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ABSTRACT

The present study focuses on the design space exploration, formulation, and evaluation of Trazodone
Hydrochloride nanocrystals to enhance its solubility, dissolution rate, and therapeutic efficacy. Nanocrystals were
prepared using the emulsion solvent diffusion method with sodium lauryl sulphate (SLS) as a stabilizer. A 32 full factorial
Design of Experiments (DOE) approach was employed to systematically optimize the formulation variables, namely
stabilizer concentration and sonication time, with particle size and polydispersity index (PDI) as critical quality
attributes.

A total of nine formulations were developed and evaluated. The optimized formulation exhibited a particle size of 247.3
nm and a PDI of 0.501, closely matching predicted values within +5% and demonstrating statistical significance. The
zeta potential (—23.8 mV) indicated good stability of the nanocrystals. Morphological analysis by SEM confirmed well-
defined particles, while DSC studies revealed a reduction in melting point, suggesting nanoscale effects. XRD analysis
confirmed the crystalline nature of the optimized formulation.

In vitro drug release studies demonstrated a sustained release profile with 91.20 + 0.78% drug release over 6 hours,
following the Higuchi kinetic model. Furthermore, in vivo antidepressant activity, evaluated using the forced swim test in
LPS-induced depression model in mice, showed a significant reduction in immobility time for the nanocrystal-treated
group compared to control and marketed formulations. Acute toxicity studies confirmed the safety of the formulation at
higher doses.

The enhanced performance of Trazodone nanocrystals is attributed to increased saturation solubility, improved
dissolution rate, and better systemic absorption. Overall, this study demonstrates that DOE-guided nanocrystal
formulation represents a promising strategy for improving the bioavailability and therapeutic effectiveness of Trazodone
Hydrochloride.
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GRAPHICAL ABSTRACT
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INTRODUCTION exploration of solubility enhancement strategies such as

Nanocrystals, tiny crystalline particles ranging from 100 to
1000 nanometers and derived from quantum dots, possess
unique physical and chemical properties due to their
single- or polycrystalline structures, enabling phenomena
such as efficient light emission in silicon and complex
melting behaviors when embedded in solids [1-12]; acting
as single-domain systems, they allow the study of intrinsic
material ~ properties  without  defects, and in
pharmaceuticals, they enhance drug performance by
improving bioavailability, reducing dosage, and enabling
controlled release through their specific particle size,
dissolution rate, and saturation solubility [5], addressing the
major challenge of poor aqueous solubility that affects
nearly 40% of new drug molecules, which has led to the

prodrugs, salt formation, co-solvents, cyclodextrins, co-
crystals, amorphous systems, and colloidal formulations
like SEDDS, SMEDDS, and SNEDDS, as approximately
90% of new chemical entities—classified as BCS Class I1
drugs—suffer from limited solubility in both aqueous and
organic media, where according to the Noyes—Whitney
law, dissolution velocity depends on saturation solubility,
and bioavailability can be improved primarily by
increasing saturation solubility or enhancing dissolution
velocity [6-12].

MATERIALS AND METHODS
Trazodone Hydrochloride was obtained from Strides
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Pharma Science Ltd. SLS, KH:PO., and NaOH were
procured from HiMedia, NICE Chemicals, and
Lobachemie, respectively. Methanol and ethanol were
from Fine Chem Ltd., and LPS from Sigma-Aldrich, USA.
All chemicals were analytical grade and used without
further purification.

METHODS

Preformulation Studies

Preformulation studies are the initial step in the rational
design of dosage forms, involving the evaluation of
physicochemical properties of the drug alone and with
excipients. These studies help in developing stable and
effective formulations. The primary objective is to
determine essential physicochemical characteristics of the
drug substance [13].Melting Point Determination

The melting point of the drug was determined using a
Thiele’s tube apparatus and compared with the reported
literature value [14].

ANALYTICAL METHODS

Preparation of Phosphate Buffer (pH 6.8)

Phosphate buffer (pH 6.8) was prepared by dissolving 6.8
g of potassium dihydrogen orthophosphate (KH-PO.) and
0.68 g of sodium hydroxide (NaOH) in approximately 800
mL of distilled water with continuous stirring until
complete dissolution. The solution was then transferred to
a 1 L volumetric flask, and the volume was adjusted to
1000 mL with distilled water.

The pH of the solution was measured using a calibrated
pH meter and adjusted to 6.8 by the dropwise addition of
either 0.1 M hydrochloric acid (HCI) or 0.1 M sodium
hydroxide (NaOH) as required. The buffer solution was

mixed thoroughly and stored in a clean, airtight container
at 4°C for further use. [14]

Determination of Amax of Trazodone Hydrochloride

A solution of Trazodone Hydrochloride (5 pg/mL) was
prepared in phosphate buffer (pH 6.8) and scanned using a
UV-Visible spectrophotometer in the wavelength range of
200-600 nm. The drug exhibited a maximum absorbance
(Amax) at 246 nm, which was selected for further
analytical studies.

Preparation of Calibration Curve

An accurately weighed quantity (100 mg) of Trazodone
Hydrochloride was dissolved in 100 mL of phosphate
buffer (pH 6.8) to obtain Stock Solution I (1000 pg/mL).
This was further diluted to prepare Stock Solution IT (100
pg/mL). Aliquots were taken and diluted to obtain
concentrations of 5-35 ug/mL. The absorbance was
measured at 246 nm using a UV-Visible
spectrophotometer, and a calibration curve was plotted
between concentration and absorbance.

Optimization by
Approach

Optimization of Trazodone Hydrochloride nanocrystals
was carried out using a 32 factorial Design of Experiments
(DoE) approach with Design Expert® software. Stabilizer
concentration and sonication time were selected as
independent  variables, while particle size and
polydispersity index (PDI) were considered as responses.
Response Surface Methodology (RSM) was applied to
evaluate the effects and interactions of variables using a
second-order  polynomial  equation  [15,16,40,49].

Design of Experiments (DoE)

Table 1: 32 Factorial design variables for Trazodone Hydrochloride nanocrystals: coded levels and actual values for each

factor.
Type Code Variables -1 0 +1
(Low (Medium (High Level)
Level) Level)
Independent Variable A Trazodone 1:1 1:2 1:3
Hydrochloride: SLS
Ratio (w/w)
Independent Variable B Sonication Time (min) 10 20 30
Dependent Variable Y Particle Size (nm)
Dependent Variable Y- Polydispersity Index
(PDI)
Table 2: DOE Formulation Design Matrix for Trazodone Nanocrystals
Parameter 1 2 3 4 5 6 7 8 9
Factor A: Stabilizer Concentration(mg) | 0 | +1 | -1 | +1 0 +1 0 -1 | -1
Factor B: Sonication Time (min) 0| +1 | -1 0 +1 | -1 | -1 | +1 0

Formulation of Trazodone Hydrochloride Nanocrystals
Trazodone Hydrochloride nanocrystals were prepared
using the emulsion solvent diffusion method. Sodium
lauryl sulphate (SLS) was used as a stabilizer to prevent
aggregation and ensure uniform dispersion of
nanocrystals.

Briefly, the drug was dissolved in a suitable polar organic
solvent to form the organic phase. This solution was then

added dropwise into an aqueous phase containing SLS at a
controlled rate of 2 mL/min under continuous stirring
using a propeller mixer at 1400 rpm.

The resulting dispersion was immediately centrifuged at
10,000 rpm for 10 minutes at 4°C, and the obtained
residue was redispersed in distilled water. The dispersion
was further subjected to probe sonication for different time
intervals as per the experimental design. Finally, the
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nanosuspension was lyophilized to obtain dry nanocrystals
[17-20].

Freeze-Drying of Nanocrystals

Nanocrystals are prone to instability issues such as
aggregation and fusion during storage in liquid media.
Freeze-drying was employed to overcome these
limitations and enhance formulation stability.

The nanocrystalline dispersion was rapidly frozen at
—40°C and lyophilized under vacuum for approximately
24 hours using a freeze dryer. This process improves the
stability, handling, and shelf-life of the formulation
[21,22].

Particle Size Analysis

Particle size was determined by dynamic light scattering
(DLS) using a Malvern Zetasizer. Measurements were carried
out at 25.0 = 0.1°C with a scattering angle of 90° using a
vertically polarized argon-ion laser (40 mW). The technique is
based on the principle that particles scatter light at angles
inversely proportional to their size. Smaller particles scatter
light at wider angles with lower intensity, whereas larger
particles scatter at narrower angles with higher intensity [23].

Zeta Potential Analysis

Zeta potential was measured using a Malvern Zetasizer to
evaluate the stability of nanocrystals. It reflects the electrostatic
repulsion between particles, which determines aggregation
behavior. Higher absolute zeta potential values indicate better
stability of the nanosuspension [24].

Polydispersity Index (PDI)

The polydispersity index (PDI) was obtained from DLS
measurements using cumulant analysis. It indicates the width
of particle size distribution. Values below 0.05 represent highly
monodisperse systems, while values above 0.7 indicate broad
size distribution and poor suitability for DLS analysis [25]

Drug Content

Approximately 2 mg of nanocrystals were dispersed in 5 mL
of phosphate buffer and vortexed for 15 minutes. The solution
was centrifuged at 5000 rpm for 30 minutes, and the
supernatant was analyzed using a UV spectrophotometer at 246
nm. Drug content was calculated using standard calibration
data [26-28].

In Vitro Drug Release Study

In vitro drug release was performed using USP dissolution
apparatus II (basket type). The study was conducted in 900 mL
phosphate buffer (pH 6.8) at 37 + 0.5°C and 50 rpm. Samples
(5 mL) were withdrawn at predetermined intervals and
replaced with fresh dissolution medium. The samples were
analyzed at 246 nm using a UV spectrophotometer, and
cumulative drug release was calculated [29-32].

Kinetic Modeling of Drug Release

Drug release data were analyzed using various Kkinetic
models:

e Zero-order model: Cumulative % drug release vs time
o First-order model: Log % drug remaining vs time

e Higuchi model: Cumulative % drug release vs \time

e Korsmeyer—Peppas model: Log % drug release vs log
time

These models help to determine the release mechanism and

rate kinetics [33-36].

Differential Scanning Calorimetry (DSC)

DSC analysis was performed using a Shimadzu DSC-60 to
determine the thermal behavior of the drug and formulation.
Samples were sealed in aluminum pans and heated at a rate of
20°C/min under nitrogen atmosphere. The instrument was
calibrated using indium as a standard [37].

X-Ray Diffraction (XRD) Analysis

XRD studies were carried out to determine the crystalline
nature of the drug and nanocrystals. The technique involves
diffraction of X-rays by crystal lattices, and the resulting
patterns provide information about crystallinity and phase
identification [38].

Scanning Electron Microscopy (SEM)

Surface morphology of nanocrystals was analyzed using SEM
(Hitachi SU 3500) at an accelerating voltage of 10 kV. Samples
were mounted on stubs using double-sided carbon tape and
observed at various magnifications to evaluate particle shape
and surface characteristics [39-42].

Stability Studies

Stability studies of the optimized formulation were conducted
according to ICH guidelines. Samples were stored in glass vials
at room temperature for 30 days, and evaluated periodically for
physical stability [43-45].

In Vivo Antidepressant Activity

Acute Oral Toxicity Study

An acute oral toxicity study was performed in mice
according to OECD guideline 423. Animals were divided
into control and treated groups. After overnight fasting, a
single oral dose of 2000 mg/kg of Trazodone nanocrystal
suspension was administered to the treated group.

The animals were observed for 48 hours for any
immediate signs of toxicity and further monitored for 14
days. No mortality or abnormal behavioral changes were
observed, indicating the safety of the formulation [46].

LPS-Induced Depression Model

The antidepressant activity was evaluated using a
lipopolysaccharide (LPS)-induced depression model in
Swiss albino mice. The animals were randomly divided
into six groups, each containing six animals.

All groups except the normal control received LPS (500
pg/kg, i.p.) on alternate days for 7 days to induce
depressive  behavior. Treatment was administered
accordingly during this period. A pretest was conducted on
day 8, followed by behavioral assessment on day 9 [47-
52].

Swiss albino mice were randomly divided into six groups,
each containing six animals, and treated for seven days.

e Group I (Normal Control): Received vehicle (10
mL/kg, p.o.)
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e Group II (Inducer Control): Received LPS (500 ng/kg,
ip.)

e Group III (Standard Control): Received unprocessed
Trazodone (10 mg/kg, p.o.) + LPS

e Group IV (Marketed Control): Received marketed
Trazodone tablet (Trazonil 50 mg) (10 mg/kg, p.o.) +
LPS

e Group V (Treatment Low Dose): Received
nanosuspension of Trazodone nanocrystals (NS-TNC)
(6 mg/kg, p.o.) + LPS

e Group VI (Treatment High Dose): Received
nanosuspension of Trazodone nanocrystals (NS-TNC)
(12 mg/kg, p.o.) + LPS

All groups, except the normal control, were administered
LPS (500 pg/kg, i.p.) on alternate days for 7 days to
induce depressive behavior. A pretest was conducted on
day 8, followed by behavioral evaluation on day 9.

Forced Swim Test (FST)

The Forced Swim Test (FST), also known as Porsolt’s test,
was performed to evaluate antidepressant activity. Mice
were individually placed in a transparent glass cylinder
(50 x 21 x 21 cm) filled with water to a depth of 35 cm,
maintained at 25 4+ 2°C. Fresh water was used for each test
to avoid contamination effects.

Each animal was observed for 6 minutes, during which
immobility time and swimming activity were recorded.
Immobility was defined as the absence of active escape-
oriented behaviors, indicating a state of behavioral despair.
Swimming activity was considered when the animals
exhibited active limb movements in a paddling manner.

After completion of the test, the animals were removed
from the water, gently dried, and placed in a separate cage
[53-60].

RESULTS AND DISCUSSION

The melting point of Trazodone Hydrochloride was found
to be 227°C, which closely matches the reported value,
confirming the purity and crystalline nature of the drug. A
sharp melting range indicates minimal impurities, while
deviations generally suggest contamination or amorphous
content [61-63]. Additionally, melting point analysis
reflects the solid-state characteristics and crystallinity,
indicating that the drug exists in a stable crystalline form
suitable for formulation development [64—66].

UV spectroscopic analysis showed a Amax at 246 nm,
consistent with literature, ensuring accurate drug
estimation [67-69]. The calibration curve demonstrated a
linear relationship (5-35 pg/mL), confirming adherence to
Beer—Lambert’s law and suitability for quantitative
analysis [70-72]. The method exhibited good
reproducibility and reliability, making it appropriate for
routine analysis [73-75].

FTIR studies confirmed the presence of characteristic
functional groups of Trazodone Hydrochloride and SLS,
with no significant peak shifts in the physical mixture,
indicating absence of drug—excipient interaction and good
compatibility [76—87].

DOE-based optimization revealed that sonication time
significantly influenced particle size, while stabilizer
concentration played a secondary role [88-93]. The
quadratic model showed strong statistical validity with
high R? values and non-significant lack of fit, confirming
model reliability [94-96]. PDI analysis indicated that
process parameters significantly affected particle
uniformity, with lower wvalues reflecting better
homogeneity [97-99].

The optimized formulation exhibited acceptable particle
size and PDI, demonstrating that balanced optimization of
formulation and process variables is essential for stable
nanocrystal development [100-102].

Table 3: 32 Factorial randomized quadratic design experimental batches with results of particle size (nm) and

Polydispersity index.
Run Factor A: Stabilizer Factor B: Sonication Particle Size Polydispersity Index

Concentration (w/w) Time (min) (nm) (PDI)

1 1:2 10 205.0 0.254
2 1:2 20 2132 0.657
3 1:1 20 184.1 0.236
4 1:3 10 2473 0.501
5 1:1 10 252.4 0.465
6 1:1 30 197.2 0.512
7 1:3 20 259.2 0.079
8 1:2 30 186.0 0.262
9 1:1 30 208.3 0.365
Optimized 1:3 30 247.3 0.501
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Figure 1a: Contour plot showing the effect of stabilizer concentration and sonication time on particle size (nm) of Trazodone
Hydrochloride nanocrystals. Three-dimensional (3D) surface plot illustrating the influence of stabilizer concentration and
sonication time on particle size (nm) of Trazodone Hydrochloride nanocrystals.
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Figure 1b. Contour plot showing the effect of stabilizer concentration and sonication time on polydispersity index (PDI) of
Trazodone Hydrochloride nanocrystals. Three-dimensional (3D) surface plot illustrating the influence of stabilizer concentration
and sonication time on polydispersity index (PDI) of Trazodone Hydrochloride nanocrystals.

The contour and three-dimensional (3D) surface plots shown in
Figure la and Figure 1b illustrate the combined influence of
stabilizer concentration and sonication time on particle size and
polydispersity index (PDI) of Trazodone Hydrochloride
nanocrystals. The particle size plots (Figure 1) indicate that
increasing sonication time significantly reduces particle size
due to enhanced cavitation and shear forces, while stabilizer
concentration helps prevent aggregation and maintain
nanoscale dimensions [103—106]. However, excessive
processing may lead to slight particle growth due to re-
aggregation.

Similarly, the PDI plots (Figure 2) demonstrate that optimal
levels of both variables result in lower PDI values, indicating a

more uniform particle size distribution. The curved surfaces in
the 3D plots confirm a non-linear interaction between variables,
supporting the suitability of the quadratic model [107-110].

Scanning Electron Microscopy (SEM) was used to examine the
surface morphology of the optimized Trazodone

Hydrochloride nanocrystals. The SEM images in Figure 2
showed well-defined and discrete particles with sizes
comparable to those obtained from dynamic light scattering,
indicating good agreement between analytical techniques. The
particles appeared nearly spherical to slightly irregular with
smooth surfaces, suggesting effective stabilization by sodium
lauryl sulphate and minimal aggregation, which is essential for
enhanced dissolution and stability [111-113].

ax

.

Figure 2. SiElectron Microscopy (S) iniégé of o

ptimized Trazodone Hyrchloride nanocrystls showing
surface morphology and particle size distribution.
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Differential Scanning Calorimetry (DSC) analysis of the pure
drug exhibited a sharp endothermic peak at 258.32°C,
confirming its crystalline nature. In the optimized nanocrystals,
a shift in melting point to 250.30°C was observed. This
reduction is attributed to particle size reduction and increased
surface area, a known phenomenon in nanoscale systems,
while retaining the crystalline structure [114-116].

Powder X-ray Diffraction (XRD) analysis further supported
these findings, showing distinct and intense diffraction peaks in

the optimized formulation similar to the pure drug. Minor
variations in peak intensity may be due to nanoscale effects.
These results confirm that the drug remains crystalline after
nanocrystal formation [117-119].

The in vitro drug release profile of Trazodone Hydrochloride
nanocrystals (F1-F9) in phosphate buffer pH 6.8, exhibited
sustained release with a maximum of 91.20 + 0.78% over 6
hours. Enhanced dissolution is attributed to reduced particle
size and increased surface area, improving drug release.

F1-F9 %Cumulative drug release

—— | -2 F3 =

*

I I ——| ——| —— |

Figure 3: Cumulative % drug release of Nanocrystals Formulations (F1-F9)

The release kinetics of Trazodone Hydrochloride nanocrystals
(F1-F9) were analyzed using various models, and the results
are presented in Table 18. Among all models, the Higuchi
model exhibited the highest R? values, indicating that drug
release  predominantly follows a  diffusion-controlled
mechanism. The Korsmeyer—Peppas model showed ‘n’ values
ranging from 0.38 to 0.71, suggesting Fickian to anomalous
(non-Fickian) diffusion behavior. The zero-order and first-order
models showed comparatively lower correlation coefficients,
indicating less suitability. Overall, the findings confirm that
drug release from nanocrystals is mainly governed by diffusion
through the matrix, ensuring sustained release characteristics.

The acute oral toxicity study was conducted as per OECD 423
guidelines, where mice administered with Trazodone
nanocrystals at a dose of 2000 mg/kg showed no mortality or

150+

Sw lmming time in (secs)

signs of toxicity during the 14-day observation period,
indicating that the LDso is greater than 2000 mg/kg, confirming
the safety of the formulation.

The antidepressant activity was evaluated using the LPS-
induced depression model and forced swim test (FST). The
LPS-treated group showed a significant increase in immobility
time (119.8 + 7.67 sec), indicating depressive behavior.
Treatment with Trazodone nanocrystals significantly reduced
immobility time (83.33 + 4.82 sec) compared to the LPS group,
demonstrating antidepressant activity. The effect was superior
to the marketed (92.67 & 2.80 sec) and pure drug (94.83 +3.71
sec) groups. Additionally, increased swimming time in treated
groups indicated improved behavioral response shown in
Figure 4.

. B G1 Nomal controk 10mikg)

3 G2 LPS (500 pghg)

B3 G3 Unprocessed Trazdone| 10makg)+LPS
B3 G4 Marketed Trazodone( 10mghg+LPS
&3 G5 NS-TNC (Low dose 6mghg)+ LPS
3 GENS-TNC (High dose 12makgLPS
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Figure 4. Effect of Trazodone Hydrochloride nanocrystals on forced swim test (FST) parameters, showing immobility time (sec)
and swimming time (sec) in LPS-induced depressive mice model.

CONCLUSION

The present study successfully developed and optimized
Trazodone Hydrochloride nanocrystals using the emulsion
solvent diffusion method with sodium lauryl sulphate as a
stabilizer. The application of a 3* factorial Design of
Experiments enabled systematic optimization of formulation
variables, resulting in nanocrystals with desirable particle size
and polydispersity index. Characterization studies, including
SEM, DSC, and XRD, confirmed appropriate morphology,
reduced melting point due to nanoscale size, and retention of
crystalline nature.

The optimized formulation demonstrated enhanced in vitro
drug release with sustained release behavior, primarily
following the Higuchi model with non-Fickian diffusion.
Improved dissolution and saturation solubility suggest
enhanced bioavailability. Furthermore, in vivo studies using the
forced swim test confirmed significant antidepressant activity,
with reduced immobility time in treated animals.
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