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SUMMARY

Tolvaptan (TLV), a wvasopressin V2 receptor antagonist, is
limited by poor aqueous solubility and low oral bioavailability.
Cocrystallization with suitable coformers offers a promising strategy
to enhance its solubility and dissolution. This study aimed to
design, characterize, and evaluate TLV cocrystals with GRAS listed
coformers to improve solubility, dissolution, and immediate-release
tablet performance. TLV cocrystals were prepared via solvent-drop
grinding and characterized using melting point analysis, DSC, and
PXRD. Molecular docking guided the selection of nicotinic acid
as a suitable coformer. The synthesized cocrystals were subjected to
solubility and dissolution studies, and the nicotinic acid cocrystal was
Sformulated into tablets with various disintegrants. The formulations
were evaluated through pre- and post-compression studies, while
the dissolution profile of the optimized formulation was analyzed
in terms of similarity factor (f2) in comparison with the marketed
tablet. DSC and PXRD analyses confirmed the formation of new
crystalline phases. The optimized tablet formulation (F4, 2:3
TLV-to-nicotinic acid ratio with crospovidone as the disintegrant)
exhibited rapid disintegration (<20 s), excellent flow properties,
and enhanced dissolution (-69% in 60 min). When compared
with marketed tablets, F4 displayed a distinct f2 value (13.9),
demonstrating its superior performance. Cocrystallization with
nicotinic acid markedly enhanced TLV solubility, dissolution, and
tablet performance, representing an effective strategy to overcome

solubility-limited bioavailability.

Keywords: Tolvaptan, cocrystallization, nicotinic acid, solubility
enbancement, immediate-release tablets.

Molekiiler Yerlestirme Rebberliginde Koformér Secimi ve
Kokristalizasyon: Tolvaptan’mm Biyofarmasitik Performansinin
Artirilmas:

0z

Vazopressin V2 reseptor antagonisti olan tolvaptan (TLV), zayif suda
coziiniirliigii ve diigiik oral biyoyararlanim: nedeniyle simrlidsr. Uygun
koformatirlerle  es-kristalizasyon,  ¢oziiniirligiinii ve  ¢ziinmesini
artirmak igin wmut verici bir strateji sunar.Bu ¢aligma, ¢oziiniirligi,
coziinmeyi ve hizly salimly tablet performansini iyilestirmek icin GRAS
onayls es-formatirlere sahip TLV es-kristallerini tasarlamays, karakterize
etmeyi ve degerlendirmeyi amaglamaktadsr. TLV eg-kristalleri, ¢oziicii
damla giitme yontemiyle hazirlanmis ve erime noktas: analizi, DSC
ve PXRD kullanilarak karakterize edilmistir. Molekiiler yerlestirme,
wygun bir es-formator olarak nikotinik asidin secilmesine rehberlik
etmistir. Sentezlenen es-kristaller coziiniirliik ve coziinme calismalarina
tabi tutulmug ve nikotinik asit es-kristalleri gesitli dagiticilarla tabletler
halinde formiile edilmistir. Formiilasyonlar, sikistirma oncesi ve sonras:
calismalarla  degerlendirilivken, optimize  edilmis  formiilasyonun
coziinme  profili, piyasadaki tabletle karsilagtirildiginda  benzerlik
Jaktorii (f2) agisindan analiz edildi. DSC ve PXRD analizleri,
yeni kristal fazlarm olusumunu dogruladi. Optimize edilmis tablet
Jormiilasyonu (F4, krospovidon dagitici olarak 2:3 TLV/nikotinik asit
orany), hizle parcalanma (<20 saniye), mitkemmel akas ozellikleri ve
gelismis ¢oziinme (- 60 dakikada %69) sergiledi. Piyasadaki tabletlerle
karsilagtirildiginda, F4 belirgin bir f2 degeri (13,9) sergileyerek iistiin
performansint kanstlads. Nikotinik asitle es kristallegtirme, TLV
coziiniirligiingi, ¢oziinmesini ve tablet performansini onemli dlgiide
artirarak, ¢oziiniirliikle simirly biyoyararlanimn iistesinden gelmek i¢in
etkili bir strateji sundu.

Anabhtar Kelimeler: Tolvaptan, es kristallestirme, nikotinik asit,
coziiniirliik artigs, hizl saliml tabletler.

Received: 29.10.2025
Revised: 08.04.2026
Accepted: 02.05.2026

" ORCID: 0000-0002-3564-0257, Department of Pharmaceutics, Associate Professor, Gokaraju Rangaraju College of Pharmacy, Hyderabad, India
“ ORCID: 0009-0005-1405-475X, Department of Pharmaceutics, Gokaraju Rangaraju College of Pharmacy, Hyderabad, India

" ORCID: 0009-0001-8894-9063, Department of Pharmaceutics, Assistant Professor, Gokaraju Rangaraju College of Pharmacy, Hyderabad, India
" ORCID: 0009-0007-2550-4001, Department of Pharmaceutics, Associate Professor, Gokaraju Rangaraju College of Pharmacy, Hyderabad, India
""" ORCID: 0000-0001-9763-9174, Department of Pharmacology, Assistant Professor, Gokaraju Rangaraju College of Pharmacy, Hyderabad, India

° Corresponding Author; Monika Nijhawan
E-mail: monika8009@grcp.ac.in

531



Nijhawan, Vangala, Aleti, Gunnam, Sri

INTRODUCTION

Many newly discovered and marketed drugs suf-
fer from poor aqueous solubility, limiting oral absorp-
tion and reducing bioavailability. As dissolution often
controls drug uptake, low solubility can compromise
therapeutic eflicacy. Despite these challenges, the oral
route remains the most widely accepted and preferred
mode of drug administration due to its convenience,

safety profile, and cost-effectiveness.

Solid-state modification is a key approach to ad-
dress solubility challenges of poorly water-soluble
APIs (Goke et al., 2018). Among various solid forms,
cocrystals—comprising an API and a pharmaceuti-
cally acceptable coformer stabilized by noncovalent
interactions—offer enhanced solubility, dissolution,
bioavailability, stability, and mechanical properties
while preserving the drug’s pharmacological activity
(Sah et al., 2025). The use of GRAS-listed coformers
further expands their applicability in pharmaceutical
formulations (Nugrahani & Jessica, 2021; Wouters et
al,, 2011). TLV is a selective vasopressin V, receptor
antagonist indicated for hyponatremia and autosomal
dominant polycystic kidney disease (ADPKD) (Blair
& Keating, 2015). TLV, a BCS Class IV drug (Kato et
al., 2023), exhibits low aqueous solubility and poor
intestinal permeability, leading to suboptimal oral
bioavailability (40-50%) (Therapeutic Goods Admin-
istration, 2018). Its limited solubility hinders gastro-
intestinal absorption and therapeutic efficacy, and no
cocrystal forms have been reported (McNeely et al.,
2013). This study aims to develop novel TLV cocrys-
tals to enhance solubility and dissolution while main-
taining pharmacological activity, potentially improv-

ing bioavailability and clinical performance.
MATERIALS AND METHODS
Materials

TLV was supplied by Aurore Pharmaceuticals Pvt.
Ltd. (India). Coformers utilized in this study included
caffeine, glycine (S.D. Fine Chemicals Ltd., Mumbai);
nicotinic acid (Elegant Fine Chemicals Ltd., Hyder-
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abad); and nicotinamide (Sai Nakshatra Bio Solu-

tions, India).
In silico screening

Molecular docking was performed using Aut-
oDock 4.2 (Morris et al., 2009). TLV (PubChem CID:
216237) and coformers retrieved from PubChem
were geometry-optimized using Gaussian 09 with
the 3-21G base set Density Functional Theory (DFT)
B3LYP method. A rigid-flexible docking protocol
was applied, keeping the receptor rigid and the opti-
mized ligands flexible during docking. Docking em-
ployed a 40 x 40 x 40 A grid (0.375 A spacing) with 10
conformations generated via the Lamarckian Genetic
Algorithm. Binding energies and hydrogen-bond in-
teractions were analyzed using VMD 1.9.2 and BIO-
VIA Discovery Studio 2020.

Preparation of cocrystals

The solvent-drop grinding technique was em-
ployed for the preparation of TLV cocrystals, with the
drug and coformer mixed in a 1:1 molar ratio. Equi-
molar amounts of TLV and coformer were triturated
with 0.5 mL of methanol for 30-45 min, followed by
drying. Cocrystal formation was confirmed by DSC
and PXRD (Lee & Lee, 2022; Nijhawan et al., 2014).

Melting points

The melting points of TLV and formulated cocrys-
tals selected for this study including nicotinic acid,
caffeine, nicotinamide, and glycine, were measured
using the capillary tube method, and their stability
was monitored for four weeks to assess any changes in
thermal behavior (Liu et al., 2020).

Differential scanning calorimetry (DSC)

DSC analysis of TLV and formulated cocrystals
was performed using a Mettler Toledo DSC 821e, and
the thermograms were compared with those of TLV
to evaluate thermal behavior and potential interac-
tions (Panzade et al., 2017).
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Powder X-Ray diffraction (PXRD)

The crystalline characteristics of TLV, coformers,
and formulated cocrystals were examined by X-ray
diffraction (XRD) using a Shimadzu XRD 7000 dif-
fractometer, with a 20 scanning range of 5-40° at
40 kV and 40 mA (Desai et al., 2022).

Analytical method

Quantification of the TLV was performed using a
first-order derivative UV spectrophotometric meth-
od. The derivative amplitudes were measured at the
zero-crossing wavelengths of the coformers, namely
262.31 nm for caffeine and 238.67 nm for nicotinic
acid, at which the coformers show zero contribution to
the signal. This zero-crossing derivative approach en-
abled selective, accurate, and interference-free deter-

mination of the drug in the presence of the coformers.
Saturation solubility studies

TLV and its cocrystals with nicotinic acid and caf-
feine were subjected to saturation solubility studies at
pH 1.2 and analyzed by the UV spectrophotometer
(Aithal et al., 2017).

Phase solubility studies (TLN-Nic acid, 2:3)

Phase solubility studies based on the Higuchi-
Connors method were carried out in distilled water
at 25 + 2 °C using excess TLV and varying concentra-
tions of nicotinic acid. The equilibrium solutions were
analyzed by UV spectroscopy, and the stoichiometry
of cocrystal formation was deduced from solubility
diagrams (Mulye et al., 2012).

Dissolution studies

Dissolution of TLV and its cocrystals (75 mg TLV
equivalent) was performed using a USP Type II ap-
paratus in 900 mL pH 1.2 buffer at 37 £ 0.5 °C and
50 rpm. Samples were collected at specific intervals
between 10 min and 120 min, filtered (0.45 pm), and
analyzed. Dissolution profiles of TLV, TLV-nicotin-
ic acid, and TLV-caffeine cocrystals were compared
(Mehta et al., 2023).

Tablet formulation

Optimized TLV-nicotinic acid cocrystals were
compressed into immediate-release tablets (F1-F4) us-
ing varying disintegrants (croscarmellose sodium, sodi-
um starch glycolate, crospovidone) and binders (MCC,
PVP K-30) (Tamang et al., 2025), outlined in Table 1.

Table 1. Formulation table of TLV- Nicotinic acid cocrystal tablets

. TLV-Nic acid TLV-Nic acid TLV-Nicacid | TLV-Nic acid
Sr. No. Ingredients (mg)
F1 (2:3) F2 (2:3) F3 (2:3) F4 (2:3)

1 TLV-Nicotinic acid cocrystal 85 85 85 85

2 Croscarmellose sodium (CCS) 12.5 12.5 37.5 -

3 Sodium starch glycolate (SSG) 87 87 -

4 Crospovidone - - 15

Microcrystalline cellulose (MCC)
5 37.5 37.5 12.5 141.25
(Binder)

6 PVP K-30 (Binder) - - 7.5

7 Magnesium stearate (Lubricant) 2.5 2.5 2.5 1.25

8 Mannitol (Diluent) 112.5 25.5 25.5 -

Evaluation of micromeritic properties (flowability)

To ensure uniform tablet weight and compressibil-
ity, flow properties of pure TLV and formulated co-
crystals were assessed. Angle of repose (fixed funnel
method), Carr’s index, and Hausner’s ratio were deter-
mined (Jadhav et al., 2025).

Post-compression studies

The TLV-nicotinic acid cocrystal tablets were as-
sessed for disintegration and mechanical strength.
Tablet hardness was measured with a Monsanto hard-
ness tester, and disintegration was determined using
a USP disintegration apparatus in 0.1 N HCI, and re-

sults are tabulated in Table 4.
533
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Dissolution studies of cocrystal tablets

In vitro dissolution of TLV-nicotinic acid cocrystal
tablets was conducted using a USP Type II (paddle)
apparatus in 0.1 N HCI over 2 hours. Samples were
withdrawn at predetermined intervals, filtered, and
analyzed using the first-order derivative spectrophoto-
metric method to eliminate spectral overlap. Caffeine
and nicotinic acid showed zero absorbance at 262.31
nm and 238.67 nm, respectively, enabling selective
and accurate quantification of TLV in the presence of
coformers (Tamang et al., 2025). The dissolution pro-
file of formulation F4 (2:3 ratio) was compared with

the marketed tablet using the similarity factor.

The dissolution profile of formulation F4, pre-
pared in a 2:3 molar ratio of TLV to nicotinic acid,
was compared with that of the marketed tablet using
the similarity factor (f,). The similarity factor is calcu-

lated using the equation:

=50 log{[1+ L% (R -y|" x 100}

where is the number of sampling time points, is

the percentage of drug dissolved from the reference
(marketed) formulation at time , and is the percentage
dissolved from the test (F4) formulation at the same
time. An f, value between 50 and 100 indicates that
the test and reference dissolution profiles are similar,
with higher values reflecting closer similarity. This ap-
proach provides a quantitative measure of how close-
ly the cocrystal formulation replicates the dissolution
behavior of the marketed product.

RESULTS

Computational screening of coformers for TLV

cocrystal design

Molecular docking was carried out to evaluate
the interaction profiles between TLV and selected co-
formers. The study revealed binding affinities, orien-
tations, and complex stability, with interactions such
as hydrogen bonding, m-m stacking, hydrophobic
forces, and Van der Waals interactions contributing to
potential cocrystal formation in Table 2. Comparative
binding energy values identified the most promising
TLV-coformer pairs for improving physicochemical
properties in Table 3.

Table 2. Computational assessment of interaction patterns between TLV and coformers

Coformer 2D Structure Interaction
Y
TLV-nicotinic acid N OH
(0]
T
~ N
N
TLV-caffeine 2\ g
0 r|~J N
Pi-alkyl interaction
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- —

TLV-nicotinamide NH2

OH

HzN\/K
0

TLV-glycine

Hydrogen bonding interaction

Table 3. In silico interaction energy profile of selected coformers with TLV

AG _ E E .
inter-mol 'VHD elec total ‘torsional

Coformer (k_,/mol) (k_/mol) | (k_/mol) (k_/mol) (k_,/mol) (k,/mol)
Nicotinic acid -2.93 -4.12 -3.27 -0.85 +3.36 +1.19
Caffeine -4.06 -4.66 -4.59 -0.07 +15.56 +0.6
Nicotinamide -2.98 -3.87 -3.97 +0.1 +5.44 +0.89
Glycine -0.99 -1.89 -1.89 +0.0 -0.25 +0.89

The binding free energy (AG) reflects the overall
thermodynamic favorability of drug-coformer inter-
actions, where more negative values indicate stronger
binding affinity; the intermolecular interaction en-
ergy (E_inter-mol) represents the sum of non-bond-
ed interactions, with lower values corresponding to
stronger molecular association; the EVHD term ac-
counts for van der Waals forces, hydrogen bonding,
and desolvation contributions, providing insight into
packing efficiency and potential cocrystal stability;
the electrostatic energy (E_elec) describes charge-
based interactions, with negative values indicating

favorable electrostatic attraction; the total binding en-

ergy (E_total) integrates all interaction components,
with more negative values signifying enhanced com-
plex stability; and the torsional energy (E_torsional)
reflects conformational strain upon binding, where
lower values indicate minimal structural distortion.
The TLV-caffeine complex is primarily stabilized by
ni—alkyl interactions between the aromatic purine ring
of caffeine and the alkyl groups of TLV (4.24 and 5.20
A), resulting in the most favorable binding free energy
(AG = —4.06 kcal/mol) due to efficient planar stack-
ing, edge-to-face interactions, and minimal torsional
strain; TLV-nicotinic acid and TLV-nicotinamide

complexes also exhibit n-alkyl interactions involving
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their aromatic rings with TLV alkyl moieties at 4.66
A and 4.69 A, respectively, indicating moderate stabi-
lization, whereas the TLV-glycine complex is mainly
governed by hydrogen bonding between the -NH,
group of glycine and hydroxyl group of TLV, but its
weak binding energy (AG = -0.99 kcal/mol) suggests
poor compatibility.

Overall, based on conformationally optimized
docking results, caffeine was identified as the most

promising coformer due to its superior interaction

energy profile and minimal conformational penalty.

Determination of physical constant (melting

point)

Melting point analysis showed that TLV cocrystals
with nicotinic acid, caffeine and glycine differed from
pure TLV (235°C), indicating successful cocrystal
formation, while TLV-nicotinamide showed minimal
changes, suggesting no cocrystal formation. The melt-
ing points of TLV and its cocrystals are tabulated in
Table 4.

Table 4. The melting point values of TLV, the selected coformers, and the synthesized cocrystals are pre-

sented
. . Melting range of prepared
X Melting points
Sr. No. Name of TLV/Formulation ) cocrystals Inference
(Literature Value)
(Observed Value)
1 TLV (Drug) 235°C 230-235°C
o . Cocrystal might have
2 TLV-nicotinic acid formulation 237°C 172-178°C
formed
) . Cocrystal might have
3 TLV-caffeine formulation 234-238°C 164-167°C
formed
o . . Cocrystal might not have
4 TLV-nicotinamide formulation 128°C 127-136°C
formed
. . Cocrystal might not have
5 TLV-glycine formulation 233°C 220-230°C
formed

The observed depression in melting points for the
TLV-nicotinic acid and TLV-caffeine formulations
is characteristic of cocrystal formation, where the in-
teraction between drug and coformer results in a new
crystalline lattice with altered thermal properties. Such
changes confirm strong molecular interactions and the
generation of a distinct solid phase. The TLV-nicotinic
acid, TLV-caffeine, and suggesting possible cocrystal
formation, while TLV-nicotinamide and TLV-glycine
formulations did not exhibit any significant change.
Based on these results, caffeine and nicotinic acid were
selected as promising coformers for further evalua-
tion. Melting point analysis revealed distinct thermal
behavior for the prepared formulations, indicating
the formation of new solid phases. The observed de-
pression in melting points for the TLV-nicotinic acid
and TLV-caffeine formulations is characteristic of

cocrystal formation, where the interaction between
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drug and coformer results in a new crystalline lattice
with altered thermal properties. Such changes confirm
strong molecular interactions and the generation of a
distinct solid phase. The TLV-nicotinic acid and TLV-
caffeine showed changes, suggesting possible cocrystal
formation, while TLV-nicotinamide and TLV- glycine
did not exhibit any significant change. Based on these
results, caffeine and nicotinic acid were selected as

promising coformers for further evaluation.
Differential scanning calorimetry

The DSC analysis compared literature values of
TLV and coformers with the observed melting points
of the prepared cocrystals. Single distinct melting
points suggested possible cocrystal formation, while
multiple peaks or values close to the individual com-
ponents indicated no cocrystal formation. The DSC
thermograms of the studied systems are presented in

Figures 1-3.



FABAD J. Pharm. Sci., 51, 2, 531-544, 2026

20 Peak
mw Endset

Integral 48420 m1
normalized -105.30 Jg*-1
Onset 226.36 °C
230.06 *C
236.06 °C

DRUG-11-04-2025, 11.04.2025 12:07:44
DRUG-11-04-2025, 4.6000 mg

Integral S1.85my
normalized -0.40 Jg"-1
294.55 °C

METTLER

340 'C
STAR® SW 12.10

Figure 1. DSC thermogram of TLV
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e
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Poak 20173 °C
Endut 207.59 "¢

40 ¢
STAR SW12.10

Figure 2. DSC thermogram of TLV- nicotinic acid formulation
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Peak 185.82 °C
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190.29 °C
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Pesk. 336.42 C
Endset 347.94 °C

340 "c

STAR' SW12.10

Figure 3. DSC thermogram of TLV-caffeine formulation

Differential scanning calorimetry (DSC) analysis
provided clear evidence of cocrystal formation for
TLV-nicotinic acid and TLV-caffeine, as indicated by
distinct and sharp melting endotherms at 168-172 °C
and 185.82 °C, respectively. The appearance of new
thermal peaks, distinct from the melting points of

the individual components, suggests the formation of

a stable, homogeneous crystalline phase. In contrast,
other TLV-coformer combinations exhibited addi-
tional or unchanged thermal events, indicating in-
complete or negligible cocrystallization. These results
suggest that nicotinic acid and caffeine are the most
compatible coformers for TLV, likely due to favorable
molecular interactions stabilizing the cocrystal lattice.
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Caffeine and nicotinic acid showed the most fa-
vorable interactions with TLV, characterized by
strong m-alkyl contacts, efficient stacking, and low
torsional strain, as supported by distinct DSC melt-
ing endotherms indicating stable cocrystal formation,
whereas weaker interactors such as glycine exhibited
poor compatibility, highlighting that the combined
use of molecular docking and experimental analyses
is effective for rational coformer selection to enhance

cocrystal stability and pharmaceutical performance.
Powder XRD

The PXRD pattern of pure caffeine exhibited char-
acteristic reflections at 26 values of 12.25°, 14.83°,
16.14° corresponding to its crystalline fingerprint.
PXRD analysis of nicotinic acid exhibited sharp crys-
talline peaks at 20 = 15.80°, 20.69°, 21.58°, and 24.17°,
with the most intense peak at 15.80°. In the TLV-caf-
feine cocrystal, the characteristic reflections of pure
TLV at 22.2406° 23.9719° and 28.8278° were ab-
sent, while new peaks emerged at 22.1524°, 27.5241°,
26.8940°, and 12.2434° with notable intensities. A

similar pattern was observed in the TLV-nicotinic
acid cocrystal, where TLV peaks disappeared, and dis-
tinct new reflections appeared at 22.0742°, 27.5241°,
26.8940° and 12.2434°. Additionally, the slight shift
in the principal reflection near 22° (from 22.2406° in
TLV to 22.1524° in the caffeine cocrystal and 22.0742°
in the nicotinic acid cocrystal) indicates changes in
the lattice arrangement. The disappearance of TLV’s
characteristic peaks, along with the emergence of
new reflections and slight peak shifts (Figures 4-5),
are well-recognized indicators of cocrystal formation
rather than simple physical mixing. These changes
reflect alterations in the crystal lattice resulting from
specific molecular interactions between TLV and the
coformers. The formation of these distinct crystalline
phases confirms that the drug and coformers inter-
act at the molecular level to produce stable cocrystals.
Such structural transformations are important, as
they can significantly influence the physicochemical
and biopharmaceutical properties of TLV, including

solubility and dissolution behavior.
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Figure 4. PXRD comparison of TLV-caffeine cocrystal, TLV and, caffeine
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Figure 5. PXRD comparison of TLV-nicotinic acid cocrystal, TLV and, nicotinic acid

Saturation solubility studies

TLV displayed poor solubility (0.036 + 0.0012 mg/
mL). The TLV-caffeine cocrystal showed a modest en-
hancement (0.043 + 0.0021 mg/mL), while the TLV-
nicotinic acid cocrystal exhibited a marked increase
in solubility (0.124 + 0.0447 mg/mL),

ing a significant improvement over the parent drug.

demonstrat-

These results validate the effectiveness of the cocrys-
tallization strategy in enhancing drug solubility. In

pH 1.2 medium, pure TLV exhibited poor solubility

(0.036 + 0.0012 mg/mL). The TLV-caffeine cocrystal
showed a modest enhancement (0.043 + 0.0021 mg/
mL), while the TLV-nicotinic acid cocrystal exhibited
a marked increase in solubility (0.124 + 0.0447 mg/
mL), demonstrating a significant improvement over
the parent drug. These results validate the effective-
ness of the cocrystallization strategy in enhancing

drug solubility.

The comparative solubility data are graphically

illustrated in Figure 6.

atpH 1.2

0.15
0.1
0.05 ﬁ i

0

TLV- Caffeine TLV- Nicotinic
cocrystal acid cocrystal

Figure 6. Solubility behavior of TLV and its cocrystals at pH 1.2
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Phase solubility studies

Phase solubility studies demonstrated that TLV
solubility increased with increasing amounts of
nicotinic acid, indicating the formation of soluble
drug-coformer complexes, and strong molecular
interactions were graphically illustrated in Figure
7. The linear profile further suggests stoichiometric
complexation (2:3), supporting TLV-nicotinic acid

cocrystal formation, while minor deviations at higher

concentrations likely reflect site saturation, consistent
with previous reports (Aitipamula et al., 2012; Vish-
weshwar et al., 2006). The positive slope indicates ef-
fective incorporation of TLV into the cocrystal lattice,
resulting in increased apparent solubility with rising
nicotinic acid concentration. The strong linear cor-
relation (R® = 0.95) confirms that this enhancement
is predictable and concentration-dependent, support-

ing the formation of a stable TLV-nicotinic acid co-

crystal.
0.01 y=1.65
R2=10.7545 .
. 0.008 o ¢
O .
ey
2 0.006 . .
(=]
g
2 0.004
E L ]
0.002
0 e
0 0.002 0.004 0.006
moles of Nicotinic acid

Figure 7. Phase solubility curve of TLV in nicotinic acid solution

In vitro dissolution of cocrystals

Pure TLV displayed very limited dissolution, with
only 16.43% release after 120 minutes. The TLV-caf-
feine cocrystal showed a moderate improvement,
reaching 36.65%, though the release plateaued early.
In comparison, the TLV-nicotinic acid (1:1) cocrys-
tal demonstrated superior performance, achieving
51.36% release, while the 2:3 cocrystal provided the
greatest enhancement, with 43.8% release within 10
minutes and 52.89% at 120 minutes, as shown in Fig-
ure 8. These findings confirm that cocrystallization
markedly improves TLV solubility, with nicotinic acid

(2:3) emerging as the most effective coformer ratio.
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Molecular docking was employed as a preliminary
screening approach to identify coformers capable of
forming favorable intermolecular interactions with
TLV. The progressive improvement in dissolution per-
formance observed for the nicotinic acid cocrystals is
consistent with the strong intermolecular interactions
predicted by molecular docking, which likely con-
tribute to altered crystal packing. Collectively, these
findings demonstrate that docking-guided coformer
selection provides a reliable qualitative framework,
with experimental dissolution studies thereby experi-
mentally substantiating the in silico-guided screening

process.
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Figure 8. Cumulative % release profiles of TLV and TLV cocrystals at pH 1.2

Evaluation of micromeritic properties

The pre-compression studies of TLV-nicotinic

acid cocrystal tablets (F4), as presented in Table 5, ex-

hibited higher bulk and tapped densities along with
excellent Carr’s index and angle of repose values, indi-
cating superior packing characteristics and good flow

properties.

Table 5. Pre-compression properties of TLV-nicotinic acid cocrystal tablet formulations (F4)

Observations
Sr. No. Evaluated factors Inference
(F4)
1. Tapped density (g/mL) 0.961 -
2. Bulk density (g/mL) 0.694 -
3. Carr’s Index (%) 2.1 Excellent
4. Hausner’s ratio 1.384 Passable
5. Angle of repose (°) 15.94 Excellent

Post compression evaluation

TLV-nicotinic acid cocrystal tablet formulations
for immediate-release application, ensuring faster
drug release and potentially improved bioavailability
of TLV, as presented in Table 6. Disintegration stud-
ies revealed that formulations F1 and F2 showed pro-
longed disintegration times (80 and 60 seconds, re-
spectively), which may hinder compliance with phar-
macopeial standards for immediate release tablets.
Formulation F3 demonstrated better performance
with a disintegration time of 40 seconds, whereas
F4 exhibited rapid disintegration within 20 seconds,
meeting the requirements for immediate-release. All
formulations maintained a consistent hardness of 4

kg/cm?, confirming adequate mechanical strength to

endure handling and packaging without affecting dis-
integration. Overall, F4 emerged as the most suitable
TLV-nicotinic acid cocrystal tablet formulation for
immediate-release application, ensuring faster drug
release and potentially improved bioavailability of
TLV presented in Table 6.

Table 6. Disintegration time and hardness of

TLV-nicotinic acid cocrystal tablets

Formulation Cod€ Disintegration Time Hardness
(in seconds) (kg/cm?)

(F1) 80 4

(F2) 60 4

(F3) 40 4

(F4) 20 4
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In vitro dissolution studies of TLV-nicotinic
acid cocrystal tablets using 0.1 N HCI

The dissolution profiles of TLV tablets, TLV-nico-
tinic acid cocrystal tablets (F4), and the marketed for-
mulation are shown in Figure 9. Pure TLV exhibited
poor dissolution, with <2% release after 120 minutes,

confirming its dissolution-limited bioavailability. In

contrast, the TLV-nicotinic acid cocrystal (2:3 ratio,
F4) showed markedly enhanced dissolution (~69%
in 60 minutes), attributed to strong hydrogen bond-
ing, reduced lattice energy, and improved wettability
from the hydrophilic coformer. The marketed tablet
achieved only ~19% release at 120 minutes, emphasiz-
ing that cocrystallization significantly enhances TLV

dissolution compared to conventional formulations.

—8— TLV formulated tablet
TLV-Nic acid cocrystal tablef (2:3
W ratio)
= marketed tablet(Natrise 15mg)
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Figure 9. Comparative dissolution profiles of TLV, TLV-nicotinic acid cocrystal tablet, and marketed tablet

Overall, the results clearly establish that cocrystal-
lization with nicotinic acid is an effective strategy for
enhancing the solubility and dissolution behavior of
TLV. Among the formulations studied, the 2:3 TLV-
nicotinic acid cocrystal (F4) demonstrated the most
favorable profile, and thus can be considered the opti-

mized formulation for further development.

The dissolution profiles of the TLV-nicotinic acid
cocrystal tablet (F4, 2:3) and the marketed tablet were
compared using the similarity factor (f,), a mod-
el-independent method recommended for dissolu-
tion profile evaluation. The f, value, calculated from
the percentage drug released at corresponding time
points, was 13.92, which is well below the acceptance
range of 50-100, indicating a pronounced dissimilar-
ity between the two dissolution profiles and confirm-
ing the superior release performance of the cocrystal

formulation.
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To further substantiate this difference, an unpaired
t-test was performed to statistically compare the dis-
solution performance of the TLV-nicotinic acid co-
crystal (F4) and the marketed tablet. The cocrystal
exhibited a significantly higher drug release (t = 15.39,
p < 0.0001), further confirming that the cocrystal for-
mulation exhibits substantially superior dissolution

performance compared with the marketed product.
CONCLUSION

Molecular docking served as a qualitative
pre-screening tool for coformer selection, with the
strong interactions predicted for nicotinic acid being
experimentally validated through successful cocrystal
formation and enhanced dissolution, particularly for
the TLV-nicotinic acid (2:3) system. Cocrystallization
markedly improved the solubility, dissolution, and
tablet performance of TLV, with the 2:3 cocrystal ex-

hibiting over threefold higher solubility and achieving
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69.46% drug release, outperforming other formula-
tions and the marketed product. Overall, this study
demonstrates that cocrystallization is an effective and
practical strategy to overcome solubility-limited bio-
availability and improve the oral delivery of poorly

water-soluble drugs.
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