 1350.52 1152.32 - - - -

C=C 1607.22 1608.28 1400.87 1400.87 1432.90 - -

C=N - - - 1690.28 - - -

Note: GLZ gliclazide, DNS 3,5-dinitrosalicylic acid, PDA 2,6-pyridinedicarboxylic acid, LPN L-proline

Fig. 4 SEM images of a pure GLZ, b GLZ–DNS, c GLZ–LPN, and d GLZ–PDA cocrystals
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shifted to 2947.24 and 2280.41 cm-1, C=O shifted to
1599.62 cm-1, and S=O stretching vibration shifted to
1176.28 cm-1.
The LPN contains stretching vibration of NH at

3174.10 cm-1, OH stretching vibration at 3294.99 cm-1.
In the GLZ–LPN cocrystals, NH stretching vibration
shifted to 2934.77 cm-1, OH shifted to 2868.44 cm-1 and
2836.59 cm-1, C=O shifted to 1607.45 cm-1, and S=O
stretching vibration shifted to 1299.48 cm-1.

SEM studies
The morphological appearance of GLZ–DNS, GLZ–
PDA, and GLZ–LPN were distinctly different from pure
GLZ which are presented in Fig. 4.

Phase transformation studies
The phase transformation studies of GLZ–DNS, GLZ–
PDA, and GLZ–LPN cocrystals were conducted in aque-
ous medium. The solids obtained after the equilibrium
time were dried and subjected to PXRD analysis (Fig. 5).
The PXRD results confirmed that before- and after-
phase transformation studies of diffraction peaks
remained unchanged which suggested the prepared
cocrystals were stable in aqueous medium at 24 h.

Accelerated stability testing (AST) studies
Accelerated stability studies of cocrystals (GLZ–DNS,
GLZ–PDA, and GLZ–LPN) were performed at 40 ± 5
°C/75 ± 5% RH for 3 months (90 days). The results ob-
tained from the PXRD studies showed no significant
changes in crystallinity after 1 month (30 days), 2

months (60 days), and 3 months (90 days), respectively
(Fig. 6).

Solubility studies
The saturated solubility studies of the pure GLZ and
cocrystals (GLZ–DNS, GLZ–PDA, and GLZ–LPN)
were performed in aqueous medium, 0.1 N HCl and
phosphate buffers pH = 7.4 & 6.8, and the results
were illustrated in Table 3 and Fig. 7. The pure GLZ
showed low solubility in all the dissolution media per-
formed (aqueous medium = 0.3471 mg/mL, 0.1 N
HCl = 1.672 mg/mL, phosphate buffer pH 7.4 =
0.911 mg/mL and pH 6.8 = 1.096 mg/mL), whereas
GLZ–DNS showed increased solubility in 7.4 pH with
5.785 mg/mL, 0.1 N HCl with 3.734 mg/mL, 6.8 pH
phosphate buffer with 1.633 mg/mL, aqueous media
with 0.526 mg/mL. The GLZ–PDA cocrystal showed
enhanced solubility in 7.4 pH phosphate buffer with
4.093 mg/mL, 0.1 N HCl with 2.220 mg/mL, 6.8 pH
phosphate buffer with 2.23 mg/mL, and aqueous
media with 0.531 mg/mL. The GLZ–LPN showed
higher solubility in 7.4 pH phosphate buffer with
3.750 mg/mL, 0.1 N HCl with 2.428 mg/mL, 6.8 pH
phosphate buffer with 2.591 mg/mL, aqueous media
with 0.3636 mg/mL.

Dissolution studies (in vitro)
The dissolution studies (in vitro) were performed in 7.4
phosphate buffer dissolution medium. The release pro-
file of pure GLZ and its cocrystals were depicted in Fig.
8. The initial release of pure GLZ was 13.66% for the

Fig. 5 Phase transformation studies of GLZ–DNS, GLZ–PDA, and GLZ–LPN cocrystals; a before-phase transformation studies and b after-phase
transformation studies
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first 15 min and 63.61% was released after 2 h. GLZ–
PDA released 21.66% for the first 15 min, and after 2 h,
it released 86.91%. GLZ–DNS released initially 36.80%
(15 min) and released 100% after 2 h. GLZ–LPN re-
leased 17.01% at 15 min, and after 2 h, it released
70.46% only.

Pharmacokinetic studies
Pharmacokinetic studies were performed for GLZ and its
cocrystals (GLZ–DNS, GLZ–PDA, GLZ–LPN). The con-
centration of GLZ in plasma at different time intervals were
calculated and compared with that of pure GLZ. The mean
pharmacokinetic parameters calculated are summarized in

Fig. 6 Stability studies of A GLZ-DNS, B GLZ–PDA, and C GLZ–LPN cocrystals

Table 3 Solubility results of GLZ, GLZ–DNS, GLZ–PDA, and GLZ–LPN in a different dissolution media

GLZ GLZ–LPN GLZ–PDA GLZ–DNS

Aqueous medium 0.3471 ± 0.06 0.3636 ± 0.121 0.531 ± 0.090 0.526 ± 0.212

6.8 PBS 1.096 ± 0.154 2.591 ± 0.966 2.23 ± 0.777 1.633 ± 0.233

7.4 PBS 0.911 ± 0.58 3.750 ± 0.127 4.093 ± 0.240 5.785 ± 0.105

0.1 N HCl 1.672 ± 0.172 2.428 ± 0.549 2.220 ± 0.391 3.734 ± 1.225

Note: GLZ gliclazide, DNS 3,5-dinitrosalicylic acid, PDA 2,6-pyridinedicarboxylic acid, LPN L-proline
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Table 4, and the corresponding plasma concentration pro-
files of GLZ and its cocrystals are as shown in Fig. 9.
Cocrystals exhibited improved pharmacokinetic profile
compared with pure GLZ. Notably, GLZ–DNS cocrystals
changed the overall shape of the pharmacokinetic curve
with higher Cmax, shorter Tmax, and area under the plasma
concentration time curve (AUC)0–24 h in comparison with
pure GLZ and other cocrystal components. This increase in
AUC of GLZ maybe correlated with high dissolution rate
and higher solubility.

Discussion
The cocrystal screening revealed three new solid forms
of GLZ with DNS, PDA, and LPN and were confirmed

by DSC, PXRD, FTIR, and Raman analysis. Further, their
solubility, stability, phase transformation, dissolution
rate, and bioavailability were determined.
From the results of DSC analysis, GLZ cocrystal

melting points were different from that of the API
and coformers (i. e., cocrystals: GLZ–DNS, GLZ–PDA, and
GLZ–LPN); melting temperature are in between those of
API and coformers, which indicated the generation of a
new crystalline phase without the traces of either of the
parent compounds (GLZ and coformers). The resulted
PXRD data indicated that GLZ–DNS, GLZ–PDA, and
GLZ–LPN exhibited new characteristic peaks as compared
with the pure API and coformers. The dissimilarity in the
PXRD patterns of the prepared cocrystals, from their parent

Fig. 7 Solubility analysis of GLZ, GLZ–DNS, GLZ–PDA, and GLZ–LPN cocrystals in different dissolution media

Fig. 8 Drug release profiles of GLZ, GLZ-DNS, GLZ-PDA, and GLZ-LPN cocrystals
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components (API and coformers) further indicated the for-
mation of a new crystalline phase [38]. In the FTIR
spectrum, noteworthy changes were observed in hydroxyl
and amino regions of GLZ and coformers, respectively. A
major shift was observed in the NH stretch of GLZ from
3268 cm-1 to 3090 cm-1, the OH stretch of DNS 2966 cm-1

to 2858 cm-1. The changes in the stretching vibration of
NH and OH revealed the hydrogen bonding formation be-
tween GLZ–DNS, were of amino-hydroxyl interactions. In
the case of GLZ–PDA cocrystals, the NH stretch of GLZ
from 3268 cm-1 to 3176 cm-1, the –OH stretch of PDA
3054 cm-1 to 2947 cm-1, inferring their involvement in the
non-covalent interactions in GLZ–PDA, which were
amino–amino and amino–hydroxyl interactions. For the
GLZ–LPN cocrystals, the NH stretch of GLZ 3268 cm-1

shifted to 2934 cm-1, and the OH stretch of LPN 3294 cm-1

shifted to 2868 cm-1. The resulted data implied that the
hydrogen bonding between GLZ and LPN were of amino–
amino and amino–hydroxyl interactions.
In the Raman analysis, shifting of the stretching vibra-

tion/signals appeared at a lower value than the parent
components which suggests intermolecular interactions

[24, 25]. For GLZ–DNS cocrystals, the OH stretching
band of DNS shifted from 3103.72 cm-1 to 2872.99 cm-1,
the NH stretching band shifted from 3266.00 cm-1 to
3066.61 cm-1, which suggested the intermolecular inter-
actions between GLZ–DNS were amino–hydroxyl inter-
actions. In the GLZ–PDA cocrystals, the NH band
shifted from 3266.00 cm-1 to 3406.44 cm-1, the OH band
shifted from 3146.32 cm-1 to 2986.56 cm-1. The possible
interactions of GLZ–PDA were amino–amino and
amino–hydroxyl interactions. In the case of GLZ–LPN
cocrystals, the NH stretching band shifted from 3266.00
cm-1 to 3195.75 cm-1, the OH stretching band shifted
from 3005.34 cm-1 to 2869.48 cm-1, which suggested the
hydrogen bonding between GLZ–LPN, and there may
be amino–amino and amino–hydroxyl interactions.
The SEM results of GLZ cocrystal’s (GLZ–DNS,

GLZ–PDA, and GLZ–LPN) morphological behavior was
different from pure GLZ [30] (i.e., GLZ was an irregular-
shaped small particle; GLZ–DNS were comparably
large-sized particles than GLZ and were irregular
shaped; GLZ–PDA appeared as large square shaped; and
GLZ–LPN seemed to be rod-shaped particles, which

Table 4 Pharmacokinetic parameters of pure GLZ and prepared cocrystals

Parameters Pure GLZ GLZ–DNS GLZ–PDA GLZ–LPN

Cmax (ng/mL) 263.73 ± 4.28 621.31 ± 3.42 462.24 ± 1.89 346.21 ± 2.51

Tmax (h) 3 ± 0.00 2 ± 0.00 2.5 ± 0.00 3 ± 0.00

AUC0–24 (h ng/mL) 3372.79 ± 17.97 6153.32 ± 312.88 5193.53 ± 182.37 4501.16 ± 238.55

t1/2 (h) 9.47 ± 0.25 7.86 ± 0.43 8.99 ± 0.31 9.12 ± 0.57

MRT (h) 13.64 ± 0.05 11.34 ± 0.07 12.97 ± 0.06 13.16 ± 0.04

Note: GLZ gliclazide, DNS 3,5-dinitrosalicylic acid, PDA 2,6-pyridinedicarboxylic acid, LPN L-proline

Fig. 9 Mean plasma concentration profiles of GLZ, GLZ–DNS, GLZ–PDA, and GLZ–LPN cocrystals
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indicated that morphological behavior of GLZ and GLZ
cocrystals were distinguishable and comparable with
each other. Phase transformation/conversion studies
proved that GLZ cocrystals were stable in aqueous
medium after 24 h as their crystalline phase remained
unchanged [28]. The accelerated stability studies con-
firmed the GLZ cocrystals were stable up to 90 days
[28]. Solubility studies demonstrated that GLZ–DNS
showed better solubility of 6.3-fold (GLZ–PDA (4.4-fold)
and GLZ–LPN (4.1-fold)). Our GLZ cocrystals showed
better improvement in solubility than the previously re-
ported GLZ cocrystals [31–33]. In vitro dissolution per-
formance of GLZ–DNS was significantly improved by
1.5 times, GLZ–PDA by 1.3 times, and GLZ-LPN by 1.1
times compared with pure drug GLZ, and when com-
pared with reported GLZ cocrystals, it was similar [32].
The enhancement in solubility and dissolution behavior
of these cocrystals could be based on the frequency and
strength of the intermolecular interactions, arrangement
of molecules in crystal lattice, and melting point of the
coformers [39]. This enhancement may be attributed to
influence the pharmacokinetic parameters [40]. Pharma-
cokinetic studies results demonstrated that within a
short period of time (at 2 h), GLZ–DNS peak plasma
concentration was high compared with pure GLZ. Based
on the data, it may be concluded that GLZ–DNS cocrys-
tals showed optimum Cmax 621.31 ± 3.42 ng/mL at 2 h
of Tmax, in comparison with pure API and other cocrys-
tals (GLZ–PDA Cmax at 2.5 h and GLZ–LPN Cmax at
2.5 h). The relative bioavailability of GLZ–DNS was
enhanced by 1.8-fold, GLZ–PDA was enhanced by 1.5-fold,
and GLZ–LPN was enhanced by 1.3-fold.

Conclusion
Cocrystallization is a promising and booming ap-
proach to alter the physicochemical properties of
poorly water-soluble drug candidates. To overcome
the drawbacks of physicochemical issues of such a
drug, GLZ, the cocrystallization technique with GRAS
coformers (DNS, PDA, and LPN) was successfully ob-
tained by the LAG method. Preliminary solid-state
characterization was done with DSC and PXRD and
confirmed by spectral analysis (FTIR and Raman)
which revealed the intermolecular interactions be-
tween GLZ and coformers take place by forming
hydrogen bonds between API and coformers (amino–
hydroxyl and amino–amino). Phase transformation
studies proved that GLZ cocrystals were unchanged
in aqueous medium up to 24 h, and they were stable
up to 3 months (90 days) in accelerated stability con-
ditions. Among the three new cocrystals (GLZ–DNS,
GLZ–PDA, and GLZ–LPN), GLZ–DNS was found to
better with high solubility (6.3 times), dissolution rate
(1.5 times), and bioavailability (1.8 times). Hence,

cocrystallization can be successfully utilized to im-
prove the physicochemical properties of the poorly
soluble drug GLZ and GLZ–DNS cocrystals exhibited
potential for further development.

Methods
Aim
Aim of the present study was to enhance the physico-
chemical properties of poorly soluble drug gliclazide by
using the cocrystallization technique.

Design
Cocrystals were designed based on the crystal engineer-
ing principles. In the designing of GLZ cocrystals, het-
eromolecular and homomolecular interactions take place
between GLZ and coformers because of the dissimilar
functional groups and similar functional groups involved
in non-covalent interactions. The predictable interac-
tions between GLZ and DNS were carboxylic acid–
amine and hydroxyl–amine interactions, GLZ–PDA and
GLZ–LPN were carboxylic acid–amine and amino–
amino interactions, which are discussed in the Results
section of FTIR and the Discussion section of FTIR and
Raman analysis result.

Materials
Gliclazide (melting point 180–185 °C) was purchased
from Yarrow Chem Products, Mumbai, India and was
used without further purification. Coformers, DNS, and
PDA were procured from Himedia, Mumbai, LPN from
Avra Synthesis Pvt Ltd, Hyderabad, and ethanol (99.9%,
AR Grade) from Himedia, Mumbai, India. All other re-
agents (analytical grade) were purchased from commer-
cial sources and were used directly without further
purification. Double-distilled water was used in solubility
experiments.

Liquid-assisted grinding method (LAG) (27)
Equimolar ratios (1:1) of API and coformers (i.e., 1 mM
of GLZ, (1 mM of DNS) (1mM of PDA), and (1mM of
LPN)) were ground in a mortar and pestle separately for
about an hour by the addition of few drops (2–3 drops)
of ethanol. The product obtained was dried at room
temperature and stored in a desiccator for further
analysis.

Differential scanning calorimetry (DSC)
Tzero, Q2000 (USA) thermal analyzer was used to ob-
tain DSC measurements. About 3–5 mg of samples were
placed in a sample pan (Tzero, 20 μL). The samples were
heated in a temperature range of 30 to 300 °C at a heat-
ing rate of 10 °C/min under continuous purging of dry
nitrogen gas (flow rate 50 mL/min).
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Powder X-ray diffraction (PXRD)
The powder XRD pattern of prepared cocrystals, GLZ,
and coformers were collected using an X-ray powder dif-
fractometer (PANalytical XPERT-PRO, PW3040/60, The
Netherlands) operated at 40 kV, 40 mA, using Cu Kα ra-
diation (λ = 1.5418 Å). The powder samples were mea-
sured at an angular range of 6° to 40°, 2θ with a step size
of 0.0167° and step time of 0.5 s. PXRD data and diffrac-
tograms were analyzed using PANalytical X-pert High
Score Plus software.

Fourier transform-infrared spectroscopy (FT-IR)
Bruker FT-IR RXI system (Bruker, USA) was used to
record spectra of prepared samples. The spectrum was
recorded in the range of 4000–400 cm-1 at a spectral
resolution of 4 cm-1 using extended scanning mode. The
potassium bromide (KBr) pellet method was used for the
preparation of samples. One milligram (1 mg) of the
sample was mixed with sixty milligrams (60 mg) of KBr
and pressed to form a pellet.

Raman spectral analysis (RS)
Bruker RFS 27 (Bruker Optics, Ettlingen, Germany) Ra-
man spectrophotometer was used to record the spectra
at an excitation wavelength of 1064 nm of Nd: YAG
laser radiation (power 250 mW).

Scanning electron microscopy (SEM)
Electron micrographs of crystal habit of the crystalline
phase were examined using a high-resolution scanning
electron microscope (JEOL 6390LA/ OXFORD XMX N,
USA) and photographed under various magnifications.
Electron microscopic studies were performed to under-
stand the morphology of the drug (API) and prepared
cocrystals.

Phase transformation studies
The study was performed by taking cocrystals in a flat-
bottomed flask and agitated continuously for 24 h using
REMI Q-19 magnetic stirrer (India) at 300 rpm. The ob-
tained slurry was filtered, dried, and subjected to PXRD
studies. Phase transformation studies were used to
evaluate their stability in aqueous medium.

Accelerated stability studies (AST) [41]
Accelerated stability of the GLZ cocrystals was assessed
by storing the samples in a photostability chamber (BLS
30, 12 CFT, Samiksha Industries, India) in open glass
vials at 40 ± 2 °C; 75% RH ± 5% for 90 days. The sam-
ples of cocrystals (n = 3) were taken out at an interval of
0, 1, 2, and 3 months and were subjected to PXRD
analysis to determine the crystallinity of the prepared
cocrystals.

Solubility studies [42]
The solubility of GLZ, GLZ–DNS, GLZ–PDA, and
GLZ–LPN were measured in different dissolution media:
distilled water, hydrochloric acid (0.1 N HCl), and phos-
phate buffer solutions at pH 6.8 and pH 7.4. An excess
amount of pure API and cocrystals were added to 10 mL
of the aforementioned dissolution media separately in a
vial. The resulting slurry was shaken in a mechanical
shaker (REMI RSB-12, India) with a stirring speed of
200 rpm continuously at room temperature for 24 h.
After reaching equilibrium state, the solutions were fil-
tered through Whatman filter paper (pore size 0.45 μm,
GE Healthcare Life Sciences, USA); filtrates were suit-
ably diluted and analyzed using a double-beam UV–Vis-
ible spectrophotometer (ELICO SL 210, India) at 228
nm.

Dissolution studies (in vitro) [43]
The dissolution studies were carried out using USP 2
dissolution tester (Electrolab TDT-08 L Mumbai, India)
in a dissolution medium (900 mL) of 7.4 phosphate buf-
fer at 37 ± 0.5 °C and rotation speed of 50 rpm. The
drug (100 mg) or its equivalent cocrystals were added to
the dissolution medium. Samples (5 mL) were with-
drawn through 70-μm polyethylene filters and replaced
with the same volume of dissolution medium. Samples
were then filtered through a 0.45-μm membrane filter
(E. Merck, India), diluted if necessary, and analyzed
using a double-beam UV–Visible spectrophotometer
(ELICO SL 210) at 228 nm. The sampling time was
every 5 min in the first hour and every 15 min in the
second hour.

Pharmacokinetic studies (bioavailability study) [31, 32]
Animals
Wistar rats (male, 4–5 weeks old, 200–300 g) were used
for the in vivo studies and the protocol was approved by
the Institutional Animal Ethics Committee (IAEC) and
was performed as per IAEC guidelines (IAEC/19/
UCPSC/KU/2018).

Study design and sampling schedule
After an initial period of 1 week for acclimatization to
laboratory conditions (the animals were maintained at
an ambient temperature of 25 ± 2 °C and 50 ± 15% rela-
tive humidity), animals were randomly divided into 4
groups of 6 rats in each group (n = 6) (Total = 24 ani-
mals). They were kept for fasting overnight (12 h) with
impromptu access to water ad libidum before the ex-
periment. The animals were anesthetized using cotton
wool soaked in ether (1.9% v/v) and kept in a lower
compartment of the bell jar and animals kept in the
upper compartment. The standard suspensions of the
GLZ and its cocrystals [(GLZ–DNS), (GLZ–PDA), and
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(GLZ–LPN)] were prepared with a dose equivalent to 40
mg/kg body weight (Kbw) suspended in normal saline
and were administered with an oral feeding needle.
Group I (positive control) is treated with pure GLZ, and
the remaining groups were treated with GLZ–DNS
(Group II), GLZ–PDA (Group III), and GLZ–LPN
(Group IV) cocrystals, respectively. Their blood samples
(2 mL) were collected from the retro-orbital sinus, im-
mediately at predetermined time points (0, 1, 2, 2.5, 3, 4,
8, 12, 18, and 24 h). The Area under the plasma concen-
tration–time (AUC) curve was estimated by the applica-
tion of the linear trapezoid rule. The estimation of the
drug in plasma samples was analyzed by HPLC using an
optimized mobile phase (phosphate buffer: acetonitrile,
60: 40 v/v), and the data were represented by mean ±
SD. The obtained plasma concentration data were ana-
lyzed to obtain the appropriate pharmacokinetic parame-
ters such as Cmax, Tmax, AUC (0–24), t1/2, and MRT by
using Kinetica 5.0 software. One-way ANOVA was per-
formed using the Graph pad prism software (version 5.0)
for statistical comparison of data at a p value of 0.05.
After the experimental study, the animals were kept in
quarantine till the washout period and then returned to
the institutional animal house.
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