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ABSTRACT

Pharmaceutical cocrystals, which are formed when an active pharmaceutical ingredient (API) and a pharmaceutically
acceptable coformer interact noncovalently, have become a popular method for improving the physicochemical
characteristics of drug moiety without alter pharmacological activity. For the selection of the drug and coformer , the
ApKa technique and CSD software were employed. The Cocrystals were prepared using the solvent evaporation method
and their characterization was performed using DSC, XRD and FTIR techniques. In vivo anti-inflammatory activity was
evaluated using 24 Wistar rats. In the present study, in vitro dissolution studies revealed increased solubility profile for
the cocrystals when compared with the pure drug and a marketed formulation. Furthermore, the cocrystals demonstrated
enhanced in vivo anti-inflammatory potentials compared to reference drug. The results of this research revealed that the
physicochemical properties of BCS class II APIs can be significantly improved without altering or affecting their
therapeutic efficacy.
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INTRODUCTION

Many drugs that come from drug development pipelines are known to exhibit issues such as poor water solubility, and
low stability. A number of approaches have been researched to enhance the pharmaceutical properties of drugs.! The most
popular approach is to prepare cocrystals.? Pharmaceutical cocrystallization is currently getting widespread attention due
to its potential to modify the physicochemical properties of APIs without affecting their basic pharmacological properties.3
The pharmaceutical sector progressively concerned with improving the physicochemical characteristics and biological
efficacy of active pharmaceutical ingredients (APIs) such as ibuprofen from BCS class 11, it is a widely used nonsteroidal
drug (NSAID) with analgesic, antipyretic and anti-inflammatory properties. It is also a non-selective inhibitor of the
cyclooxygenase-2 enzyme. Ibuprofen is widely used as a therapeutic drug, but it is also a poorly water-soluble drug that
can limit its dissolution rate and, therefore, its bioavailability. Ibuprofen has low aqueous solubility and this is one of the
major challenges in the development of the pharmaceutical formulations especially with regard to rapid onset of action
and consistent therapeutic efficacy.* A cocrystal is a form of crystal engineering in which two or more molecules within
the same crystal lattice are linked by noncovalent bonding. Several approaches have been successfully used to create
ibuprofen cocrystals.>® The most popular technique for cocrystallization with different coformers is solvent evaporation.’
While other techniques are grinding, crystallization, and melting.® Cinnamic acid, specifically, has emerged as frequently
used conformer for ibuprofen cocrystal formation. A basic principle of cocrystal design is the presence of supramolecular
synthons. Supramolecular chemistry plays a major role in cocrystallization technique as it manipulates the self-assembly
of crystalline materials. Cocrystal formation influenced by intermolecular interactions such as hydrogen bonding, van der
waals, and m-n stacking interactions. Cinnamic acid has functional groups that are suitable for synthon formation, such as
two hydrogen bond acceptors and one hydrogen bond donor, which can help to build strong hydrogen bonded synthons
with ibuprofen (IBP).>!? Cinnamomum cassia (Chinese cinnamon) , Panax ginseng contain cinnamic acid , a naturally
occurring aromatic carboxylic acid.!* In order to choose the acidic or basic medication and the conformer for co-
crystallization over salt or eutectic mixture formation, the pka value-based method'* provides a line. Furthermore, Apka
value between IBP and cinnamic acid is less than 1 which indicates cocrystal formation rather than salt formation. '3
Various methods, such as CSD software, were used to pick appropriate coformer. In silico frameworks and screening tools
are increasingly utilized to streamline this selection process by predicting molecular similarities *!. Such advanced
screening methods help target screening strategies, address operational challenges, and identify unique therapeutic
opportunities 3> 33, The present study is focussed on using cinnamic acid as coformer (from generally recognised as safe
GRAS list) to prepare cocrystals. Cinnamic acid and ibuprofen interact synergistically due to their complementary anti-
inflammatory potential as both components target COX pathway.® Various techniques can be used for conformer selection
but in this study ApKa value calculation method is selected.
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A previous study by Rathi at el. Reported the preparation of curcumin-cinnamic acid cocrystals using solvent evaporation
method and cocrystal formation was supported with DSC, FTIR, XRD.!¢

Thus, in this study, we explored the preparation of ibuprofen cocrystals with cinnamic acid by the solvent evaporation
technique. The drug and coformer were added to a mortar and pestle with addition of methanol as solvent. FTIR, XRD
and DSC techniques were used to characterize the cocrystals. Cocrystals’ in vitro drug release was calculated in 0.05M
phosphate buffer medium and compared the with marketed formulation as well as the pure drug. In vivo anti-inflammatory
activity was also performed on carrageenan induced Wistar rats to analyse the potential of the cocrystals.

MATERIAL AND METHOD

Ibuprofen and cinnamic acid were purchased from Sigma-Aldrich Chemical Limited. Analytical grade ethanol was
obtained from Rankem chemicals. Carrageenan was procured from CHD Ltd, New Delhi. Cocrystals were prepared by
using solvent evaporation method. The animal study was performed as per IAEC guidelines and approved by Institutional
Animal Ethics Committee. 28 Albino Wistar rats weighing about 195 g body weight were selected for study from the
animal house of institute. The study was authorised by the Institutional Animal Ethics Committee (IAEC) of the institute
under proposal/reference No. 1204/PO/ReBiBt/S/2008/CCSEA/25-16 dated 05/08/24. Rats were divided into 7 groups,
with 4 animals in each group. Ibuprofen and cinnamic acid both were co-crystallised with each other with the help of
ethanol as solvent. Both powders were used in a 1:2 stoichiometric ratio i.e. 206.29 mg ibuprofen and 296.32 mg of
cinnamic acid in weight were used for cocrystals formation by solvent evaporation method. The solution was kept to allow
slow evaporation over 2 days at room temperature. The co-crystallized product was collected and stored in a desiccator!’

(Fig.1).

Figure 1: Cocrystals of ibuprofen: cinnamic acid (1:2)

Selection of co-former

Cocrystal formation depends on the choice of an appropriate coformer. Formation of a synthon between two molecules
eventually results in co-crystallization. Ibuprofen was chosen for cocrystallization due to its low solubility in water and
limited bioavailability. The ApKa value method was utilised to predict cocrystal formation.'® The appropriate range of
Apka value obtained 0.64 i.e.between 0 to 1 for formation of cocrystals. This value was calculated by subtracting ApKa
value of cinnamic acid (3.76) from the ApKa value of ibuprofen (4.4).!° For the determination of synthon formation ,CSD
software was used. By CSD analysis, the COOH group (figure 2) of both ibuprofen and cinnamic acid was found to be
most favourable group for synthon formation. Thus, both components formed a homosynthon through hydrogen
bonding.2%?!
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Figure 2: Packing of Ibuprofen
Characterization
Absorption maxima determination: In this work, absorption maxima were determined using UV-spectroscopy. To make
the stock solution, dissolve 100 mg of pure drug in 1000 ml of 0.05M buffer solution (phosphate buffer) pH 7.2. UV
spectrophotometer to scan in 200-400 nm range at concentration of 7pg/ml.??
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Preparation of calibration curve:

Ibuprofen was dissolved in methanol, resulting in a stock solution with a concentration of 100pug/ml. The stock solution
was subsequently diluted to achieve final concentration of 2, 4, 6, 8, and 10 pg/ml. Plotting the calibration curve required
determining the absorbance at 222 nm.?

DSC Analysis:

For DSC analysis of cocrystals, a DSC Q10 V9.9 Build 303 US apparatus was used. The aluminium pan containing 2mg
of samples was heated between 20 °C and 160 °C in nitrogen gas atmosphere with a flow rate of 60ml/minute. As reference,
empty aluminium pan was used.?

FT-IR Analysis:
The FTIR of ibuprofen, cinnamic acid, their physical mixture, and cocrystals was analyzed using the KBr disc technique
on instrument FT-IR Alpha Bruker 12060280, Germany. The spectrum was recorded over the range of 4000- 400 cm!.

XRD study:

The XRD model “XPERT PRO” instrument was used to analyze XRD study of pure ibuprofen, cinnamic acid, their
physical mixture and cocrystals using continuous scanning at a 20 angle. We compared the diffraction profiles of the new
solid phase with standard pattern of pure drug and physical mixture to confirm the formation of new solid phase.?*

Dissolution study:

Dissolution study of pure Ibuprofen, its cocrystals and marketed formulations were performed using type II USP paddle
apparatus (Electro Lab) in 0.05M, 7.2 pH phosphate buffer as dissolution medium. For 90 minutes, paddle speed and
temperature remain 50rpm and 30+0.5 °C respectively. Before dissolution test cocrystals filled in empty shells of capsules.
50 mg of pure drug was used for study. Samples were withdrawn every 15 minutes for 90 minutes, and an equal amount
of dissolution medium was added after each sample withdrawal. Samples were diluted appropriately and examined
spectrophotometrically at 222 nm to calculate amount of drug.?

Anti-inflammatory activity (in vivo)

In vivo anti-inflammatory activities were conducted at the institutional animal house after approval from thr Institutional
Animal Ethics Committee (IAEC). As previously reported, the carrageenan-induced rat paw edema model was used to
analyze and evaluate anti-inflammatory effect of pure Ibuprofen and cocrystals. Wistar rats were used for experiment after
divided into four groups, each group with six animals in each group (Table 1). Before the start of experiment all animals
were kept on fasting for 24 hours (overnight) and kept under airconditioned housing facilities. Pure Ibuprofen was used
as standard at dose 50 mg/Kg. Group I was injected with carrageenan (0.05ml of 1% solution), group II injected with
polymer cinnamic acid at 50 mg/kg, group Il received 50 mg/kg of pure drug (ibuprofen) and group IV injected 50 mg/kg
dose of cocrystals to evaluate antiinflammatory activity.”® Because of enhanced dissolution profile of drug after
cocrystallization, half dose (50mg/kg) of cocrystals was used. The rats were given a subcutaneous injection of 0.05 ml of
1% carrageenan solution in plantar side of left hind paw after 30 minutes of treatment. Paw was submerged in mercury.
Paw volume was measured by using Plethysmograph just after carrageenan administration and upto five hours at every
one hour interval for inflammation progression. % inhibition was calculated by using formula given,

% Inhibition= [paw volume of control (mean)- paw volume of treated (mean)/paw volume of control (mean) x 100]

Table 1: Anti-inflammatory study (in vivo)

Sr. Groups Treatment Dose Route of administration
no.
1 I (control) | Carageenan 0.05 ml of 1% solution Injected in plantar side of left hind
paw
2 11 Cinnamic Acid 50mg/kg Oral route
3 III Ibuprofen Pure 50mg/kg Oral route
4 v Ibuprofen:Cinnamic 50mg/kg Oral route
Acid cocrystals

*no. of rats= 24 (six in each group)

Stability study

According to USP and ICH guidelines, accelerated stability studies were performed. For 6 months, the samples were
stored in tiny glass beakers wrapped with aluminium foil in a stability chamber with humidity of 75% RH + 5% and a
temperature of 400+2°C. Samples were taken out at intervals of 0, 3, and 6 months, and their drug content was assessed
by the HPLC technique. The drug content was assessed using Area Under Curve (AUC).?

RESULT & DISCUSSION

Absorption maxima determination

A UV-spectrophotometer scanned a solution at a concentration of 7.5 pug/ml between 200-400 nm. At 222 nm, maximum
absorption was observed. Figure 3 shows the absorption maxima of ibuprofen.
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Figure 3: Absorption maxima of ibuprofen

Calibration curve preparation
Various concentrations of ibuprofen were measured in methanol. Absorbance was measured at Amax 222 nm. A graph was
plotted between absorbance and concentration. The R-value was found to be 0.997, determined using the calibration curve
and shown in table 2 and figure 4.

Table 2: Concentration vs absorbance data

2ug/mL 0.139+0.14

4ug/mL 0.270+0.22

6pg/mL 0.419+0.17

8ug/mL 0.541+0.38

10pg/mL 0.714+0.21
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Figure 4: Calibration curve of ibuprofen

DSC Analysis:

DSC is the most informative technique for revealing information about the cocrystallization. Heating at a rate of 5°C/min
resulted in a product formed through solvent evaporation. A DSC Q10 V9.9 Build 303, a USA instrument was used for
DSC analysis. A sharp endothermic peak in DSC thermogram of ibuprofen is observed at its melting point of
81.04°C(Figure 5).Similarly, a sharp endothermic peak observed at 137.28°C in thermogram of cinnamic acid (figure 6).
The absence of any additional peaks in both thermograms demonstrated the purity of the obtained samples. Instead of
comparable peaks for both ibuprofen and cinnamic acid, the thermogram of the physical mixture displayed a peak at
71.77°C and 108.17°C that shows the physicochemical interaction of ibuprofen and cinnamic acid (figure 7).Finally the
DSC thermogram of cocrystals shows a clear endothermic peak at 70.41°C; no other peaks were observed, indicating that
the drug was completely co-crystallized (figure 8).
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Figure 8: DSC thermogram of cocrystals
FTIR study

Figure 9-12 shows characteristics peaks of ibuprofen, cinnamic acid, physical mixture and cocrystals respectively. The
characteristic peaks in the FTIR spectra of ibuprofen obtained at 1718cm’1, 3643cm!, 2957cm™! and 2872.13cm™ which
can be attributed to C=0O and O-H stretching of the carboxylic group, C-H stretching (aromatic), C-H stretching
(aliphatic). These spectra confirmed the presence of a carboxylic acid group in the structure of ibuprofen. In the case of
cinnamic acid, prominent peaks were obtained at 1672.36 cm™!, 3061.16cm™!, 1170.84cm™!, 2833.50cm™ for C=0
stretching, O-H stretching, C-O stretching, C-H stretching, respectively. This demonstrated that, in the absence of solvent
addition, there was no chemical interaction between the drug and the coformer physical mixture. The FTIR spectrum of
cocrystals revealed the creation of homosynthon by hydrogen bonding between the COOH group of both drug and
conformer following the addition of solvent to the ibuprofen and cinnamic acid physical mixture in a ratio of 1:2. The
cocrystals’ FTIR spectra shows peaks at 2937.71cm™! and 1710.93cm! for the O-H bond and C-O stretching. The peak for

the carbonyl group (-C=0) shifted from 1716 to 1626 cm™'. The IR data indicate the formation of cocrystals of ibuprofen
and cinnamic acid.

4000 3000 2000 1500 1000 500
1/cm

Figure 9: FTIR spectrum of ibuprofen

4000 3000 2000 1500 1000 500

Figure 10: FTIR spectrum of cinnamic acid
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Figure 12: FTIR spectrum of cocrystals
XRD Analysis

Ibuprofen’s XRD spectrum showed distinct peaks at 14.34, 16.14, 16.61, 22.17 and 26.14 with relative intensities of 44.85,
71.11, 58.71, 100 and 32.39 (figure 13). The XRD spectrum of cinnamic acid revealed distinct peaks at 7.9682, 8.1026,
16.3212,17.1394,25.5124, and 28.2124 with relative intensities of 72.62, 85.34, 62.71, 100, 22.45, and 21.12 respectively
(figure 14). The XRD spectrum of ibuprofen and cinnamic acid physical mixture showed distinct peaks on 26 angle
position at 8.1392, 16.2711, and 22.2043with relative intensities 100, 35.64, and 4.86 (figure 15). XRD spectrum of the
cocrystals revealed characteristic peaks on the 20 angle position at 8.1151, 14.3321, 15.6800, 20.8074, and 22.1549 with
relative intensities of 100, 63.27, 59.28, 78.91, and 81.94 respectively?’ (figure 16).
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Figure 13: XRD spectrum of ibuprofen
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Figure 16: XRD spectrum of cocrystals
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Table 4: XRD data of ibuprofen, cinnamic acid, physical mixture and cocrystals

Position (°20) FWHM total (°20) | d-spacing (°A) Relative intensity (%) | Area [cts*2 0]
Ibuprofen

11.2412 0.1145 11.86892 13.48 82.49
11.8625 0.1298 5.62691 19.80 116.83
14.3443 0.1412 5.32889 44.85 171.38
16.1445 0.1378 4.01109 71.11 461.84
16.6143 0.1437 5.60121 58.71 151.18
19.1878 0.1321 3.38595 32.28 174.41
22.1767 0.1301 4.00014 100 547.12
26.1427 0.1501 3.13287 32.39 279.12
Cinnamic Acid

7.9682 0.1489 10.08670 72.62 712.12
8.1026 0.1481 10.90312 85.34 921.48
16.1232 0.2823 5.16936 62.71 1032.17
17.1394 0.0189 5.49282 100.00 687.64
25.5124 0.1642 3.18720 22.45 601.13
28.2146 0.2416 3.23011 21.12 417.56
33.5742 0.1741 2.56010 16.74 376.53
Physical Mixture (1:1)

8.1392 0.0815 12.24545 100.00 4085.41
16.2711 0.1239 8.78581 35.64 2084.21
17.2045 0.1308 5.68445 6.31 349.12
19.1501 0.1114 5.34355 2.96 288.21
22.2043 0.2116 4.87101 4.86 466.20
30.1247 0.2301 3.2681 2.40 491.01
32.8921 0.0828 5.11201 2.54 28.84
25.8412 0.2145 2.8912 0.95 154.23
24.4456 0.0456 3.7541 1.12 47.25
Cocrystals

6.2789 0.1391 14.14181 13.36 37.92
8.1151 1.3161 9.70326 100.00 248.48
11.2618 0.0706 8.30547 24.96 97.85
11.8564 0.2146 10.90924 51.20 127.16
14.3321 0.5234 6.34346 63.27 380.12
15.6800 0.1802 5.68662 59.28 142.88
16.6034 0.1187 5.22203 51.28 285.51
20.8074 0.1134 4.26101 78.91 278.02
22.1549 0.0904 2.21580 81.94 64.36
30.5812 0.2451 4.19021 69.98 72.14
38.7728 0.0546 5.13320 43.55 112.201

Dissolution study (in vitro drug release)

Ibuprofen, its cocrystals and marketed formulation (Momentact 400mg capsules, In life Healthcare) were reported for in
vitro drug release in phosphate buffer pH 7.2. Pure ibuprofen released 16.29%, 20.86%, 31.50%, 36.92%, 40.92%,
43.18%, and 45.25% at different time intervals of 5, 10,15, 30, 45, 60, and 90 minutes, while the physical mixture released
17.32%, 26.21%, 36.14%, 39.98%, 41.01%, 44.12%, and 46.64%%. In figure 17, cocrystals showed release of
approximately 41.22%, 58.42%, 70.06%, 78.24%, 89.92%, 92.49%, and 94.48% whereas marketed formulations showed
release of 20.66%, 33.35%, 42.65%, 51.18%, 59.48%, 60.45%, and 66.54% respectively. Three reading were taken and
data mean and standard deviation (n=3) were reported®®. Table 5 shows the percentage release of the drug ibuprofen,
physical mixture, cocrystals, and marketed formulation.

Table 5: % drug release cumulative data for ibuprofen, physical mixture, cocrystals and marketed formulation

Time Pure drug (%) Physical mixture (%) Cocrystals (%) Marketed formulation
(minute) (%)

0 0 0 0 0

5 16.29 17.32 41.22 20.66

10 20.86 26.21 58.42 33.35

15 31.50 36.14 70.06 42.65

30 36.92 39.98 78.24 51.18

45 40.92 41.01 89.92 59.48

60 43.18 44.12 92.49 60.45
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Figure 17: Comparison of drug release

In vivo anti-inflammatory activity

Table 6 and Figure 18 showed the anti-inflammatory effects of cocrystals on edema caused by carrageenan in the hind
paws of rats. Group 2 received only polymer cinnamic acid in dose 50 mg/Kg compared to standard drug. Both groups 3
and 4, received equivalent dose of pure drug ibuprofen and cocrystals in dose S0mg/Kg. Rats in group 1 or control group
that received only saline treatment did not exhibit inflammation reduction. However, all dose treated groups given reduced
inflammation, while group with cocrystals showed greatest reduction. After 5 hours of carrageenan administration, the
volume of each paw decreased. The paw volumes were 0.988+0.02, 0.758+0.03, 0.829+0.09, and 0.714+0.06 for groups
1 to 4, respectively . When in vivo anti-inflammatory activity results applied for one way ANOVA test, carrageenan
induced group showed a significant value of **p<0.01.%°

Table 6: Data of anti-inflammatory activity

Time | Group 1* Group 2* Group 3* Group 4*

1 0.567 +£0.04** 0.476 +£0.02** 0.538 £0.01** 0.436 +0.02**
2 0.750 +£0.04** 0.686 £0.01** 0.709 £0.01** 0.606 +0.06**
3 0.864 +0.03** 0.789 +0.02** 0.778 £0.02** 0.711 £0.03**
4 0.939 +0.03** 0.841 +£0.03** 0.819 +£0.02** 0.727 £0.03**
5 0.988 +£0.02%* 0.758 £0.03** 0.829 +0.09** 0.714 +0.06**

Group 1: Control; Group 2: Cinnamic acid (50mg/Kg); Group 3: Pure drug (50mg/Kg); Group 4: Cocrystal (50mg/Kg)
*Mean£S.D. (n=6); **p<0.01 compared to carrageenan control group

1.2

0.8
0.6
0.4
0.2

Mercury displacement volume (ml)

.

2hr

Time (hrs)

e Group 1 e Group 2

Carageenan induced paw volume data

3hr

Group 3

Figure 18: Paw volume with time
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(d)

Figure 19: (a,b) injection of 0.05ml of 1% solution of carrageenan in hind paw (c, d) Inflammation after

)

carrageenan (e, f) measurement of inflammation by plethysmometer

Stability studies

The stability profile exhibited by the cocrystals and the pure drug were 78% and 63% after six months, respectively. The
drug content was evaluated by AUC. The AUC for ibuprofen was found to be 145742, 125147, 88451 and AUC for
cocrystals was obtained 142445, 129452, and 99523 at an intervals of 0, 3, and 6 months respectively. The stability profile
of ibuprofen was significantly improved by the co-crystallization technique. Both the pure drug and the cocrystals
followed first order kinetics where the Concentration of the remaining drug is directly proportional to the rate of drug

degradation.*®

Table 7: Concentration of samples with their AUC

Concentration (mcg/ml) AUC

2 28874

4 51613

6 79966

8 106647

10 129029

12 155342

Table 8: Stability data at 0, 3, and 6 months interval
Time (Month) % Drug Remaining | % Drug Remaining (Cocrystals)*
(Aceclofenac)*

0 99.04+0.027 98.26+ 0.041
3 79.26+1.019 95.12+4.11
6 63.16:0.411 78.58+ 0.484
Mean+ S.D (n=3)
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Figure 20: Stability data at 0, 3 and 6 months interval

CONCLUSION

In this study, Ibuprofen and cinnamic acid were successfully co-crystallized in a 1:2 stoichiometric ratio using the solvent
evaporation technique with methanol. In contrast to drug and conformer, DSC analysis showed a sharp endothermic peak
that confirms the interaction and formation of cocrystals. This interaction was further supported by FT-IR and XRD
analysis, which showed the clear involvement of the -COOH functional group. When compared to the pure drug and
marketed formulation, the cocrystals dissolution profile showed a much higher drug release. The study clearly indicates
that these cocrystals have the potential to improve the in vitro dissolution of poorly water-soluble drugs, which can lead
to better activity in vivo. Finally, the accelerated stability studies show that the co-crystallization process successfully
improve the stability and properties of the drug compound. However, further bioavailability, toxicological, and the clinical
studies are still required to successfully launch this formulation into the commercial market.

FUNDING
This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.

8. AUTHORS CONTRIBUTION

SA: Conceptualization, methodology, and initial drafting. GV: Data validation and study design supervision and
manuscript finalization. RS: Reviewing, editing and refining the manuscript. All authors have approved the final version
and agreed to be accountable for the work.

9. CONFLICT OF INTEREST
The authors declare no conflict of interest.

10. ACKNOWLEDGEMENT

The author sincerely acknowledges the Management of Subharti University, Meerut, Uttar Pradesh, for providing the
necessary facilities, infrastructure, and continuous support to successfully carry out this research work. The author is
deeply indebted to Dr. Garima Verma (Research Guide), Dr. Rahul Sharma (Co-guide) and Dr. Sumita Kumari for their
invaluable guidance, constant encouragement and expert supervision throughout the study.

REFERENCES

1. Aakerdy CB, Forbes S, Desper J (2009) Using cocrystals to systematically modulate aqueous solubility and melting
behaviour of an anticancer drug. J Am Chem Soc 131:17048—17049. https://doi.org/10.1021/ja906161a

2. Alhalaweh A, Sokolowski A, Rodriguez-Hornedo N, Velaga SP (2011) Solubility behavior and solution chemistry of
indomethacin cocrystals in organic solvents. Cryst Growth Des 11:3923-3929. https://doi.org/10.1021/cg200517r

3. Fayos J (2009) Molecular crystal prediction approach by molecular similarity: data mining on molecular aggregation
predictors and crystal descriptors. Cryst Growth Des 9(7):455—465. https://doi.org/10.1021/cg801122m

4. Bajpai YK, Singh S, Bisht V, Butola K, Awasthi A, Kumar S (2022) BCS Class II Drug & Its Solubility Enhancement:
A Review. Journal for Research in Applied Sciences and Biotechnology 1:48-58. https://doi.org/10.55544/jrasb.1.5.5

5. Mandati P, Nyavanandi D, Narala S, Alzahrani A, Vemula SK, Repka MA (2023) A comparative assessment of cocrystal
and amorphous solid dispersion printlets developed by hot melt extrusion paired fused deposition modeling for dissolution
enhancement and stability of Ibuprofen. AAPS PharmSciTech 24:203. https://doi.org/10.1208/s12249-023-02666-w

6. Erxleben A (2020) Cocrystal applications in drug delivery. Pharmaceutics 12:1-3.
https://doi.org/10.3390/pharmaceutics12090834

7. Kshirsagar SM, Chatale BC, Amin PD (2022) Comparative evaluation of ibuprofen co-crystals prepared by solvent
evaporation and hot melt extrusion technology. Journal of Drug Delivery Science and Technology 60:103003.
https://doi.org/10.1016/j.jddst.2021.103003

Genetics and Molecular Research 25 (10s): 2026 12



8. Dubey S, T D, Reddy DR, Rajou M (2025) Development and characterization of an ibuprofen-salicylic acid co-crystal
with improved solubility. Journal of Pharmaceutical Innovation 20:67. https://doi.org/10.1007/s12247-025-09980-9

9. dos Santos JAB, Chaves Junior JV, de Aratjo Batista RS, et al (2021) Preparation, physicochemical characterization
and solubility evaluation of pharmaceutical cocrystals of cinnamic acid. J Therm Anal Calorim 145:379-390.
https://doi.org/10.1007/s10973-020-09708-6

10. Yadav V, Kumar R, Sharma M, Dhir A, Bhardwaj VK (2026) Pharmaceutical cocrystals: An overview of synthesis,
characterization, and applications. Journal of Molecular Structure 1349(1):143682.
https://doi.org/10.1016/j.molstruc.2025.143682

11. Duggirala NK, Perry ML, Almarsson O, Zaworotko MJ (2016) Pharmaceutical cocrystals: along the path to improved
medicines. Chem Commun 52(4):640—655. https://doi.org/10.1039/c5cc08216a

12. Ainurofiq A, Putro DS, Ramadhani DA, Putra GM, Santo LD (2021) A review on solubility enhancement methods for
poorly water-soluble drugs. J Rep Pharmaceut Sci 10(1):137—-147. https://doi.org/10.4103/jrptps.JRPTPS 134 19

13. Chandra S, Roy A, Jana M, Pahan K (2019) Cinnamic acid activates PPARa to stimulate Lysosomal biogenesis and
lower Amyloid plaque pathology in an Alzheimer’s disease mouse model. Neurobiol Dis 124:379-395.
https://doi.org/10.1016/j.nbd.2018.12.007

14. Suresh K, Minkov VS, Namila KK, Derevyannikova E, Losev E, Nangia A, Boldyreva EV (2015) Novel synthons in
sulfamethizole cocrystals: structure—property relations and solubility. Cryst Growth Des 15:3498-3510.
https://doi.org/10.1021/acs.cgd.5b00587

15. Dutt B, Choudhary M, Budhwar V (2021) A Comparative Study of Selected Drug Delivery Systems: Key Emphasis
on Cocrystallization. Drug Delivery Letters 11:1-20. https://doi.org/10.2174/2210303111666210212111511

16. Rathi N, Paradkar A, Gaikar VG (2019) Polymorphs of Curcumin and Its Cocrystals With Cinnamic Acid. Journal of
Pharmaceutical Sciences 108(8):2505-2516. https://doi.org/10.1016/j.xphs.2019.03.014

17. Kumar TM, Shree DM (2023) Cocrystallization of insoluble carvedilol drug by solvent evaporation and antisolvent
techniques to enhance it’s solubility. JETIR 10(8):238-246.

18. Ganesh M, Jeon UJ, Ubaidulla U, Hemalatha P, Saravanakumar A, Peng MM, Jang HT (2015) Chitosan cocrystals
embedded alginate beads for enhancing the solubility and bioavailability of aceclofenac. Int J Biol Macromol 74:310—
317. https://doi.org/10.1016/j.ijjbiomac.2014.12.027

19. Silva Filho SF, Pereira AC, Sarraguca JMG, Sarragu¢ca MC, Lopes J, Facanha Filho P, dos Santos AO, da Silva Ribeiro
PR (2018) Synthesis of a Glibenclamide Cocrystal: Full Spectroscopic and Thermal Characterization. J Pharm Sci
107(6):1597-1604. http://dx.doi.org/10.1016/j.xphs.2018.01.029

20. Susanto S, Christian YE, Setiawan P, Gunawan U (2026) Enhancing ibuprofen solubility via a novel cocrystallization
strategy: Experimental and computational insights. PHARMACIA 73:1-13.
https://doi.org/10.3897/pharmacia.73.e176951

21. Singh M, Barua H, Jyothi VG, Dhondale MR, Nambiar AG, Agrawal AK, Kumar P, Shastri NR, Kumar D (2023)
Cocrystals by Design: A Rational Coformer Selection Approach for Tackling the API Problems. Pharmaceutics
15(4):1161. https://doi.org/10.3390/pharmaceutics 15041161

22. Kumar S, Nanda A (2017) Pharmaceutical cocrystals: an overview. Indian J Pharm Sci 79(6):858-871.
https://doi.org/10.4172/pharmaceutical-sciences. 1000302

23. Ahlawat S, Budhwar V, Choudhary M, Kumari S (2024) Concurrent Enhancement of Curcumin's Stability and
Dissolution by the Preparation of its Eutectic Mixtures. International Research Journal of Multidisciplinary Scope
(IRIMS) 5(2):387-398. https://doi.org/10.47857/irjms.2024.v05i02.0502

24. Raval N, Maheshwari R, Kalyane D, Youngren-Ortiz SR, Chougule MB, Tekade RK (2019) Importance of
physicochemical characterization of nanoparticles in pharmaceutical product development. In: Basic fundamentals of drug
delivery. Chapter 10, pp 369—400. https://doi.org/10.1016/B978-0-12-817909-3.00010-3

25. Chaudhary A, Nagaich U, Gulati N, Sharma VK, Khosa RL (2022) Enhancement of solubilization and bioavailability
of poorly soluble drugs by physical and chemical modifications: a recent review. J Adv Pharm Educ Res 2(1):32-67.

26. ICH Guidelines (2020) Quality Guidelines. https://www.ich.org/page/quality-guidelines. Accessed 12 Sept 2020

27. Jing Y, Zhao Q, Zhang J (2025) RS, S(+)- and R (-)-ibuprofen cocrystal polymorphs: Vibrational spectra, XRD
measurement and DFT calculation. Heliyon 11(2):e42501. https://doi.org/10.1016/j.heliyon.2025.e42501

28. Olayemi OJ, Bello L, Ameh M, Odeniran O, Okeke C, Alfa J (2025) Improved solubility and dissolution of ibuprofen
tablet formulations by the co-crystal technique. Istanbul Journal of Pharmacy 55(3):378-389.
https://doi.org/10.26650/IstanbulJPharm.2025.1564271

29. Narkhede MR, Rajguru AD (2026) In-Vivo Anti-Inflammatory and Analgesic Evaluation of PolymerAssisted
Ibuprofen Crystals in Wistar Rats. International Journal of Drug Delivery Technology 16(15s):470—488.
https://doi.org/10.25258/ijddt.16.15s.56

30. Hassan A, Khan JA, Shabir H (2024) Synthesis, Characterization, and Stability Optimization of Ibuprofen Cocrystals
Employing Various Hydrophilic Polymers. Current Pharmaceutical Design 30(11):890-901.
https://doi.org/10.2174/0113816128305926240530051853

31. Kumar A, Kumar M (2023) Co-Crystallization: A Novel Technique to Improvise the Pharmaceutical Characteristics
of API’s. Current Drug Targets 24(11):870—888. https://doi.org/10.2174/1389450124666230720122837

32. Kumar A, Kumar M (2024) Improvisation of Dissolution Profile of Aceclofenac by using Cocrystallization Technique.
African Journal of Biomedical Research 27(4S). https://doi.org/10.53555/AJBR.v27i4S.5769

33. Kumar A, Kumar M (2025) Design, characterization, and evaluation of an aceclofenac cocrystal for improved
solubility and stability. Journal of Applied Pharmaceutical Research 13(6):132—145.
https://doi.org/10.69857/joapr.v13i6.1699

Genetics and Molecular Research 25 (10s): 2026 13



