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ABSTRACT

Objective: This study focuses on improving the delivery of Piribedil, a poorly soluble drug, to the brain through the nasal route using a
nanosuspension in a nasal in-situ gel.

Methods: The nanosuspension was prepared using the sonoprecipitation method. Quality-by-Design (QbD) principles were used to optimize both
the formulation and process parameters. The optimal process parameters were determined as sonication time (7.09 min), sonication amplitude
(83.44%), and infusion rate (2.41 ml/min) with a desirability value of 0.970.

Results: The nanosuspension exhibited an average particle size ranging from 46.7 nm to 50.1 nm, and polydispersity index values between 0.393
and 0.425. Zeta potential values ranged from-33.78+1.86 mV to-35.06+2.12 mV, indicating favorable stability. FTIR studies revealed molecular
interactions between Piribedil and stabilizers. XRPD and DSC analyses showed the transition from a crystalline to an amorphous state in the
nanosuspension. Dissolution studies demonstrated significantly accelerated dissolution for the Piribedil nanosuspension, attributed to its nanosize
and improved wettability. Stability assessments confirmed the robustness of the nanosuspension.

Conclusion: This innovative approach offers potential solutions for drug solubility challenges and blood-brain barrier penetration, holding promise

for effective brain-targeted treatments.
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INTRODUCTION

Dealing with disorders affecting the central nervous system (CNS)
poses significant challenges due to the intricate nature of the blood-
brain barrier (BBB). The BBB's complex structure creates
formidable barriers that hinder the effective delivery of drugs to the
CNS. This impediment significantly limits the success of therapeutic
interventions for CNS-related conditions. Poor penetration of the
BBB remains a substantial obstacle to the approval of over 90% of
drugs targeting the CNS [1, 2]. Various methods have been explored
to improve brain drug delivery, including invasive procedures like
injecting drugs directly into the brain’s ventricles or using implanted
devices, each with its effectiveness and risks [3, 4]. Hence, there is a
requirement for innovative drug delivery strategies capable of
crossing the BBB without causing harm to brain cells, and this is
where nanomedicine comes into play. Intranasal administration
holds promise for CNS drug delivery [5, 6].

Nanosuspensions are a well-established method for producing
nanoparticles, with their impact on improving the dissolution of
drugs with poor water solubility has been extensively investigated
in research [7]. Achieving effective intranasal drug delivery requires
maintaining the drug within the nasal cavity for sufficient
absorption while preventing dripping or reaching the throat [8]. To
meet this requirement, nanoparticles have been integrated into
mucoadhesive formulations, effectively combining the benefits of
their nanoscale size with the ability to precisely target and adhere
within the nasal cavity [9]. Numerous studies have documented the
successful intranasal administration of nanosuspensions. For
instance, Saindane et al. developed an in-situ gel containing a
carvedilol-containing nanosuspension, while Hao et al. created a
nanosuspension of resveratrol for brain delivery [10, 11].
Furthermore, meloxicam nanosuspensions have been introduced
both in powder form and as sprays based on hyaluronate for
systemic delivery [12, 13].

Piribedil functions as a dopamine agonist, effectively stimulating
dopamine receptors in both the brain and peripheral dopaminergic
pathways [14]. It's utilized to treat parkinson’s disease and is available

as a 50 mg prolonged-release tablet [15]. However, its oral
bioavailability remains under 10% with a brief elimination half-life of
2 h. As aresult, the drug is currently prescribed 2-5 times daily, up to
the highest permissible dosage is 250 mg per day [16]. Research
spanning two decades has highlighted its ability not only to enhance
motor symptoms but also to improve non-motor symptoms such as
apathy and cognitive impairment. This improved attention to Piribedil
suggests its potential for increased clinical application in the future
[17-19]. Numerous approaches have been investigated to enhance the
solubility of Piribedil, including the utilization of micelles [20], the
development of solid lipid micro and nanoparticles [21], and the
creation of hybrid nanoparticles using lecithin and chitosan [22].

Over the past decade, nanosuspensions of drug nanocrystals have
evolved as a favorable method to enhance the solubility of
hydrophobic drugs [23]. Their main benefit lies in augmenting
bioavailability through the reduction of particle size and the
amplification of the specific surface area of the particles. Furthermore,
these formulations offer additional benefits, including consistent
performance in fasted/fed states and easy administration [24-26].

The characteristics of drug particles in the nanosuspension can be
tailored to adapt to changes in the digestive environment, including
pH, polymer compositions, surface-active agents, ionic strength,
enzymatic activities, and gastrointestinal motility during absorption
[27]. Additionally, they can be surface-modified to selectively adsorb
blood proteins, targeting specific sites like the brain or bone marrow
[28]. To maintain stability, nanosuspensions require a third
component known as a stabilizer, such as a surfactant and/or
polymer. Electrostatic and steric stabilizers play a crucial role in
preventing particle aggregation. Combining these mechanisms is
often referred to as "electrosteric stabilization," achieved through
stabilizers containing both polymeric chains and charged groups or
by combining non-ionic polymers and anionic surfactants [29]. This
choice of stabilizers and their concentrations significantly influences
particle size and the kinetics of size reduction [30]. The pursuit of
achieving a stable particle size with diverse stabilizers and process
parameters can be a complex endeavor [31-33].
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The quality of pharmaceutical formulations depends on critical
variables such as the active pharmaceutical ingredient (API),
excipients, their concentrations, and the manufacturing process.
QbD approaches involve predicting and achieving formulation
quality by controlling relevant parameters and reducing the wastage
of excipients inherent in trial-and-error approaches. Successful QbD
application necessitates the comprehensive study of formulation
variables and their interactions [34, 35].

Applying QbD to nanosuspension formation involves statistical
experimental designs to analyze formulation parameter interactions.
Statistical design efficiently overcomes the challenge of balancing
variable formulation and process parameters. This method
systematically investigates factor effects, yielding precise information
with fewer experiments than studying factors individually [36]. The
relationship between multiple variables and the corresponding
responses was analyzed using response surface methodology (RSM).
Statistical analysis, such as two-way Analysis of Variance (ANOVA),
was employed to assess the significance of the generated parameters
on the variables. A desirability function integrates responses into a
single variable to predict optimal levels for independent variables.
Desirability values span from 0 (representing an undesirable
outcome) to 1 (reflecting the most favorable outcome) [37].

Using the QbD approach for nanosuspension formulation optimizes
formulation and process parameters based on critical response
parameters. The QbD approach for nanosuspension formation
involves three steps: selecting suitable stabilizers and
manufacturing processes, defining Critical Quality Attributes (CQAs),
and establishing a Design Space. This study employed the QbD
approach to develop stable Piribedil nanosuspensions using a
sonication-assisted  precipitation = method.  Following the
optimization of the process, the subsequent step involved crafting
nasal formulations by incorporating the pre-dispersions and sodium
hyaluronate as a mucoadhesive agent.

MATERIALS AND METHODS
Materials

Piribedil was provided as a gift sample by Enomark Healthcare Pvt.
Ltd., Dhamatwan, Gujarat, India. Poly (D, L-lactide-co-glycolide) was
kindly supplied by DKC Hyderabad, India. The source of hyaluronic
acid was Krishna Enterprises, New Delhi, India. Egg Yolk Lecithin
Powder was procured from Gangwal Chemicals Pvt. Ltd, Mumbali,
India. Analytical grade chemicals and solvents were exclusively
employed for all supplementary experiments.

Methods
Nanosuspension preparation

The sonoprecipitation method was employed to create the
nanosuspension of Piribedil, using a well-established procedure from
previous studies [38]. Initially, Piribedil was completely dissolved in
ethano], resulting in a concentrated drug solution of approximately 10
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mg/ml. The selected stabilizers were dissolved in triple distilled water.
This solvent-antisolvent mixture was combined using a 22-gauge
syringe and stirred continuously at 800 revolutions per minute (rpm)
on a magnetic stirrer (REMI 1ML, Q-19) to induce drug precipitation.
To further control particle growth under optimal conditions, the
resulting suspension was subjected to sonication using a Probe
sonicator (Vibra cell VCX 750 system, Sonics and Materials Inc.).
During ultra-sonication, the ultrasound burst was set to 6 seconds on
and 3 seconds off with 80% amplitude. After sonication, the
nanosuspension was placed on a magnetic stirrer at 800 rpm for 3 h to
ensure complete solvent evaporation. Subsequently, the prepared
Piribedil nanosuspension was freeze-dried using a Lyodel Laboratory
Scale Freeze Dryer (FD-01, Delvac Pumps Pvt Ltd.) at a temperature
of-54 °C under vacuum conditions. The final product was stored in an
airtight container to ensure long-term preservation.

Optimization of formulation and process variables
Identification of critical quality attributes

Based on initial experimentation and existing scientific literature,
critical quality attributes were identified, including particle size
distribution, zeta potential, and practical yield [31]. The research
underscored the significance of formulation variables like surfactant
and polymer concentrations, as well as the solvent-to-antisolvent
ratio. Additionally, the nanosuspension's characteristics were
influenced by process variables like sonication time, amplitude, and
infusion rate. Notably, these formulation and process variables were
found to interact significantly. Given the complexity of optimizing
multiple variables, the study adopted two separate designs of
experiment approaches to streamline the optimization process for
both formulation and process variables.

Experimental design for optimization of process parameters

The study identified three crucial factors, namely sonication time
(A), sonication amplitude (B), and infusion rate (C), as having a
significant influence on particle size (Y1), PDI (Y2), and zeta
potential (Y3). Initial experiments were conducted to establish the
suitable ranges for A, B, and C, as outlined in table 1. To
comprehensively investigate how each independent formulation
variable affects the response variables, we adopted a Box-Wilson
Central Composite Design (CCD). This experimental design,
encompassing three factors and five levels, was chosen for its
suitability in evaluating quadratic response surfaces and developing
second-order polynomial models for each corresponding response.
The CCD incorporates a foundational factorial or fractional factorial
design, supplemented by additional 'star points' to account for
curvature [39]. The practical implementation of the experimental
design and subsequent data analysis was facilitated using Stat-ease
Design Expert® software V13.0.5.0. The designated experimental
runs were conducted according to the design's specifications, with
the obtained results inputted into the design for further analysis.
The outcomes are detailed in table 2, and various statistical
parameters were employed to analyze the responses.

Table 1: CCD-process variables and formulation with their levels

Process variables Levels

-a -1 0 +1 +a
A-Sonication time 2.63 4 6 8 9.36
B-Sonication amplitude 33 50 75 100 117
C-Infusion rate 1.31 2 3 4 4.68
Response parameters Objective
Y1-Particle size Minimize
Y2-PDI Minimize
Y3-Zeta potential Maximise
Formulation variables Levels

-a -1 0 +1 +a
A-Concentration of surfactant 0.33 0.5 0.75 1 1.17
B-Concentration of polymer 0.06 0.3 0.65 1 1.24
C-Solvent to antisolvent ratio 3.18 10 20 30 36.81
Response parameters Objective
R1-Particle size Minimize
R2-Zeta potential Maximise
R3-Practical yield Maximise
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Table 2: The outcome of the experiments-optimization of process variables

Trial Factors Responses
A B C Y1 Y2 Y3

Predicted Actual Predicted Actual Predicted Actual
1 9.36 75 3 198.19 194.58 0.4666 0.457 -29.92 -29.56
2 4 50 4 514.45 514.78 0.7384 0.732 -21.14 -21.56
3 8 50 4 375.43 376.54 0.5159 0.526 -22.9 -22.87
4 6 75 3 106.29 103.56 0.3686 0.352 -29.65 -29.72
5 6 75 3 106.29 107.92 0.3686 0.364 -29.65 -30.19
6 6 75 3 106.29 101.56 0.3686 0.337 -29.65 -30.12
7 6 75 3 106.29 108.91 0.3686 0.398 -29.65 -28.76
8 8 100 4 83.49 86.38 0.3787 0.372 -27.73 -27.89
9 4 100 4 189.93 192.46 0.4503 0.446 -25.96 -26.12
10 8 50 2 247.92 249.54 0.4259 0.432 -28.82 -29.54
11 4 50 2 387.57 388.83 0.7045 0.713 -27.06 -26.78
12 4 100 2 269.78 272.82 0.4843 0.476 -28.44 -28.75
13 8 100 2 162.72 166.54 0.3568 0.365 -30.2 -30.27
14 6 75 3 106.29 111.12 0.3686 0.389 -29.65 -29.33
15 6 32.95 3 437.35 436.78 0.6380 0.628 -19.43 -19.12
16 6 75 4.68 260.4 258.32 0.4188 0.424 -26.12 -25.56
17 6 75 3 106.29 105.66 0.3686 0.372 -29.65 -30.52
18 6 117.04 3 92.83 87.53 0.3375 0.345 -24.65 -24.42
19 6 75 1.32 220.33 216.54 0.3718 0.364 -33.18 -32.56
20 2.64 75 3 405.13 402.87 0.7609 0.768 -26.96 -26.78

Experimental design for optimization of formulation parameters

Surfactant concentration (A), polymer concentration (B), and
solvent-to-antisolvent ratio (C) were identified as crucial factors that
impact particle size (R1), zeta potential (R2), and practical yield
percentage (R3). The specified ranges for these critical variables
were determined based on preliminary experiments, outlined in
table 1. To thoroughly evaluate the influence of each independent
formulation variable on the response variables, we opted for a Box-
Wilson CCD characterized by three factors and five levels. The
outcomes are detailed in table 3, and various statistical parameters
were employed to analyze the responses.

Statistical treatment of obtained results

We utilized RSM to investigate how both formulation and process
variables affected their respective response parameters. The
outcomes derived from the trial experiments underwent statistical
scrutiny via ANOVA. To visualize the influence of variables on
response parameters, perturbation, response surface, and contour
plots were employed. The quadratic influence of all variables on
each response parameter was characterized using a polynomial
prediction model [40]. The general polynomial equation, as depicted
in Equation 1, serves as a representative illustration.

Y= BO + lel + BZXZ + B3X3 + BlZX1X2 + Bl3X1X3 + BZSX2X3

Defining optimum levels of variables

The numerical optimization technique was employed to determine
the optimal settings for each independent variable, ensuring the
desired responses through the utilization of desirability values.

Verification of the optimum levels-Confirmation experiments

To validate the reliability of both designs, confirmation experiments
were carried out using the determined optimal settings from each
design. The prepared Piribedil nanosuspension was freeze-dried ata
temperature of-54 °C under vacuum conditions. After preparation,
the final product was carefully stored in an air-tight container to
ensure its long-term preservation.

Characterization and evaluation of piribedil nanosuspension
Measurement of particle size distribution and zeta potential

The dynamic light scattering (DLS) technique was utilized to
ascertain the particle size distribution of the nanosuspension. This
technique provides valuable insights into the distribution of particle
sizes in the sample. The nanosuspension was appropriately diluted

to ensure an optimal scattering intensity for accurate
measurements. The key parameters, such as mean particle size and
PDI were extracted from the analysis. Zeta potential, reflecting the
electric potential on a particle's surface, serves as an indicator of
colloidal system stability. The velocity of particle movement under
the electric field (electrophoretic mobility) was measured. The
measurement process was repeated multiple times to ensure
accuracy and consistency.

Particle morphology
Inverse phase microscopy

This technique allows for visualizing and studying the nanosuspension
samples. The Piribedil nanosuspension samples were appropriately
prepared, ensuring they were well-dispersed. The nanosuspension
samples were observed using the inverse phase microscopy technique.
The preliminary characterization involved observing the dispersion of
nanosized particles, potential aggregation, and the overall visual
appearance of the nanosuspension.

Transmission Electron Microscopy (TEM)

TEM, a potent technique, facilitates the high-resolution imaging of
nanoscale structures. The TEM instrument captures high-resolution
images that offer intricate insights into the size, shape, and
distribution of nanoparticles within the nanosuspension. A small
drop of the Piribedil nanosuspension is placed onto a TEM grid and
multiple images are captured from various areas of the grid to
ensure representative sampling and to account for any
heterogeneity in the sample. The captured TEM images are analyzed
using appropriate software to measure particle sizes, observe their
morphology, and assess their dispersion. Samples analyzed at
45000x intensification using transmission electron microscopy [30].

FTIR spectroscopy

FTIR spectroscopy is a method employed to identify and analyze
specific chemical functional groups within a sample by detecting
their distinctive absorption bands in the infrared region of the
electromagnetic spectrum. FTIR spectra were recorded for Piribedil,
Poly (lactic-co-glycolic acid; PLGA) 50:50, egg lecithin, and the
Piribedil nanosuspension. The FTIR spectra obtained from the
samples were analyzed to identify characteristic absorption bands
associated with specific functional groups present in Piribedil and
any other components in the nanosuspension.

Thermal analysis

Differential scanning calorimetry (DSC) was utilized for the thermal
analysis of Piribedil, PLGA 50:50, egg lecithin, and the Piribedil
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nanosuspension. The instrument was calibrated using standard
reference materials. The sample, securely placed in a tightly closed
standard aluminum pan, was subjected to a controlled temperature
increase from ambient temperature (30 °C) to a predetermined
upper-temperature limit (400 °C), at a uniform rate (10 °C/min).
The observed heat flow changes were recorded to detect thermal
transitions, such as melting points and crystallization, providing
insights into the thermal behavior of the sample.

X-ray powder diffraction studies (XRD)

Powder XRD patterns of both plain Piribedil and Piribedil
nanosuspension powder were captured and analyzed. The powder
samples were subjected to scanning within a 28 range of 10 to 60° at
a scanning rate of 10°/min. As the X-rays interacted with the
sample's crystalline structure, they underwent diffraction,
producing a diffraction pattern. The resulting pattern provided
information about the sample's crystallographic arrangement and
the spacing of its lattice planes. The diffraction data were analyzed
to identify the crystal phases present in the sample and to determine
characteristics like crystal size and lattice parameters.

Saturation solubility of piribedil

Saturation solubility, defined as the maximum concentration of a
drug that can dissolve in a given solvent under equilibrium, was
determined by introducing an excess amount of Piribedil, its
physical mixture, and nanosuspension into 5 ml of water or
phosphate buffer solution (PBS) at pH 7.4 and 25 °C. After filtration,
the drug concentrations in the filtrates were measured using a UV
spectrophotometer at 239.2 nm.

Drug content estimation

Drug content analysis involved quantifying the quantity of drug within
the formulated samples. For this purpose, a known quantity of the
sample (10 mg) was dissolved in an appropriate solvent (50 ml of 0.1 N
HCI). Following a 24 h stirring at room temperature using a magnetic
stirrer set at 400 rpm, the solution was filtered and subjected to UV
spectrophotometric analysis ata wavelength of 239.2 nm.

Drug release studies

Dissolution rates of Piribedil, the physical mixture, and the
nanosuspension were assessed using the modified paddle method.
Specifically, a quantity equivalent to 5 mg of pure Piribedil or
nanosuspension was dissolved in 100 ml of PBS with a pH of 7.4. The
experiment was carried out at 37 °C with the paddles rotating at 100
rpm. At predefined time intervals (5, 10, 15, 30, 60, 90, and 120
min), 5 ml aliquots were withdrawn and filtered. The concentration
of Piribedil was determined using UV-Visible spectroscopy at a
wavelength of 239.2 nm. To maintain sink conditions, withdrawn
aliquots were replenished, and 0.1% Tween 80 was introduced into
the dissolution medium.

Stability studies

To assess the stability of the nanosuspension, we took one milliliter
of the formulation (equivalent to approximately 10 mg of Piribedil)
and diluted it to various levels (10, 50, and 100 times) using milli-Q
water. We then measured the particle size of each diluted sample
using DLS. Next, we examined the nanosuspension's thermal
stability under different storage temperatures (4, 25, and 35 °C) and
monitored any morphological changes over the storage period. For
the evaluation of storage stability, both the powdered and diluted
nanosuspension were stored under different conditions (4 °C, 25 °C,
and 40 °C/75% RH). At various time intervals, we analyzed critical
parameters such as particle size and zeta potential to identify any
alterations.

In situ gel preparation

The in-situ gel formulations were prepared by initially blending the
required amount of lyophilized nanosuspension powder with the
mucoadhesive agent hyaluronic acid. To achieve the desired
concentrations, these formulations were suitably diluted with a
0.2% w/v solution of egg lecithin. Afterward, the prepared
formulations were stored at 4 °C in a refrigerator for 24 h to ensure
complete dissolution of the polymer. As a point of reference, we also
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created parallel samples, referred to as reference samples. The final
concentrations of Piribedil and hyaluronic acid in the nasal
formulations and their corresponding reference samples are in the
concentrations of 10 and 2 mg/ml, 10 and 5 mg/ml, and 10 and 10
mg/ml. Both the nasal formulations and reference samples
contained equivalent amounts of Piribedil and hyaluronic acid, both
dissolved in a 0.2% w/v egg lecithin solution. It's important to note
that the Piribedil in the reference samples was added without
undergoing any specific processing. In contrast, the reference
samples were generated by using a ULTRA-TURRAX® homogenizer
(GmbH, Germany) to homogenize raw Piribedil powder with
hyaluronic acid and the 0.2% w/v egg lecithin solution. This
homogenization process was conducted at 5000 rpm for 10 min.

In-situ gel formulation-characterization and evaluation

The pH of the intranasal formulations was determined by diluting
them with distilled water and measuring the pH using a digital pH
meter. For viscosity assessment, the intranasal formulations were
analyzed using a Brookfield rotational viscometer (DV2T) fitted with
a C 16-1 spindle, operating at a speed of 10 rpm.

To ascertain the drug content, a specific quantity of the formulation
(10 mg) was dissolved in an appropriate solvent (50 ml of 0.1 N
HCI). After stirring at room temperature with a magnetic stirrer at
400 rpm for 24 h, the solution was filtered and subsequently
analyzed using a UV spectrophotometer at 239.2 nm.

The particle size of the intranasal formulations was determined
using a particle size analyzer. To minimize light scattering effects,
dilution with milli-Q water was carried out. Zeta potential
measurements were conducted using the same instrument, with an
additional electrode positioned on polystyrene electrophoretic cells.
All measurements were performed in triplicate.

In vitro drug release study-in-situ gel formulation

The in vitro evaluation of drug release from the in-situ gel
formulation was conducted using an artificial nasal fluid medium
with specific concentrations of NaCl, KCl, and CaClz while
maintaining a pH of 5.6. The study commenced by placing 200 mg of
both the intranasal formulation and its corresponding reference
inside a dialysis bag. These bags were then inserted into a dialysis
chamber and subjected to dialysis against 100 ml of the dissolution
medium. The temperature was carefully maintained at 37+0.5 °C,
while the paddle speed remained constant at 100 rpm. Throughout
the experiment, 5 ml samples of the dissolution medium were
collected at predetermined intervals. After each withdrawal, an
equivalent volume of fresh dissolution medium was added to ensure
consistent experimental conditions. For precise analysis, the
collected samples were filtered through a 0.45um filter before being
assessed using a UV spectrophotometer set at 239.2 nm.

Permeability study (In vitro)

Permeability studies were conducted using a vertical Franz diffusion
cell setup with synthetic polyvinylidene fluoride membranes
tailored to the required dimensions. To enhance drug permeation,
the membrane was pre-saturated with isopropyl myristate. In the
donor phase, we placed 200 mg of the intranasal formulation on top
of the membrane.

The vertical Franz diffusion cell system was carefully assembled.
The membrane, loaded with the intranasal formulation, was
positioned in the donor compartment. The acceptor compartment
was filled with preheated PBS at pH 7.4 and maintained at 37 °C.
Stirring was achieved using a magnetic stir bar in the acceptor
compartment, set at 300 rpm. The diffusion study commenced and
progressed at predetermined intervals. At each interval, 0.8 ml
samples were extracted from the acceptor phase using an
autosampler, and fresh phosphate buffer was added to maintain sink
conditions.

The collected samples were then analyzed using a UV
spectrophotometer at a wavelength of 239.2 nm to quantify the
amount of Piribedil that had diffused. The drug's flux (J) was
calculated by dividing the amount of Piribedil that permeated
through the membrane by the surface area of the membrane insert
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and the duration of the experiment, as shown in equation 2.
Furthermore, the permeability coefficient (Kp) was determined
using the obtained flux value (J) and the initial drug concentration in
the donor phase, as described in Equation 3.

m

=—...(2
J=17-@
where "m" represents the diffused quantity of Piribedil, "A" signifies
the membrane insert's surface area, and "t" denotes the

experiment's duration.

J

(3
Where "Cd" stands for the initial concentration of the drug in the
donor phase C

RESULTS AND DISCUSSION

The initial phase of the study involved a systematic exploration of
various formulations and process conditions to identify suitable
parameters for producing Piribedil nanosuspension. Particle size
distribution, zeta potential values, and particle morphology were
assessed to assess the developed formulations. Subsequently, egg
lecithin and PLGA (50:50) were chosen as stabilizing agents for
further investigation based on the outcomes of these preliminary
experiments. From the outcomes of these preliminary experiments,
the concentrations of egg lecithin (0.50-1.00 %w/v), PLGA-50:50
(0.3-1 % w/v), and the antisolvent to solvent ratio (10-30) were
singled out for further optimization. Additionally, the influence of
process parameters like sonication time, sonication amplification,
and infusion rate on the final attributes of the Piribedil
nanosuspension was recognized. Each parameter's optimum level
was identified and refined through the use of a design of
experiments approach.

Based on preliminary trial experiments, the determination of critical
formulation and process parameters was undertaken. The
investigation highlighted that essential quality attributes encompass
particle size, PDI, zeta potential, and practical yield. Among the
process parameters, sonication time, sonication amplification, and
infusion rate were found to significantly impact the final
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nanosuspension characteristics. Furthermore, the characteristics of
the nanosuspension were found to be affected by formulation
variables, including surfactant concentration, polymer
concentration, and the ratio of antisolvent to solvent. To achieve
optimal results and account for the interactive nature of process and
formulation variables, a systematic statistical approach was
preferred over the conventional one-factor-at-a-time (OFAT)
approach. Hence, RSM was utilized to independently optimize both
process and formulation variables. Through RSM, we examined how
the independent variables were interrelated and forecasted the
optimal conditions required to achieve the intended response. This
methodology proves valuable by assessing interaction effects among
chosen variables while minimizing the need for extensive
experimental runs.

Process DoE-data analysis

A comprehensive set of twenty trials was undertaken, adhering to a
CCD featuring three factors and five levels, to systematically
optimize the process variables. Throughout these trials, the
formulation variables, such as surfactant concentration (5% w/v),
polymer concentration (0.5% w/v), and antisolvent to solvent ratio
(20:1), were kept constant. The nanosuspension's average particle
size (Y1) ranged from 86.38 to 514.78 nm, while the PDI (Y2) varied
from 0.337 to 0.768. Furthermore, the zeta potential (Y3) exhibited a
range between-32.56 and-19.12 mV.

The analysis of data and the establishment of regression equations
were carried out, along with the calculation of ANOVA values and
regression coefficients. A second-order quadratic model was
employed to fit all experimental results. The model's adequacy was
verified using ANOVA, lack of fit, and R-squared (R?) values. The
superior fitting of the quadratic models was evident from the
highest F values, as depicted in table 4. Multiple linear regression
analysis was utilized to formulate mathematical equations for all the
response variables. These derived equations proved to be
statistically significant. The effectiveness of the model was assessed
by examining the lack of fit values. Insignificant lack of fit values
affirmed the model's efficiency. This was particularly notable since
the lack of fit values for all models demonstrated insignificance,
underscoring the model's aptness.

Table 4: ANOVA of the regression models-process DoE

Source Sum of squares df Mean square F-value p-value

Y1-particle size

Model 3.42x 105 9 38005.07 2204.37 <0.0001 significant
A 51689.82 1 51689.82 2998.11 <0.0001

B 1.43E+05 1 1.43E+05 8310.71 <0.0001

C 1938.2 1 1938.2 112.42 <0.0001

AB 530.89 1 530.89 30.79 0.0002

BC 21369.68 1 21369.68 1239.48 <0.0001

A? 68760.88 1 68760.88 3988.26 <0.0001

B? 45428.63 1 45428.63 2634.95 <0.0001

c? 32383.75 1 32383.75 1878.32 <0.0001

Residual 172.41 10 17.24

Lack of Fit 109.5 5 21.9 1.74 0.2789 not significant
Pure Error 62.91 5 12.58

Cor Total 3.42x 105 19

Observed R? 0.9995

Adjusted R? 0.9990

cv 1.85

Y2-PDI

Model 0.3562 9 0.0396 115.55 <0.0001 significant
A 0.1046 1 0.1046 305.27 <0.0001

B 0.109 1 0.109 318.13 <0.0001

C 0.0027 1 0.0027 7.79 0.0191

AB 0.0114 1 0.0114 33.28 0.0002

BC 0.0023 1 0.0023 6.75 0.0266

A? 0.1083 1 0.1083 316.13 <0.0001

B? 0.0256 1 0.0256 74.7 <0.0001

Residual 0.0034 10 0.0003

Lack of Fit 0.0008 5 0.0002 0.3239 0.8792 not significant
Pure Error 0.0026 5 0.0005
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Source Sum of squares df Mean square F-value p-value

Cor Total 0.3596 19

Observed R? 0.9905

Adjusted R? 0.9819

cv 4.00

Y3-Zeta potential

Model 215.99 9 24 66.33 <0.0001 significant
A 10.61 1 10.61 29.32 0.0003

B 32.89 1 32.89 90.91 <0.0001

C 60.2 1 60.2 166.39 <0.0001

BC 5.92 1 5.92 16.35 0.0023

A? 2.8 1 2.8 7.74 0.0194

B? 105.33 1 105.33 291.12 <0.0001

Residual 3.62 10 0.3618

Lack of Fit 1.54 5 0.3081 0.7415 0.6246 not significant
Pure Error 2.08 5 0.4155

Cor Total 219.61 19

Observed R? 0.9835

Adjusted R? 0.9687

cv 2.19

R? values, which indicate the variation around the mean, exceeded
0.98 for all response parameters, establishing the fitting of the model.
However, relying solely on a higher R? value might not
comprehensively determine model suitability, as additional variable
terms could also contribute. Hence, considering the Adjusted R? value
becomes essential. The regression coefficient (R?) values obtained for
Y1, Y2, and Y3 were determined as 0.9995, 0.9904, and 0.9835,
respectively. The consistency of both R? and adjusted R? values in both
models signifies the elimination of non-significant terms.

Additionally, the coefficients of variation for the three responses
were 1.85, 4.00, and 2.19, affirming the reproducibility and
reliability of the models. Each experimental value is juxtaposed with
the corresponding predicted value for all the response variables as
indicated in table 2. These results unequivocally underscore the
models' efficacy in identifying the essential process variables for the
successful formulation of Piribedil nanosuspension.

Factor Coding: Actual

Particle size (nm)

A=6
B=75

Particle size (Y1)

Droplet size is crucial for nanosuspension evaluation. Smaller size
increase medication absorption surface area. A smaller size may also
speed release [21]. The nanosuspension's particle size spans
between 86.38 and 514.78 nm. The particle diameter of the
nanosuspension is notably influenced by the significant impact of
factors A, B, and C, as indicated by the polynomial model. The
polynomial equation for the particle size response demonstrates
significance, evident from the substantial model F-value of 2724.82.
The terms involving variables A, B, C, AB, BC, A% B? and C* were
found to be statistically significant (P<0.05). The insignificant F-
value of 1.45 for the lack of fit suggests a mere 34.93% probability of
noise-induced high values. The non-significant lack of fit indicates
the robustness of the model.

Y1 = 106.29 — 61.52A — 102.43B + 11.91C + 8.15AB — 51.68BC
+ 69.07A% + 56.15B2 + 47.40C2 ... ... (4)

a.  2-D perturbation plot showing the effect of A, B, and C on Y1

Factor Coding: Actual

Particle size (nm)

Design Points:

@ Above Surface
Below Surface

8638 51478

X1=A
=8

Actual Factor
Cc=3

b.  3-D response surface plot showing the interactive effect of A and B on Y1

Factor Coding: Actual

Partide size (nm)

Design Points:

@ Above Surface
Below Surface

8638 51478

X1=8B
x2=C

Actual Factor
A=6

d.  3-D response surface plot showing the interactive effect of Band Con Y1

Factor Coding: Actual

Particle size (nm)
@ Design Points

8638 51478 §

X1 =A
X2 =8B

¢ Contour plot showing the interactive effect of A and B on Y1
Factor Coding: Actual [—

Particle size (nm)
@ Design Points

8638 51478 |
x1=8 :
x2=C

e.  Contour plot showing the interactive effect of Band C on Y1

Fig. 1: 2-D perturbation plot, 3-D response surface plots, and contour plots showing effect on Y1

91



C. Bhargavi & P. Raghuveer

The equation underscores B's substantial influence on particle size.
The model's R-squared (R?) value is 0.9995, and the adjusted R-
squared value is 0.9991. The "Pred R-Squared" (0.9979) proximity
to the "Adj R-Squared" value is notable. The "Adeq Precision”
evaluates the signal-to-noise (S/N) ratio, where a value above 4
signifies a dependable model. Here, the model's S/N value of
162.298 supports its prediction reliability. This flexible model spans
a broad design space.

For a clear grasp of variable effects on response (particle size), a
two-dimensional perturbation plot was employed (fig. 1a).
Independent variable B exerts a major influence, while variables A
and C show intermediate effects. The interactive effects were
illuminated by 3-D response surface and contour plots. Fig. 1b and
1c highlight significant interactions between factors A and B (AB) on
Y1 (particle size), and the same is shown for factors B and C (BC) in
fig. 1d and 1e.

Results show that augmenting sonication time and amplification
reduces particle size. Conversely, higher infusion rates lead to larger
particle sizes. With elevated sonication time, amplification, and
infusion rate, particle size escalates exponentially. Positive
interactive effects appear for A and B, while negative interaction is
observed for B and C.

Poly dispersity index (PDI; Y2)

PDI gauges the uniformity of particle solutions, with larger values
suggesting a wider size distribution within the sample. It also offers
insights into particle aggregation, surface modifications' consistency,
and sample analysis suitability [22]. Calculated through cumulants

Factor Coding: Actual

Polydispersity Index

A=6
B=75
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analysis, this dimensionless index signifies the heterogeneity. A PDI
below 0.05 signifies high uniformity, while values exceeding 0.7
imply an unsuitable sample for DLS. Ranging from 0.0 to 1.0, PDI
numerically indicates distribution uniformity, with values below 0.2
(or 0.3 in lipid-based systems) generally accepted.

In the nanosuspension formulations, the PDI values varied between
0.3374 and 0.768, as indicated in table 2. The polynomial model
highlighted factors A, B, and C's influence on percent drug loading.
The correlation between practical and predicted values was good
(table 2). The polynomial equation for PDI (Y2), represented by
equation 5, showed significance with a model F-value of 115.55.
Factors A, B, C, AB, BC, A% and B? displayed significance (p<0.05).
The lack of fit's F-value (0.32) was insignificant, demonstrating an
87.92% probability of noise-induced high value, which is a favorable
characteristic.

Y2 = 0.3686- 0.0875A- 0.0893B + 0.0140C + 0.0378AB-0.0170BC
+0.0867A2 + 0.0421B2 .......(5)

B and A stood out as more influential on PDI, evident from the
equation. The model's R-squared (R?) and adjusted R? values were
0.9905 and 0.9819, respectively. The "Pred R-Squared" value
(0.9712) aligns with "Adj R-Squared" (0.9819). The "Adeq Precision”
value gauges the S/N ratio; an S/N above 4 signifies a reliable model.
With an S/N of 32.3520, the model predicts well and adapts to broad
design space. Two-dimensional perturbation plots (fig. 2a) reveal A
and B's most significant impacts on PDI, while C has an intermediate
influence. Three-dimensional response surfaces and contour plots
(fig. 2b-2e) detail interactive effects among variables. These visuals
provide insights into variable combinations and their PDI influence.

a.  2-D perturbation plot showing the effect of A, B, and C on Y2

Factor Coding: Actual

b.  3-D response surface plot showing the interactive effect of A and B on Y2

Factor Coding: Actual

d.  3-D response surface plot showing the interactive effect of B and C on Y2

Factor Coding: Actual

Polydispersity Index
@ Design Points

0337 o768
X1=A
X2 =8
Actual Factor
c=3
¢ Contour plot showing the interactive effect of A and B on Y2

Factor Coding: Actual

Polydispersity Index
@ Design Points

0337 0768
x1=8
X2=C

Actual Factor
A=6

¢.  Contour plot showing the interactive effect of B and C on Y2

Fig. 2: 2-D perturbation plot, 3-D response surface plots, and contour plots showing effect on Y2

Zeta potential (Y3)

Zeta potential is a measure of nanosuspension stability at a
macroscopic level. Electrostatically stabilized nanosuspensions
usually require+30 mV zeta potential, whilex20 mV is preferred for
steric stabilization [22]. Zeta potential calculation involves
determining electrophoretic mobility and converting it to zeta
potential value. The zeta potential of the nanosuspension varied
from-19.12 mV to-32.54 mV. The polynomial model indicated

variables A, B, and C's impact on nanosuspension yield, showing
good practical-predicted correlation (table 2).

The polynomial equation (equation 6) for the zeta potential (Y3)
was statistically significant, as indicated by a model F-value of
113.80. Factors A, B, C, BC, A% and B? also showed significance
(P<0.05). An insignificant lack of fit F-value (0.61) suggests a
74.61% chance of noise-caused high value, favorable for a good
model. C had more zeta potential influence (Y3) than other variables.

92



C. Bhargavi & P. Raghuveer

R? and adjusted R? values were 0.9813 and 0.9727. "Pred R-
Squared" (0.9598) approximated "Adj R-Squared" (0.9727),
reflecting good prediction. Adeq Precision (S/N ratio) at 41.3763
signifies model adequacy. The model's flexibility within a wide
design space supports prediction.

Y3 = —29.75-0.8813A — 1.55B + 2.10C-0.86BC + 0.4407 A2
+2.70B%...........(6)
Factor Coding: Actual

Zeta potential (mV)

A=20 5
B=75 H
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Variable effects on zeta potential (Y3) were depicted in a two-
dimensional perturbation plot (fig. 3a). C significantly affected zeta
potential (Y3), while A and B had intermediate impacts. Interactive
effects among variables were illustrated in 3-D response surfaces
and contour plots. The substantial interaction between factors B and
C (BC) and its impact on zeta potential (Y3) is illustrated in fig. 3b
and 3c.

Oaion b et ot (Coee Ul
a.  2-D perturbation plot showing the effect of A, B, and C on Y3

Factor Coding: Actual DSt

Zeta potential (mV)
Design Points:
@ Above Surface
Below Surface
3256 1912

X1=8
x=C

b.  3-D response surface plot showing the interactive effect of B and C on Y3

Factor Coding: Actual

Zeta potential (mV)
@ Design Poirts

¢.  Contour plot showing the interactive effect of B and C on Y3

Fig. 3: 2-D perturbation plot, 3-D response surface plots, and contour plots showing effect on Y3

Optimization of process parameters

Numerical optimization was used to determine optimal levels for
sonication time (A), sonication amplification (B), and infusion
rate (C), impacting Y1, Y2, and Y3. Desirable constraints were
applied to obtain optimum levels. The optimal process
conditions were 7.08 min’ sonication time, 83.44% sonication
amplitude, and 2.4 ml/min infusion rate with a desirability value
0f 0.970.

Formulation DoE-data analysis

A comprehensive study involving twenty trials was executed using a 3-
factor, 5-level CCD. During the formulation variable optimization,
process variables were maintained at their optimal settings [24].
Recorded outcomes of these randomized experiments can be found in
table 3. The prepared nanosuspension exhibited an average particle size
(R1) ranging from 4838 to 348.56 nm, zeta potential (R?) values
between-34.56 t0-30.93 mV, and practical yield (R3) spanning 64.78 to
98.34%.

Table 3: The outcome of the experiments-optimization of formulation variables

Trial Factors Responses
A B C R1 R2 R3

Predicted Actual Predicted Actual Predicted Actual
1 1.17 0.65 20 172.44 171.74 -34.35 -34.56 93.41 93.42
2 0.5 0.3 30 98.79 94.12 -28.24 -28.26 94.20 94.12
3 1 0.3 30 57.09 58.56 -34.22 -33.56 98.92 98.34
4 0.75 0.65 20 196.67 193.42 -31.80 -32.14 94.46 94.54
5 0.75 0.65 20 196.67 200.14 -31.80 -33.08 94.46 93.92
6 0.75 0.65 20 196.67 197.89 -31.80 -31.85 94.46 94.48
7 0.75 0.65 20 196.67 196.56 -31.80 -30.98 94.46 95.26
8 1 1 30 232.04 234.12 -34.15 -33.47 95.51 95.78
9 0.5 1 30 281.44 286.42 -25.51 -25.78 90.79 90.34
10 1 0.3 10 119.29 112.57 -34.22 -34.52 78.45 78.34
11 0.5 0.3 10 162.38 158.56 -28.24 -27.78 78.94 78.83
12 0.5 1 10 351.77 348.56 -25.51 -24.89 79.97 79.98
13 1 1 10 300.99 303.93 -34.15 -34.56 79.49 79.73
14 0.75 0.65 20 196.67 192.18 -31.80 -31.22 94.46 93.78
15 0.75 0.06 20 41.05 48.38 -32.98 -32.58 93.69 94.12
16 0.75 0.65 36.8 139.48 136.34 -31.80 -32.56 91.21 91.62
17 0.75 0.65 20 196.67 199.42 -31.80 -31.58 94.46 94.72
18 0.75 1.23 20 347.43 342.56 -30.62 -30.12 91.70 91.56
19 0.75 0.65 3.18 250.93 256.52 -31.80 -32.83 64.90 64.78
20 0.32 0.65 20 250.21 253.37 -22.06 -22.36 89.84 90.12
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To assess relationships among independent variables and predict
optimal conditions for desired responses, RSM was applied. RSM is
effective in analyzing interaction effects while minimizing experimental
runs. The results were subjected to analysis to derive ANOVA values,

Int ] App Pharm, Vol 16, Issue 3,2024, 86-101

regression coefficients, and equations. All the outcomes were fitted into a
second-order quadratic model, and the model's adequacy was confirmed
through ANOVA, lack of fit, and R?values. Table 5 presents models with
the highest F values, indicating optimal fitting.

Table 5: ANOVA of the regression models-formulation DoE

Source Sum of squares Df Mean square F-value p-value

R1-Particle size

Model 1.36E+05 9 15120.56 483.59 <0.0001 significant
A 7300.9 1 7300.9 233.5 <0.0001

B 1.13E+05 1 1.13E+05 3623.92 <0.0001

C 14994.11 1 14994.11 479.55 <0.0001

A? 386.86 1 386.86 12.37 0.0056

Residual 312.67 10 31.27

Lack of Fit 260.87 5 52.17 5.04 0.0503 not significant
Pure Error 51.8 5 10.36

Cor Total 1.36E+05 19

Observed R? 0.9977

Adjusted R? 0.9956

cv 2.81

R2-Zeta potential

Model 216.38 4 54.09 118.98 <0.0001 significant
A-Concentration of surfactant 182.46 1 182.46 401.32 <0.0001

B-Concentration of polymer 6.69 1 6.69 14.71 0.0016

AB 3.54 1 3.54 7.78 0.0137

A? 23.70 1 23.70 52.12 <0.0001

Residual 6.82 15 0.4546

Lack of Fit 4.01 10 0.4006 0.7120 0.6978 not significant
Pure Error 2.81 5 0.5627

Cor Total 223.20 19

Observed R? 0.9694

Adjusted R? 0.9613

cv 2.18

R3-Practical yield

Model 1366.63 8 170.83 714.54 <0.0001 significant
A-Concentration of surfactant 15.33 1 15.33 64.13 <0.0001

B-Concentration of polymer 4.81 1 4.81 20.12 0.0009

C-Ratio of two phases 835.82 1 835.82 3496.05 <0.0001

AC 13.52 1 13.52 56.55 <0.0001

BC 9.86 1 9.86 41.23 <0.0001

A? 14.45 1 14.45 60.45 <0.0001

B? 5.60 1 5.60 23.41 0.0005

c? 484.66 1 484.66 2027.22 <0.0001

Residual 2.63 11 0.2391

Lack of Fit 1.16 6 0.1937 0.6597 0.6886 not significant
Pure Error 1.47 5 0.2936

Cor Total 1369.26 19

Observed R? 0.9981

Adjusted R? 0.9967

cv 0.5470

Mathematical equations were derived via multiple linear regression
analysis for all response variables. The coefficients' magnitude
corresponds to individual effects on response variables. Positive
coefficients suggest synergistic effects, while negative values imply
antagonistic effects. These equations exhibit statistical significance,
and the lack of fit values for all models is insignificant, thus
confirming the fitness of the models.

Multiple regression analysis results present R?, adjusted R?, and
coefficient of variation values. R? values for all responses (R1, R2,
and R3) were over 0.98, indicating model appropriateness. Adjusted
R? is vital to evaluate model adequacy; the similarity between R? and
adjusted R? values implies eliminated non-significant terms,
enhancing model reliability. R? values for R1, R2, and R3 were
0.9977, 0.9694, and 0.9981, respectively, demonstrating the models’
prediction accuracy. Coefficients of variation (2.81, 2.18, and
0.5470) confirm reproducibility and reliability.

Table 3 showcases a robust correlation between predicted and
actual outcomes for all responses, validating the precise
identification of process and formulation variables essential for

effective Piribedil nanosuspension formulation. This validation
further underscores the models' reliability and effectiveness in
optimizing nanosuspension formulation.

Particle size (R1)

Particle size determination holds paramount importance in
assessing the efficacy of any nanoformulation. Size distribution plays
a pivotal role in influencing stability, solubility, dissolution, and
permeation across a variety of tissues and organs [36]. The
nanosuspension's particle size ranges from 48.38 nm to 348.56 nm
(table 3). The polynomial model underscores the substantial impact
of factors A, B, and C on nanosuspension particle diameter. Observed
values align closely with theoretical values, as detailed in table 3.
The polynomial equation generated for the particle size response
(equation 7) exhibits remarkable significance, demonstrated by its
high model F-value of 483.59. Among the variable terms, A, B, C, and
A? were found to be statistically significant (p<0.05). The lack of fit
F-value of 5.04, with only a 5.03% chance of noise interference,
demonstrates the model's robustness. The significant influence of
variable B on particle size is evident from the equation. The model's
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regression coefficient (R?) and adjusted R? values are 0.9977 and
0.9965, respectively. The close match between the "Pred R-Squared"
value (0.9845) and the "Adj R-Squared" value (0.9956) further
affirms the model's reliability. The Signal-to-noise (S/N) ratio,
indicated by the "Adeq Precision” value of 78.585, reinforces its
predictive accuracy. The two-dimensional perturbation plot (fig. 4a)
succinctly illustrates the variables' impact on particle size. Variable
B prominently affects particle size, while C and A exert intermediate
effects. Interactive effects among variables are unveiled through
three-dimensional response surface plots and corresponding

Factor Coding: Actual

Particle size (nm)

A =075
B =065
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contour plots (fig. 4b and 4c). Importantly, the significant interactive
effect between variables A and B (AB) on particle size (R1) is
demonstrated. The results highlight how a polymer concentration
increase leads to a larger particle size, while a higher concentration
of surfactant leads to a smaller particle size. Furthermore, increasing
the phase ratio results in reduced particle size. Noteworthy is the
exponential particle size growth at elevated surfactant
concentrations.

R1 = 196.67-23.12A + 91.09B — 33.13C + 5.18A% ... ....(7)

Peturbation

a.  2-D perturbation plot showing the effect of A, B, and C on R1

Factor Coding: Actual

Particle size (nm)

Design Points:

@ Above Surface
Below Surface

4838 34856

X1=A
X2=8

Actual Factor »
Cc=2 - " -

b.  3-D response surface plot showing the interactive effect of A and B on R1

Factor Coding: Actual

Partide size (nm)
@ Design Points

¢.  Contour plot showing the interactive effect of A and B on R1

Fig. 4: 2-D perturbation plot, 3-D response surface plots, and contour plots showing effect on R1

Zeta potential (R2)

The zeta potential measurements for the nanoformulations
exhibited a range between-34.56 and-30.93 mV. The zeta potential
was significantly influenced by variables A and B according to the
polynomial model. The practical and predicted values exhibited a
strong correlation, as illustrated in table 3. The polynomial equation
generated (equation 8) for the zeta potential response displayed
significance, with a considerable model F-value of 118.98. Factors A,
B, AB, and A? were determined to have significance (p<0.05). The
lack of fit F-value of 0.71 was not significant, suggesting a well-fitting
model. Variable A exhibited a more significant influence on zeta
potential value than other variables. The model's regression
coefficient (R?) and adjusted R? values were 0.9694 and 0.9613,
respectively. The "Pred R-Squared” value of 0.9513 closely
approximated the "Adj R-Squared" value of 0.9613. The "Adeq
Precision” value, which measures the signal-to-noise (S/N) ratio,
was 36.467, indicating a satisfactory model for prediction. The
model was flexible and could be applied to a wide design space. The
two-dimensional perturbation plot (fig. 5a) illustrated the individual
effects of variables on zeta potential. Variable A had the most
significant effect, while variables B and C had little effect. The
interactive effects among the variables were visualized through the
3-D response surface and corresponding contour plots (fig. 5b and
5c). The significant interactive influence of variables A and B (AB) on
zeta potential (R2) was observable. With increasing surfactant
concentration, the zeta potential value increased from 93.56 to
85.12%.

R2 = —31.80 — 3.66A + 0.6998B- 0.6650AB + 1.27A% ......... (8)
Percent practical yield (R3)

The practical yield of nanocrystals spanned from 64.78% to 98.34%
(table 3). The polynomial model highlighted the substantial impact

of variables (A, B, and C) on nanocrystal practical yield. A favorable
correlation was evident between practical and predicted values, as
indicated in table 3. The formulated polynomial equation for the
practical yield response yielded significance, boasting a robust
model F-value of 714.54. The variable terms A, B, C, AC, BC, A%, B?,
and C? displayed statistical significance (p<0.05). The lack of fit F-
value of 0.66, which was not significant, demonstrated a strong fit
for the model. With only a 68.86% likelihood of noise-induced high
values, this lack of fit insignificance highlighted the model's
reliability. Importantly, variable C exhibited a more pronounced
influence on practical yield compared to the other variables. The
regression coefficient (R?) and adjusted R? values for the model
were 0.9981 and 0.9967, respectively. The "Pred R-Squared” value
(0.9938) closely corresponded to the "Adj R-Squared" value
(0.9967). The "Adeq Precision" value, gauging the signal-to-noise
(S/N) ratio, tallied at 103.7252, indicating sound model prediction.
The model's adaptability across an expansive design space was
evident.

R3 = 94.46 + 1.06A- 0.5935B + 7.82C + 1.30AC — 1.11BC- 1.00A2
— 0.6231B2-5.80C2 ... ....(9)

The two-dimensional perturbation plot (fig. 6a) depicted the
individual effects of variables on practical yield. Variable C
emerged as the most influential, while A and B exhibited
intermediate and minor effects, respectively. The interactive
effects among variables were unveiled through three-
dimensional response surface and conforming contour plots (fig.
6b, 6¢, 6d, and 6e). The significant interactive effects between A
and C (AC) and B and C (BC) on practical yield (R3) were
observed in these plots. The findings revealed that an escalation
in polymer concentration correlated with a rise in practical
yield, while an augmentation in surfactant concentration led to a
reduction.
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Int ] App Pharm, Vol 16, Issue 3,2024, 86-101

Paturbation

Zeta potential (mV)

Actual Factors -
A=075
B=065
C=20

20t et )

Factors not in Model

c il

Factor Coding: Actual J—

Zeta potential (mV)
Design Points:

@ Above Surface

© Below Surface
-3456 2236

]

=A
=B

b.  3-D response surface plot showing the interactive effect of A and B on R2
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a.  2-D perturbation plot showing the effect of A, B, and C on R2
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c.  Contour plot showing the interactive effect of A and B on R2

Fig. 5: 2-D perturbation plot, 3-D response surface plots, and contour plots showing effect on R2

a.  2-D perturbation plot showing the effect of A, B, and C on R3
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b.  3-D response surface plot showing the interactive effect of A and C on R3
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d.  3-D response surface plot showing the interactive effect of B and C on R3
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Fig. 6: 2-D perturbation plot, 3-D response surface plots, and Contour plots showing effect on R3

Optimal formulation parameter determination

Employing numerical optimization techniques with desirable
constraints, the optimal levels of key process parameters were
identified. These parameters, namely surfactant concentration
(A), polymer concentration (B), and antisolvent to the solvent
ratio (C), hold sway over particle size (R1), zeta potential (R2),
and practical yield (R3). Specifically, the optimal conditions
adopted for the method comprised a surfactant concentration of
1% w/v, a polymer concentration of 0.3% w/v, and an

antisolvent to solvent ratio of 30:1, with a desirability value of
0.981.

Formulation and process variable optimization

The investigation into optimizing the process and formulation
variables, along with their effects on critical quality attributes, was
facilitated using Derringer's desirability approach. The culmination
of these optimal levels for critical formulation variables and process
variables, alongside the anticipated values of response variables, are
comprehensively outlined in table 6.
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Table 6: The optimal values of Critical Process Parameters (CPPs) and Critical Formulation Parameters (CFPs), along with the predicted

responses
Independent variables

Process (CPPs) Formulation (CFPs)

Sonication time 7.09 min Surfactant concentration 1% w/v
Sonication amplification 83.44 % Polymer concentration 0.3% w/v
Infusion rate 2.41 ml/min The ratio of the two phases 30:1
Desirability 0.970 Desirability 0.981
Critical quality attributes (predicted)

Particle size (nm) 57.085

PDI 0.3221

Zeta potential (mV) -34.229

Practical yield (%) 98.9207

Validation of the QbD approach

To assess the validation of the optimization process, three distinct
batches (n = 3) of piribedil nanosuspension were produced utilizing
the identified optimal levels of CPPs and CFPs. Subsequently, the
experimental outcomes of the critical quality attributes were
juxtaposed with the values forecasted by the model. The results
obtained are in close agreement with the statistically projected
values. The particle size values were between 46.7+2.7 and 50.1+3.4
nm. The PDI and zeta potential values were found to be as low as
0.393+0.005and-33.78+1.86mV and as high as 0.425+0.005and-
35.06+2.12mV. Batch 1 showed highest practical yield i.e.,
99.03+1.84%. This validation step reaffirms the accuracy and
reliability of the QbD approach in achieving the desired outcomes
for the nanosuspension formulation.

Characterization of as-prepared nanosuspension

The freshly prepared Piribedil nanosuspension exhibited an average
particle size within the range of 46.7 nm to 50.1 nm, accompanied by
PDI values spanning from 0.393 to 0.425. However, a slight increase
in particle size was observed upon reconstitution of the freeze-dried
nanosuspension, reaching 78.54 nm (with a PDI of 0.412). This size
augmentation can be attributed to particle aggregation that occurred
during the lyophilization process. The zeta potential values served

as indicators of the nanosuspension's stability. For the freeze-dried
nanosuspension, zeta potential values were found to range from-
33.7841.86 mV to-35.06%2.12 mV, pointing toward favorable
stability. Notably, a higher absolute zeta potential value (whether
positive or negative) signifies improved dispersion and electrostatic
repulsion among particles, contributing to enhanced stability.

The preliminary examination using inverse phase microscopy
yielded valuable insights into the visual properties of the Piribedil
nanosuspension, facilitating the initial evaluation of its dispersion
and particle behavior. Microscopic images obtained through inverse
phase microscopy revealed a particle size spectrum ranging from 50
nm to 80 nm. Upon lyophilization, the nanosuspension adopted an
orange hue and appeared as irregular particles, as depicted in fig. 7a.

For a comprehensive understanding of the nanosuspension's
nanoscale features and to validate the successful nanosuspension
preparation process, TEM analysis was employed. This technique
contributes complementary data to other characterization methods,
aiding in the optimization of formulation parameters to achieve
desired outcomes. The TEM image of the lyophilized
nanosuspension is shown in fig. 7b, revealing the presence of
smooth rod-like crystals. Notably, the particle size determined from
both microscopic techniques closely aligned with the results
obtained from the DLS method [34].

h

Fig. 7: (a). Microscopic image of Piribedil nanosuspension, (b). TEM image of Piribedil nanosuspension (Samples analyzed at 45000x
intensification)

We used FTIR spectroscopy to see if Piribedil interacted with the
stabilizers. In fig. 8a, you can see the FT-IR spectra of the different
components and the nanoformulation. In the pure Piribedil spectra,
we found strong signals at various wave numbers: 3025 cm? (related
to aromatic C-H stretching), 2996 cm™ (asymmetric and symmetric C-
H stretching of CHz), 2929-2858 cm! (C-H stretching), 2825-2776 cm'!
(C-H near oxygen), 1579 cm (C-N stretching), 1546 cm® (conjugated
C=C stretching), 1356 cm™ (more conjugated C=C stretching), 1306
cm? (C-O stretching), 1251 cm! (asymmetric C-O stretching), 1112
cm(C-N-C stretching), 1037 cm! (aromatic C-H stretching), and 976-

483 cm (aliphatic C-H vibrations). In the FTIR spectrum of PLGA, we
observed important peaks at 2924.18 cm! and 2852.81 cm™, which
are related to C-H stretching. Additionally, there were bands at
1408.08 cm?, 1431.22 cml, and 1467.87 cm’}, associated with C=0
bending vibrations. The FTIR spectrum of egg lecithin showed
stretching bands at 2933.83 cm and 2852.82 cm?, linked to the
symmetric and asymmetric stretching of the-CHzgroup. Interestingly,
in the FTIR spectra of the Piribedil nanosuspension, the distinctive
peaks of Piribedil were no longer visible. These changes were likely
due to Piribedil aggregating with PLGA.
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DSC analysis was utilized to assess the aggregation state of Piribedil
and PLGA within the nanosuspension. The DSC thermogram of free
Piribedil displayed a sharp exothermic peak at 102.09 °C (fig. 8b),
while the same peak was slightly altered and shifted (102.09 °C to
105.95 °C) in the case of the Piribedil nanosuspension. The observed
shift in the characteristic peak could be attributed to a potential
aggregation of Piribedil with the PLGA polymer [32]. Furthermore,
the DSC thermogram of the nanosuspension indicated the presence
of two distinct sharp endothermic peaks at 297.5 and 230.13 °C,
suggesting the presence of both the polymer and surfactant in the
formulation.

Pure Piribedil XRPD pattern displayed distinct crystalline 26 peaks
indicative of its crystalline nature. However, in the nanosuspension,
the characteristic crystalline peaks vanished, giving rise to a halo
and dim pattern typical of an amorphous substance (fig. 8c).

The solubility of Piribedil is recognized to be contingent on pH,
displaying greater solubility at lower pH values. Notably, the
nanosuspension exhibited increased solubility
(1168.485+112.42pug/ml in water; 530.12+63.59ug/ml in PBS)
compared to the pure drug (172.34+13.56 pg/ml in water;
122.34+15.34pug/ml in PBS). Specifically, the solubility of the
nanoparticles increased by approximately 6.78-fold in water and
4.33-fold in pH 7.4 PBS (phosphate-buffered saline) compared to the
pure drug. Sample quantities were chosen based on drug content
analysis, which indicated measured drug content ranging from
96.3% to 98.4% compared to the theoretical drug content.

Fig. 9a provides a comprehensive view of the dissolution profiles of
three different formulations: pure Piribedil, a physical mixture, and
Piribedil nanosuspension. The tests were conducted using
approximately 50 mg of the drug in PBS pH 7.4. The dissolution
behavior of pure Piribedil showcased a relatively slow dissolution
rate, with only 7.56% of the drug dissolving after 480 min. The
physical mixture, on the other hand, exhibited a slightly improved
dissolution rate of 19.912% after 120 min. This improvement is
possibly a result of the enhanced wetting properties of the drug
particles achieved through the mixture. In sharp contrast, the
Piribedil nanosuspension exhibited a remarkable increase in
dissolution performance compared to both the pure drug and the
physical mixture. Around 18% of the drug was released from the
nanosuspension within a mere 15 min, followed by a gradual release
over the subsequent 8 h. This significant enhancement in drug
release can be attributed to the decrease in particle size, which
results in a larger surface area available for dissolution, following
the principles of the Noyes-Whitney equation. Furthermore, the
improved wetting properties of the drug particles likely contributed
to the observed increase in the dissolution rate.

Stability assessment of piribedil nanosuspension

To ascertain the impact of storage conditions on the performance

attributes of the formulated nanocrystals, stability studies were
meticulously conducted at temperatures of 4+2 °C, 25+2 °C, and
37+2 °C, spanning six months. Throughout this period, the mean
particle size, PDI, and zeta potential values were monitored at
regular intervals. These parameters were chosen as key indicators of
the formulation's stability. The comprehensive results of these
stability investigations provide compelling evidence that the
Piribedil nanosuspension remains robust and stable over six
months. This valuable information assures the formulation's shelf-
life and reinforces its potential for practical applications.

Preparation and characterization of in-situ gel formulations

The in-situ gel formulations were meticulously crafted utilizing the
lyophilized nanosuspension powder, augmented with the inclusion
of hyaluronic acid. The formulation's final concentrations were
finely controlled by dilution, employing 0.2% w/v of egg lecithin.
The outcome was a series of intranasal formulations characterized
by their discernible viscosity. The meticulous analysis of these
formulations unveiled a consistent drug content exceeding 85%.
Notably, the pH values of these samples harmoniously ranged from
6.0 to 6.4; adherence to the range suitable for nasal administration-a
crucial consideration given the pH range of the nasal mucosa.

Upon assessment, it was evident that the addition of hyaluronic acid
within the intranasal formulations exerted a transformative impact.
Notably, the mean particle size, PDI], and zeta potential experienced
a substantial elevation in the presence of hyaluronic acid. This
increased particle size can be attributed to the coating of particles by
hyaluronic acid. Furthermore, the incorporation of hyaluronic acid
led to an augmentation in the negative charge within the
formulation.

Dissolution of intranasal formulations

Due to Piribedil's inherent poor aqueous solubility, a pivotal
consideration was to compare the dissolution profiles of the
intranasal formulations with reference formulations containing
pure Piribedil. Particularly noteworthy was the formulation
designated as F2, which showcased the highest dissolution rate
among the tested formulations. Impressively, F2 exhibited the
release of approximately 56% of the drug within the initial 15 min.
In contrast, the reference sample (R2) released only 8.56% of the
drug within the same time frame. These substantial variations in
dissolution rates can be attributed to the effects of nanosizing,
where smaller particles generate a significantly larger surface area
compared to their micro counterparts. Consequently, this
enhanced surface area influences dissolution rates following the
Noyes-Whitney equation [31]. Moreover, it's noteworthy that the
nanosizing of Piribedil led to a notable 6.5-fold increase in
saturation solubility compared to the raw drug. The dissolution
profiles of these intranasal formulations, a vital indicator of their
performance, are thoughtfully depicted in fig. 9b.
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Fig. 9: (a). Dissolution pattern of piribedil nanosuspension, (b). Dissolution pattern of Piribedil intranasal formulations, Error bars
indicate data in mean+SD, n=3

Permeation assessment and enhanced diffusion

The evaluation of diffusion serves as a critical indicator of permeation
properties, elucidating the substance's ability to pass through barriers
[35]. In the context of this study, the utilized membrane possessed a
pore size of 100 nm, rendering the direct passage of Piribedil particles

40 -

unfeasible. Instead, the primary driving force behind passive diffusion
rates was the substantial surface area achieved through the nanosizing
of the particles. It's important to note that, owing to the larger surface
area of the nanosized particles, diffusion from the intranasal
formulations outpaced that of the reference samples, primarily due to
heightened drug dissolution (as illustrated in fig. 10).
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Fig. 10: In vitro permeability of intranasal formulations through a synthetic membrane using a Franz-diffusion cell at 37 °C, Error bars
indicate data in mean+SD, n=3

Intriguingly, Piribedil exhibited immediate diffusion from the
intranasal formulation (F2), in contrast to the reference formulation
(R2) where diffusion commenced after 10 min. A notable disparity
was observed in the flux (J), representing the amount of Piribedil
traversing a 1 cm? membrane within 1 h. The formulation F2,
incorporating Piribedil nanoparticles, demonstrated a significantly
elevated ] compared to the reference R2 (32.56+4.3 and 2.16+0.92
ug cm? h-l, respectively). This emphasized the facilitation of
Piribedil penetration through the synthetic membrane by the
hyaluronic acid-containing formulations. Remarkably, the flux of the
nanosized-based formulation exceeded that of the reference
containing pure Piribedil [38].

Additionally, the permeability coefficient (Kp) of F2 substantiated
this trend by displaying a markedly higher value than R2, with Kp
values measured at 0.094 and 0.013 cm. h™', respectively.
Particularly noteworthy is the fact that within the initial 15 min, F2
saw the diffusion of 13.14 pg cm2 of the drug, compared to a mere
0.48 pg cm2 from R2. This elevated diffusion can be attributed to the
amplified surface area achieved through nanoparticle formation,
underscoring the advantageous impact of nanosizing on drug
permeation [35]. As we delve deeper into the cutting-edge issue of

nanotechnology, it becomes clear that it is an important component
of their use in a range of compositions to maximize the permeability
of various medicinal substances. This ground-breaking combination
of Piribedil nanosuspension with nasal administration has
significant potential and is described in the literature as a game-
changer. Notably, the created nanosystems are distinguished by
their scalability and simplicity.

CONCLUSION

This study aimed to enhance the delivery of Piribedil to the brain via
the nasal route through the development of an innovative approach.
We successfully developed a nanosuspension incorporated into a
nasal in-situ gelling system to improve the drug's transportation
from the nasal cavity to the brain. This approach tackles the
obstacles presented by the blood-brain barrier and holds promise
for facilitating efficient drug delivery to the central nervous system.
The nanosuspension formulation, characterized by small drug
particles, serves to enhance drug solubility and bioavailability.
Incorporating this nanosuspension into an in-situ gelling system
further provides sustained drug release and prolonged drug
residence time within the nasal cavity. Applying QbD principles, we
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systematically optimized the formulation and process parameters of
this innovative drug delivery system. By doing so, we aimed to
enhance the efficiency and reliability of the delivery process. Our
work pioneers the combination of nanosuspension and in-situ
gelling for improved Piribedil delivery, opening up new possibilities
for the administration of central nervous system drugs. This study
not only illuminates a promising avenue for improving drug
transport to the brain but also showcases the potential of employing
QbDprinciples to optimize intricate drug delivery systems.
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