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Abstract

Background: Resveratrol (res) exhibits potent antioxidant and anti-inflammatory activities that are relevant for
the treatment of age-related macular degeneration (amd). However, its poor solubility and low ocular
bioavailability significantly limit its clinical translation.

Objective: To develop an ophthalmic res suspension (or nanosuspension) and optimize the formulation and
process variables using central composite design (ccd) within a quality by design (qbd) framework.

Methods: A rotatable three factor ccd was employed to study the effects of (a) stabilizer concentration of plga
(mg) 30-50 / pva (%), 1-1.50 w/w, (b) homogenization speed (10-25 krpm) on critical quality attributes (cqas):
particle size, pdi, zeta potential and in vitro release. Responses were modeled by second order polynomials;
model adequacy was evaluated by anova, lack of fit, and diagnostic plots. Desirability based multi response
optimization yielded a design space targeting minimized size (105.2 nm) / pdi (0.254), acceptable zeta potential
(-40 mv), ocular ph (6.5-7.8), and viscosity suitable for drops.

Results: Ftir and dsc results show no drug-excipients interaction. The particle size and pdi of the optimized
preparation had the values of 122.5 nm and 0.36, respectively. -40.0 = 4.19 mv value of zeta potential indicates
that the optimized formulation will be sufficiently stable. Entrapment efficiency was also found to be good i.e.
75.200%. Dpph assay revealed a good free radical scavenging capability of the optimized formulation which
was found to be comparable with ascorbic acid as standard and better than res solution.

Conclusion: Central composite design (ccd) efficiently mapped the formulation-process space and optimized an
ocularly compatible resveratrol (res) suspension with enhanced biopharmaceutical properties for effective age-
related macular degeneration management.
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How To Cite This Article: Singh Pk, Patel K, Prasad N, Yadav V. Development And Optimization Of
Resveratrol Loaded Nanosuspension Using Central Composite Design (Ccd) For Age Related Macular
Degeneration Disease. Int J Drug Deliv Technol. 2026;16(26s):249-265. Doi: 10.25258/ijddt.16.26s.25

INTRODUCTION impairment along with psychological effects such as

Age-Related Macular Degeneration (AMD) is a
progressive disorder of the macula that leads to vision
loss, primarily affecting elderly patients. The macula,
located in the retina, is responsible for central visual
acuity and color vision!?. AMD causes visual

anxiety, depression, and emotional distress. The
condition results from degeneration of retinal pigment
epithelium (RPE) cells and light-sensitive
photoreceptor cells*2. AMD mainly exists in two
forms: exudative choroidal neovascularization (CNV)
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and dry geographic atrophy (GA)“2. Global AMD
cases are projected to reach approximately 288
million by 2040°. Vision loss in AMD due to CNV is
driven by the proangiogenic cytokine vascular
endothelial growth factor (VEGF).
Current pharmacological interventions include VEGF
inhibitors such as bevacizumab (Avastin), aflibercept
(Eylea), and pegaptanib (Macugen)*. However, ocular
drug delivery poses significant challenges in targeting
the posterior eye segment®, especially for drugs with
poor and inconsistent solubility. Most AMD
therapeutics are administered via intravitreal
injections, which are expensive and often associated
with adverse effects such as cataracts, elevated
intraocular pressure, and endophthalmitis, in addition
to requiring repeated invasive administration®!!,
These challenges highlight the unmet need for
alternative, cost-effective therapies.

Resveratrol (RES), chemically known as 3,54'-
trihydroxy-trans-stilbene, is a natural polyphenolic
compound found in grapes and red wine'>!?. Due to
its potent antioxidant and anti-inflammatory
properties, RES shows promise as a neuroprotective,
cardio-protective, anti-aging, and chemotherapeutic
agent'*!15, Research indicates that RES prevents
oxidative stress-induced apoptosis in human RPE
cells by suppressing reactive oxygen species (ROS)
production'®. Clinical studies (e.g., NCT02625376)
are ongoing to evaluate RES as a food supplement for
AMD management!!. RES reduces pathological
neovascularization by inhibiting hypoxia-induced
expression of VEGF, mainly through suppression of
transcription factors HIF-1a and NFxB!7!3, Despite its
potential, RES suffers from poor aqueous solubility
and low bioavailability, which restrict its clinical
translation. To overcome these challenges, research is
focused on developing formulations that provide
localized, sustained action, minimize repeated dosing,

and  reduce  systemic  adverse  effects”.
Nanosuspensions, consisting of nano-sized drug
particles stabilized in surfactant solutions or

polymeric nano-encapsulated drug reservoirs, offer
promising solutions for ocular drug delivery.
Nanoparticles facilitate prolonged drug residence time
in the ocular microenvironment and enable drug
permeation through ocular barriers to the posterior
segment?®?!, Their small size enhances solubility,
absorption, and pharmacokinetics of poorly soluble
drugs?>. For formulation optimization, Central
Composite Design (CCD) under Response Surface
Methodology (RSM) is highly suitable. CCD

organizes experiments with cube points, center points,
and axial points in a wedge arrangement—rotational
or orthogonal—to predict variable interactions and
minimize regression variability?>2°, First introduced
by Box and Hunter, RSM allows for polynomial or
quadratic  modeling  of  formulation-process
variables?*?7-30,

In this study, a PLGA polymer-based nanosuspension
was developed as a carrier system for ocular delivery
of resveratrol. Given its reported antioxidant and anti-
VEGF activity, we aimed to formulate a
nanosuspension to enhance therapeutic outcomes in
AMD treatment.
The resveratrol nanosuspensions were prepared via
solvent evaporation’’ and  formulation-process
parameters were optimized using CCD to achieve
minimal particle size, maximal drug encapsulation,
and sustained release. The optimized formulation was
further evaluated for antioxidant activity, which plays
a crucial role in mitigating AMD progression.
MATERIALS AND METHODS

Materials

Resveratrol, polyvinyl alcohol and PLGA (50-50)
were got from Sigma-Aldrich, Mumbai, India.
Acetone was got from SRL Chem Pvt. Ltd., Indore,
India. Tween 80 was purchased from Fisher
Scientific, Mumbai, India. Dialysis membrane
(molecular weight cut-off 12 kDa) was purchased
from Himedia, Mumbai, India. All other chemicals,
reagents were of analytical grade.

Methods

Preparation of RES Nanosuspension

RES-loaded nanosuspension was prepared by the
solvent evaporation method. Accurately weighed 40
mg of PLGA was solubilized in 10 ml acetone
followed by dissolution of 2.5 mg of RES in this
solution. The solution, thus prepared, was then
progressively added to the 1.5% w/v aqueous solution
of PVA at ambient temperature (25°C). The mixture
was then probe sonicated for 1 minute followed by
magnetic stirring at 1650 rpm till thorough
evaporation of the organic solvent. The resulting
nanoparticle dispersion was then frizzed and
lyophilized using as cryoprotectant (1% w/v mannitol
solution) to get nano-suspension’2.

Optimization of RES Nanosuspension by Central
Composite Design

The CCD generated 13  experimental
formulations (Table 1) using Design Expert 9.0.4.1

trial
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software  (Stat-Ease, Minnesota, USA). Two
formulation variables having three levels, namely
Factor 1 i.e. PLGA and Factor 2 i.e. PVA, were used
keeping rest of the elements including RES constant.
RSM was cast-off to assess the impact of independent
variables (i.e. factors) on dependent variables (i.e.
responses)  comprising  particle  size (Y1),
polydispersity index (Y2), and entrapment efficiency
(Y3). Several levels of variables are presented in
Table 1. The coded and actual factors of the design of
experiments are expressed in Table 2.

Table 1: Levels of variables for optimization

Code Variables Levels of Variables

-1/ 0 |[+1 -o +a
Factor 1 | PLGA (mg) |30/ 40 [50| 25.8579 |54.1421
Factor2 | PVA (%) |1]1.5]2]0.792893(2.20711

Table 2: Formulation composition for optimization
of RES nanosuspension as per CCD

Standard| Run Factor 1 (A: Factor 2 (B:
Order PLGA) PVA)
Coded| Actual |Coded| Actual
Values| Values |Values| Values
(mg) (%)
6 1 +a | 54.1421 0 L.5
4 2 +1 50 +1 2
1 3 -1 30 -1 1
2 4 +1 50 -1 1
11 5 0 40 0 L.5
7 6 0 40 - 0.
792893
10 7 0 40 0 1.5
8 -o | 25.8579 0 1.5
0 40 +a | 2.20711
10 -1 30 +1 2
9 11 0 40 0 L.5
13 12 0 40 0 L.5
12 13 0 40 0 1.5
The RSM was applied for optimization®3-**, Tables 1

and 2 represents the details of the dependent and
independent variables. The data obtained for CQAs
i.e. particle size (Y), PDI (Y2), and entrapment
efficiency (Y3) of RES nanosuspension was subjected
to mathematical modelling for establishing suitable
polynomial models with the studied factors. The best
fitted model was identified via statistical strictures
such as regression coefficient (r?), coefficient of
variance (% CV), adjusted and predicted r? and
“predicted residual error sum of squares” (PRESS) for
different investigated models for the CQAs. The

impact of independent variables on responses was
studied through 2D-contour plots and 3D-response
surface graphs. Based on model fitting for each of the
response variables, optimum design was picked by
numerical and graphical search methods. In numerical
search, acceptable ranges of the CQAs were defined
and weightage was given for selecting optimized
formulation based on the desirability value closer to 1.
Based on the ranges of CQAs assigned in numerical
search, graphical optimization was done to demarcate

locating the optimized
36-38

the design space and
formulation within the design space

The RSM was chosen for optimization in the current
study®*-¥. Thirteen formulations were created and
their response variables i.e. particle size, PDI, and
entrapment efficiency were assessed. The correlations
between all the factors and the response variables
were investigated using quadratic models. Table 3
displays the summary of the statistical model for the
response variables. To examine the difference
between the fitted and obtained values, the lack of fit
test is used. Additionally, r* value of the responses
and the substantial lack of fit were calculated.

Table 3: Formulations designed for optimization of
RES nanosuspension using central composite

design
Std.| Run Factor 1 (A: Factor 2 (B: PVA)
Order PLGA)
Coded | Actual | Coded | Actual
Values |Value (mg)| Values [Values (%)
6 1 +a 54.1421 0 1.5
4 2 +1 50 +1 2
1 3 -1 30 -1 1
2 4 +1 50 -1 1
11 5 0 40 0 1.5
7 6 0 40 -0 0.792893
10 7 0 40 0 1.5
8 -a, 25.8579 0 1.5
9 0 40 +ou 2.20711
31 10 -1 30 +1 2
91 11 0 40 0 1.5
13 12 0 40 0 1.5
12| 13 0 40 0 1.5

Characterization of RES nanosuspension
Physicochemical characterization

RES  nanosuspensions  were  estimated  for
physicochemical parameters by DSC and FTIR
spectroscopy®. FTIR spectroscopy was performed to
evaluate the chemical structure of resveratrol (RES),
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identify characteristic functional groups, assess
potential incompatibilities with excipients, and
confirm the successful incorporation of RES into the
nanosuspensions. The FTIR spectra of RES alone,
RES-PLGA physical mixture, RES-PVA physical
mixture, and RES nanosuspension were recorded in
the range of 4000 cm™ to 400 cm™ and compared
with the reference standard of pure RES to investigate
possible drug-excipient interactions.

Differential Scanning Calorimetry (DSC) analysis
was performed for RES alone, RES-PLGA physical
mixture, RES-PVA physical mixture, and RES
nanosuspension. Approximately 5 mg of each sample
was placed in a sealed DSC pan and heated from 30°C
to 400°C at a rate of 10°C/min under nitrogen
atmosphere with a flow rate of 50 ml/min. An empty
aluminum pan was used as the reference. This
analysis provided insight into the thermal behaviour
and drug-excipients compatibility as well as the
physical state of RES in the nanosuspension*’.

Transmission Electron Microscopy (TEM)

TEM was performed to evaluate the surface
characteristics of the sample. The surface
characteristics was obtained when a beam of electrons
was transmitted through an ultra-thin sample,
interacting with the sample as it passed through it*!.
Transmission electron microscopy (TEM-Tecnai,
G20, Philips scientific, Netherlands) was used for
morphological analysis of optimized formulation. A
drop of diluted sample was taken on a copper grid and

allowed to get dry then stained with 1%
phosphotungstic acid*.

Particle size, polydispersity index and zeta
potential

1 ml Aliquots of RES nanosuspension dispersions
were diluted 100-fold with distilled water for
measurement of particle size and PDI as well as zeta
potential by “dynamic light scattering” (DLS)
technique (Nano ZS90, Malvern Panalytical, UK)*.
The formulation was 100 times diluted with filtered
distilled water followed by analysing in triplicate at
25°C for particle size and PDI. Zeta potential was
measured using same device in a zeta cuvette after
100-fold dilution of the formulation with filtered
distilled water*,

Entrapment efficiency

To find out the entrapment efficiency of RES
nanosuspension, 0.5 ml of the nanosuspension was
subjected to ultra-centrifugation at 10,000 rpm

(2,236xg 1.e.10 kDa) in Amicon centrifuge tubes
(Milipore, Mumbai, India) to remove unentrapped
drug, if any, and pellet down the nanoparticles
followed by dissolution of pelleted nanoparticles in
methanol to extract out RES. The quantity of
entrapped drug was then enumerated by
spectrophotometry at 306 nm and the entrapment
efficiency was determined by the formula given
below*!-

Entrapment _ x
Efficiency — Actual Amount of the Drug Used for Preparation of Nanosuspensions

Actual Amount of the Drug Loaded in Nanosuspensions 100

In vitro drug release studies of optimized RES
nanosuspension

In vitro drug release from the optimized RES
nanosuspension was planned in six replicates to
compare the release of RES from RES solution and
RES nanosuspensions at 37°C+0.5°C using dialysis
bag (12 kDa) in 100 ml of phosphate buffer pH 7.4
having 0.1% v/v of Tween 80 for up to 24 hours at
100 RPM*. RES nanosuspension having 0.5 mg/0.5
ml RES was filled in dialysis bag and tied on its both
ends. Samples (3 ml) were taken out at 0, 0.5, 1, 2, 4,
6, 8, 10, 12, 16, 20, 24 hours subsequently replacing
with the equal volume of fresh medium to conserve
sink conditions. The drug release was quantified at
306 nm using UV spectrophotometry after suitable
dilution. The results were presented as cumulative per
cent drug released at predetermined time points versus
time curve (Release Profile)*.

DPPH antioxidant assay

The free radical scavenging activity of the optimized
RES nanosuspension was verified using a 1,1-
diphenyl2-picrylhydrazyl (DPPH) assay. 24 mg
DPPH was dissolved in methanol to get 100 ml stock
solution. The later was then filtered to get a filtrate as
DPPH working solution (Blank) having light
absorbance nearly 0.973 at 517 nm. A test tube was
filled with 100 pl of the test formulation and 3 ml of
DPPH working solutions. The tubes were then left in
complete dark for half an hour. Thus, a wavelength of
517 nm was used to estimate the absorbance. The
following formula was used to compute the
percentage scavenging®’*.

% Scavenging

_ (Absorbance of Blanks,; — Absorbance of Samples,;)

Absorbance of Blanks,;

Age Related Macular Degeneration Studies in
Animals

Albino rabbits,
pharmacological

which were of trust to
treatments and experimentation,
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weighing 2.5-3.0 kg and at least 4 months of age,
were used. The animals were held in groups of one
per cage and kept in standard conditions at 2542 °C
temperature, 55+5% humidity and light and dark
cycle of 12 hours each. The animals have limitless
access to tap water and rodent food. The protocol was
duly approved from the Institutional Animal Ethics
Committee vide protocol number AIPS/TAEC/02/12,
which was established to oversee and manage
experimental animals and adhere to the widely
accepted Principles for Laboratory Animal Use and
Care as stated in the National Institutes of Health
Guide (NIH Publication No. 85-23, revised 1985)%.
Every test was carried out from 9:00 hours to 18:00
hours.

In this study, a sodium iodate (NalOs)-induced dry
age-related macular degeneration (AMD) model was
used. In harmony with a prior method, IV injection of
NalO; (30 mg/kg) was used to demonstrate oxidative
stress-mediated degeneration in the retina and retinal
pigment epithelia (RPE)®. Animals (n=3) were
divided into five groups i.e. normal group, disease
group, free RES treated group (20 mg/kg), RES
nanosuspension treated group (equivalent to 20 mg/kg
RES), and bevacizumab (1.25 mg) treated standard
group. The normal group of rabbits received
physiological saline intravitreally, whereas the other
groups received injections of 30 mg/kg NalOs. The
matching preparations were administered four times a
day starting the following day. The literature provided
the dose of RES®!.

The altered Draize test>> was used to conduct eye
irritation test. Each rabbit's ocular situations were
examined in order to gauge irritation. The rabbits
were put to sleep after receiving the medication four
times a day for 28 days straight. The eyeballs were

t52

then promptly removed and a homogenate was made.
This homogenate was used for further biochemical
assessment.

Assessment of Oxidative Stress

Measurement of lipid peroxidation
Malondialdehyde (MDA) content was measured as an
estimate lipid peroxidation using the previously
pronounced method by Ohkawa et al. (1979)> with a
minimal adjustment. In short, 1.5 ml glacial acetic
acid (20%), 0.2 ml sodium dodecyl sulphate (8.1%),
and 1.5 ml thiobarbituric acid (0.8%) were combined
with the 0.1 ml eye homogenate sample. The tube-
containing mixture was stirred, heated on a water bath
for one hour at 95 °C, and then cooled below running
water. Each tube was then filled with 5 ml of pyridine

and n-butanol (1:15) and 1 ml of distilled water, and
the tubes were centrifuged for 10 minutes at 4000
rpm. To assess the amount of MDA produced, the
absorbance of the upper organic pink layer was
measured at 532 nm. A calibration curve was
generated using malondialdehyde bis-(dimethoxy
acetyl) as the standard. The data were stated as nmol
of MDA/mg protein®*,

Measurement of Glutathione

The valuation of glutathione (GSH) was done using
Ellman's (1959) methodology®. In short, 2 ml of
Ellman's reagent (5'S dithiobis [2-nitrobenzoic acid]
10 mM and NaHCO3 15 mM) were combined with
160 pl of homogenate. The absorbance at 412 nm was
measured after the mixture-containing tubes were
incubated for five minutes at room temperature. The
activity was expressed in pmol/mg of protein’®.

Measurement of Inflammatory Cytokines (TNF-a
and IL-6)

The murine TNF-o and IL-6 immunoassay kits were
used to quantify TNF-a and IL-6. Using a pre-coated
murine-specific monoclonal antibody and a supplied
murine-specific enzyme-linked polyclonal antibody
for TNF-a and IL-6, the sandwich ELISA procedure
has been used for control, standard or test samples. In
part to the quantity of murine TNF-a and IL-6 bound
in the first steps, the colour intensity was assessed at
450 nm as the primary wavelength and 620 nm as the
reference wavelength. The standard curve was then
used to read off the sample data®”.

Measurement of VEGF for Angiogenesis

As directed by the manufacturer, the human VEGF-A
ELISA Kit was cast-off to measure the VEGF protein
in the eye homogenate. The BCA protein assay kit
was used to estimate the total protein content of the
cells and the results of the VEGF protein valuation
were adjusted to total protein. Sample absorbance was
measured at 450 nm and 550 nm, and the difference
was noted>®.

Statistical analysis

The trials were done three times in parallel, unless
otherwise noted. GraphPad Prism 6.0 and Origin 9.0
software were castoff to perform the statistical
analysis, and the data were displayed as mean + SD.
The unpaired t-test was used to examine the data, and

a p<0.05 was believed to be statistically significant®*-
63
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RESULTS AND DISCUSSION

Physicochemical characterization

The results of FTIR and DSC of RES alone, RES-
PLGA physical mixture, RES-PVA physical mixture
and RES nanosuspension have been presented in
Figures 1-2.
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Figure 1: FTIR spectra of RES (A), RES-PLGA
Mixture, (B), RES-PVA Mixture (C) and RES
Nanosuspension (D)

FTIR was steered to analyse the compatibility of RES
with PLGA and to authenticate the RES entrapment in
the formulation grounded on results achieved (Figure

1.

FTIR spectrum of RES exhibited peaks between 3200
cm™! and 3400 cm™!, at 1605 cm™!, 1583 c¢cm™!, and
1380 cm! agreeing to O-H stretching, C=C aromatic
double bond stretching, C=C olefinic stretching, and
C-C stretching, respectively. The peaks such as 3465
cm™!, 3325 cm™!, 2979-2627 cm’!, 1700-1850 cm’,
and 1050-1250 cm™ approve the existence of O-H,
C-H (in —-CH3) C-H (in —CH.), —-C=0, and C-O
groups of PLGA. A reduction in the strength of major
peaks of RES and broadening of the peaks was
detected in spectrum of RES-PLGA physical mixture
simultaneously retaining the characteristic peak.
However, no specific peak relating to RES was found
in the FTIR spectrum of RES nanosuspension,
validating the actual charging of medication in the
formulation.

HeatFiowEnd Up (M) — =

Figure 2: DSC Thermograms of RES (A), RES-
PLGA Mixture, (B), RES-PVA Mixture (C) and
RES Nanosuspension (D)

To explore the polymer-drug incompatibility, RES

alone, RES-PLGA physical mixture, RES-PVA
physical mixture and RES nanosuspension were
analysed for change in transition temperature on
executing DSC (Figure 2)*3%, The acquired DSC
thermograms help to ascertain the nature of the drug
as well as its physical form in the polymer that can
affect drug release profile. Endothermic peak at
267.892°C shown by RES stated its distinctive
melting point. DSC  thermogram of RES
nanosuspension validated RES entrapment in the
formulation since the peak at 267.892°C was absent in
DSC thermogram of the optimized formulation.
Conversely, detection of drug’s typical endothermic
peak in DSC thermogram of RES-PLGA physical
mixture reveals no interaction of RES with either of
the two PLGA and PVA. The endothermic peaks
obtained from DSC thermograms of RES
nanosuspensions indicate the three phase transition
temperatures (melting points) of the compounds
corresponding to RES, PVA and PLGA. Thus, it
could be concluded that the RES nanosuspensions
showed three peaks corresponding to. RES, PVA and
PLGA.

Optimization of the formulation

To investigate the factors i.e. PLGA and PVA
systematically, a CCD was employed (Table 1 and
Table 2) with each independent variable at three
levels i.e. PLGA at the levels of 30 mg, 40 mg and 50
mg, and PVA at the levels of 1%, 1.5% and 2%.
Particle size, PDI and entrapment efficiency were
considered as dependent variables®®. Total 13
formulations were designed using “Design Expert

1JDDT, Volume 16 Issue 26s, 2026

Page 254



Development And Optimization Of Resveratrol Loaded Nanosuspension Using Central Composite Design
(Ccd) For Age Related Macular Degeneration Disease

9.0.4.1” software (Stat-Ease, Minnesota, USA). Two
factors at three levels were used entitled Factor 1 i.e.
PLGA and Factor 2 ie. PVA ensuring other
ingredients, including drug, constant. To assess the
impact of independent variables i.e., factors (PLGA
and PVA) on dependent variables i.e., responses
(particle size, YI1; PDI, Y2; and entrapment
efficiency, Y3), RSM was used (Table 4).

Table 4: Observed responses for optimization of
RES nanosuspension using central composite
design

StRun| Factor 1 | Factor 2 |Respo|Respo|Respons
d.|Ord/A: PLGA| B: PVA [nsel | nse2| e3
er |Cod|Actu|Cod|ActualPartic| Poly- | Entrap
ed | al |ed | 1 [leSize/disper| ment
Val |Valu| Val |Value| (nm) | sity |Efficien
ues| e |ues|s (%) Index | cy (%)
(mg)
1 4.14 1.
6 o 521 0 5 199.1]0.199| 90.31
412 [+1 |50 |+1| 2 |155.2(0.155| 72.51
I3 ]-1]30]-1 1 |180.3|0.181| 80.54
214 |+1] 50 -1 1 1200.3(0.199| 92.35
111 5] 0 (40| 0 | 1.5 |171.2]0.171 | 71.21
6| 0 |40 | - [0.792
7 293 200.1{0.198| 90.5
100 71 0 | 40| 0 | 1.5 |161.1]|0.161 | 75.11
5 8 ] -a 2585 01 135 145.2|0.140 | 75.13
79
I R I 2'12107 152.1]0.151| 72.17
3/10| -1 30 |+1| 2 |122.4]0.122| 75.84
110 |40 | 0 | L5 |151.1|0.154| 74.67
131121 0 | 40 | O | 1.5 |152.2]0.153| 7543
12131 0 | 40 | O | 1.5 |152.9]0.154| 7545

Various models were applied to investigate the
combined effects of independent variables i.e. PLGA
and PVA on the dependent variable i.e. particle size,
PDI and entrapment efficiency. Best fit models were
found out on the basis of r? and predicted 1 values
(model having largest r* value was considered as best
fit model). Here, Quadratic Model was observed to be
the best fit and is represented by the following
mathematical relationship generated using design
expert for the studied response variables-

Response = Bo - B1 PLGA - B2 PVA + f33
PLGA*PVA + Bs PLGA? + 4 PVA? ----3

Five coefficients (Bo to f4) were intended signifying o
as the intercept, and Pi1 to P4 various quadratic and
interaction terms. The equations contain the
coefficients for intercept, first-order main effects,
interaction terms, and higher-order effects. The sign
and the degree of effects indicate the comparative
impact of each factor on the response.

Effect of PLGA and PVA on particle size

The results of multiple linear regression analysis are
shown by Equation 4 (2 = 0.8990).

Particle Size = 334.22404 - 3.21217 PLGA -
149.99556 PVA + 0.640000 PLGA*PVA + 0.048313
PLGA? +27.22500 PVA?* -4

Both the coefficients Bl and B2 bear a negative sign.
Negative signs of respective coefficients of PLGA and
PVA indicate that on increasing their quantity in the
ranges of 25.8579 mg to 54.1421 mg and 0.792893%
to 2.20711%, respectively, there will be a significant
decrease (p = 0.0022 i.e. <0.05) in particle size. It can
be established from Equation 4 that quantity of PVA
is more operational compared with quantity of PLGA
as indicated the larger coefficient of PVA than PLGA.
The 3D response surface plots and 2D contour plots
showing the design space for the effect of PLGA as
well as PVA on particle size are presented in Figure

X: A: PLGA (mg)
: B: PVA (96)

Figure 3. Response Surface Plot (Upper Plot) and
Contour Plot (Lower Plot) showing the design
space and the effect of PLGA and PVA on particle
size

Effect of PLGA and PVA on polydispersity index
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The results of multiple linear regression analysis are
shown by Equation 5 (R? = 0. 9050).

Polydispersity Index = 0.310244 — 0.002255 PLGA
— 0.144517 PVA + 0.000750 PLGA*PVA +
0.000035 PLGA? + 0.024050 PVA? ----5

3D Surface

rsiy Index

Polydisper

730

Polydispersity Index

B

X: A: PLGA (mg)
V: B: PVA (%)

Figure 4. Response Surface Plot (Upper Plot) and
Contour Plot (Lower Plot) showing the design
space and the effect of PLGA and PVA on PDI

Both coefficients f1 and B2 bear a negative sign.
Negative signs of the respective coefficients of PLGA
and PVA indicate that on increasing their quantity in
the ranges of 25.8579 mg to 54.1421 mg and
0.792893% to 2.20711%, respectively, there will be a
major decrease (p = 0.0018 i.e. <0.05) in PDI. It can
be established from Equation 5 that quantity of PVA
is more effective compared with quantity of PLGA as
indicated the larger coefficient of PVA than PLGA.
The 3D response surface plots and 2D contour plots
displaying the design space for the effect of PLGA
and PVA on PDI are presented in Figure 4.

Effect of PLGA and PVA on entrapment efficiency
The results of multiple linear regression analysis are
shown by Equation 6 (R? = 0.9403).

Particle Size = 120.26169 — 1.48505 PLGA -
18.94913 PVA - 0.757000 PLGA*PVA + 0.037436
PLGA? +12.20450 PVA? ----6

Both coefficients f1 and B2 bear a negative sign.
Negative signs of the respective coefficients of PLGA
and PVA indicate that on increasing their quantity in

the ranges of 25.8579 mg to 54.1421 mg and
0.792893% to 2.20711%, respectively, there will be a
significant decrease (p = 0.0004 ie. <0.05) in
entrapment efficiency. It can be established from
Equation 6 that quantity of PVA is more effective
compared with quantity of PLGA as indicated the
larger coefficient of PVA than PLGA. The 3D
response surface plots and 2D contour plots
displaying the design space for the effect of PLGA
and PVA on entrapment efficiency are presented in
Figure 5.

Based on the model fitting for each of the response
variables, the optimum formulation was chosen by
numerical and graphical search techniques. In
numerical search, acceptable ranges of the CQAs
were defined and weightage assigned for selecting
optimized formulation based on the desirability value
closer to 1. Based on the ranges of CQAs assigned in
numerical search, graphical optimization was

performed to demarcate the design space and locating
the optimized formulation within the design space.

Factor Coding: Actua
E 3D Surface

fency (%)

Entrapment Eic

Entrapment Efficiency (%)

a0
X: A: PLGA (mg)
Y: B: PVA (%)

Figure 5. Response Surface Plot (Upper Plot) and
Contour Plot (Lower Plot) showing the design
space and the effect of PLGA and PVA on
entrapment efficiency

During numerical search as well as graphical search
(overlay plot, Figure 6) methods, 100 solutions were
found in the design space having the desirability value
of 1 out of which the selected optimized formulation
was having PLGA and PVA at the levels of 32.881
mg and 1.329%, correspondingly with response

1JDDT, Volume 16 Issue 26s, 2026

Page 256



Development And Optimization Of Resveratrol Loaded Nanosuspension Using Central Composite Design
(Ccd) For Age Related Macular Degeneration Disease

variables i.e. particle size, PDI and entrapment
efficiency values of 157.553 nm, 0.157 and 75.200%
respectively.

- Overlay Plot

288955 _|

208955 _|

128955 _|

0489552 _|

0310448

528358 147164 347164 547164 747164
X: A: PLGA (mg)
Y: B: PVA (%)

Figure 6. Overlay Plot showing the design space
and the selected optimized formulation

Further, RES nanosuspension presented uniform
particle size distribution as shown by the low PDI. A
“Malvern Zeta Sizer, Nano ZS90”, was utilized to
assess average zeta potential of RES nanosuspension.
A great negative zeta potential of -40.0+4.19 mV
confirms the deterrence of particle aggregations and
confirms electrostatic stabilization, thus stopping
interaction of RES nanosuspension with serum
constituents and protein adsorption. This stops the
nanoparticles from being up-taken by tissue
macrophages®’.

Transmission electron microscopy

The TEM image (Figure 7) of optimized formulation
showed that the prepared nanosuspension were
spherical in shape.

Figure 7. Transmission electron microscopy
(TEM) image of the optimized formulation

In vitro drug release studies of optimized RES
nanosuspension

In vitro drug release from the optimized RES
nanosuspension was made in dialysis bag (12 kDa)
using 100 ml of phosphate buffer pH 7.4, i.e. pH of
the eye®’, for up to 24 h at 100 RPM and 37 °C + 0.5
°C temperatures. RES nanosuspension (corresponding
to 10 mg RES) was put in dialysis bag and tied on its
both ends. Aliquots (2 ml) of samples were withdrawn
at pre-set intervals, trailed by replacement with an
equivalent bulk of new medium to keep the sink
conditions, while drug release was quantified by a
suitable validated analytical method. The in vitro
release data (raw) were analysed by considering
volume and drug losses during sampling. The percent
drug release was calculated versus time and compared
with drug release profile of plain RES (Table 5,
Figure 8). In vitro release behaviour is significant in
connecting with the in vivo release pattern and
formulation behaviour in general®®,

Table S: In vitro drug release profile of the
optimized RES nanosuspension and plain RES
solution

Time Cumulative Percent Drug Release

(Hours) nl | n2 | n3 | Aver Standard

age deviation

1 36 | 43 | 42 | 4.09 0.39
5 4 8

2 5515656 | 561 0.09
0 6 7

4 15. | 13. | 17. | 15.72 1.72
79 | 96 | 41

6 20. | 21. | 21. | 20.83 0.39
38 | 01 | 09

22 67. | 68. | 70. | 68.94 1.08
87 | 92 | 03

24 74. | 75. | 72. | 73.86 1.62
54 | 03 | 01

28 78. | 78. | 79. | 78.79 0.53
73 1 29 | 35

30 81. | 81. | 82. | 82.04 0.63
8 | 54 | 75

46 86. | 86. | 85. | 86.20 0.59
86 | 03 | 72

48 88. | 89. | 91. | 89.82 1.26
56 | 84 | 08
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100

80

Table 7. DPPH antioxidant assay of the optimized
formulation

7
2 60 S. Group Absorbance % of
£ ow No. at517 nm | Antioxidant
£ Activity
- 1 | Blank (Control) 0.958 -
0 10 e (Houras 40 . 2 | RES 0.511 46.660
—+—RES Nanosuspension  —e—RES Solution Nanosuspension

Figure 8: In vitro drug release profile of the 3 | RES Solution 0.654 31.733

optimized RES nanosuspension and plain RES Ascorbic  Acid 0.525 45.198
solution (Standard)

To get the drug release mechanism of from RES
nanosuspension, the data was handled in several
kinetic models i.e. zero-order, first-order, Higuchi and
Korsmeyer-Peppas model®. The formulation has been
found to follow Korsmeyer-Peppas model of drug
release i.e. release the drug by non-ficcian transport
(Table 6).

Table 6: Drug release kinetics data for RES
nanosuspension with their respective regression
coefficients

Release |X-axis Y-axis R? | R
kinetics
Zero order [Time |Cumulative Percent [0.9161/0.9571
Drug Release
First-order [Time |[Log Cumulative 0.7485/0.8652
Percent Drug
Remaining
Higuchi  |Square|Cumulative Percent |0.9755/0.9877
Root [Drug Release
of
Time
Korsmeyer{Log |Log Cumulative 0.9773/0.9886
Peppas Time [Percent Drug
Release
DPPH antioxidant assay

When DPPH free radical interferes with an odd
electron, maximum absorbance was observed at 517
nm (purple color). A free-radical scrounger
antioxidant retorts to DPPH to form DPPH-H, which
has a minor absorbance when compared to DPPH
owing to lesser hydrogen. In contrast to the DPPH-H
state that leads to decolourization (yellow hue) due to
increase in the number of electrons collected.

It can be seen from Table 7 that the antioxidant
activity of the optimized formulation showed
absorbance of 0.511 at 517 nm with the percentage of
antioxidant activity as 46.660% with DPPH.

Age Related Macular Degeneration Studies in
Animals

Effect of RES Nanosuspension on Ocular Irritation
Test

Rabbits' ocular discomfort was examined under a slit
lamp following the administration of different
remedies in single doses. The RES nanosuspension
did not cause any eye irritation, as evidenced by the
absence of redness, swelling, increased secretion, or
tears at any point of time and the fact that irritation
ratings in all test groups were zero. Additionally,
sodium fluorescein was used to further examine the
appearance of any corneal damage, and the findings
demonstrated that the formulations did not result in
corneal damage. The corneal, conjunctival, and retinal
tissue of the groups treated with RES nanosuspension
and the control group did not vary significantly after
fourteen days of continuous treatment. Consequently,
ocular tissue was neither irritated nor harmed by the
RES nanosuspension.

Assessment of Oxidative Stress

Effect of RES nanosuspension on
peroxidation

Compared to the control group, the illness group's
ocular homogenate showed increased MDA levels,
indicating accelerated lipid peroxidation because of
chronic therapy. Long-term administration of
bevacizumab (1.25 mg/kg) and free RES (20.0 mg/kg)
drastically reduced MDA level (p<0.01) in contrast to
disease  control  animals.  Moreover, RES-
nanosuspension medication (20.0 mg/kg) markedly
decreased MDA levels (p<0.001). (Table 8).

lipid

Table 8. Effect of four weeks treatment with
resveratrol nanosuspension on lipid peroxidation
(MDA) and glutathione level

Group Treatment Lipid Glutathione
(Per kg Body |peroxidation| (umol/mg
Weight) (nmol protein)
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MDA/mg

protein)
Control | Vehicle (1 ml) | 1.36+£0.16 |3.83+0.20
DC Vehicle (1 ml) | 2.53+0.13" |1.74 +£0.13"
D+ Free resveratrol | 1.79 +£0.18% 2.51 +0.16%
RES (20.0 mg)
D+ Res 1.39+0.17% |3.98 £ 0.18"
RES- | nanosuspension
NS (20 mg)
D+ Bevacizumab | 1.68 +0.22% 2.43 +0.194
Bev (1.25 mg)

Results are expressed as Mean = SD.; n = 3 in each
group. Data was analysed by one way ANOVA
followed by Tukey’s multiple comparison test.
Significance: “p< 0.001 when compared with
control group; *p< 0.01 when compared with
disease control group; *p< 0.001 when compared
with disease control group.

Abbreviations: D- disease; DC- disease control;
RES- free resveratrol; RES-NS- Resveratrol
nanosuspension; Bev- Bevacizumab

Effect of RES nanosuspension on Glutathione

The glutathione levels in the ocular homogenate of
diseased animals were markedly lower (p<0.001) than
those in the control group. Long-term administration
of bevacizumab (1.25 mg/kg) and free RES (20.0
mg/kg) markedly raised glutathione levels (p<0.01) in
comparison to disease control animals. Further, RES-
nanosuspension therapy (20.0 mg/kg) markedly raised
glutathione levels (p<<0.001) (Table 8).

Effect of RES nanosuspension on Inflammatory
Cytokines (TNF-a and IL-6)

After receiving chronic therapy, ocular tissue of the
diseased group had higher levels of TNF-a and IL-6
than the control group (p<0.0001). Compared to
disease control rabbit, chronic administration of
resveratrol (20.0 mg/kg) substantially (p<0.001)
reduced TNF-a and IL-1f levels. Furthermore,
resveratrol nanosuspension (20.0 mg/kg) and
bevacizumab (1.5 mg) reduced TNF-o and IL-1B
levels considerably (p<0.0001) when equated to
disease control animals after a prolonged period of
therapy in rabbit (Figure 9 and Figure 10).

200 S(éntrol eoeec
* DC + RES (20.0 Fg%kg)

150 o DC + RES-NS (2G8=ng/kg
% ; D+ Bev (1.25 mg)_
£ 100 5
3
z 50

0

Figure 9. Effect of four weeks treatment with
resveratrol nanosuspension on TNF-a levels in eye
samples (Mean = SD, n = 3); Data was analysed by
one way ANOVA followed by Tukey’s multiple
comparison test.

Significance: “p< 0.0001 when compared with
control group; “p< 0.01 when compared with
disease control group; ©p< 0.001 when compared
with disease control group.

Abbreviations: D: disease; DC: disease control;
RES: free resveratrol; RES-NS: Resveratrol
nanosuspension; Bev: Bevacizumab

— == Control
— w= DC
504 === DC + RES (20.0 mg/kg)
== DC + RES-NS (20.0 mg/kg)
40— = D+ Bev (1.25 mg)

IL-6 (pg/mg protein)
w
7

Figure 10. Effect of four weeks treatment with
resveratrol nanosuspension on IL6 levels in eye
samples (Mean = SD, n = 3); Data was analysed by
one way ANOVA followed by Tukey’s multiple
comparison test

Significance: “p< 0.0001 when compared with
control group; “p< 0.01 when compared with
disease control group; ©p< 0.001 when compared
with disease control group.

Abbreviations: D: disease; DC: disease control;
RES: free resveratrol; RES-NS: Resveratrol
nanosuspension; Bev: Bevacizumab

Effect of RES nanosuspension treatment on VEGF
levels

After receiving chronic treatment, the illness group's
eye tissue had higher levels of VEGF than the control
group (p<0.0001). When resveratrol (20.0 mg/kg) was
administered to rabbit over an extended period of
time, VEGF levels were considerably (p<0.001) lower
than in disease control rabbit. Furthermore, prolonged
administration of bevacizumab (1.5 mg/kg) and
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resveratrol nanosuspension (20.0 mg/kg) dramatically
(p<0.0001) reduced VEGF levels (p<0.001) in
comparison to disease control rabbit (Figure 11).

200 s =
wm DC

=== DC+ RES (20.0 mg/kg)

== DC+ RES-NS (20.0 mg/kg)

== D+ Bev (1.25 mg)

@

N

I

N\

A T
w o
3 3

Figure 11. Effect of four weeks treatment with
resveratrol nanosuspension on VEGF levels in eye
samples

(Mean = SD, n = 3); Data was analysed by one way
ANOVA followed by Tukey’s multiple comparison
test

Significance: “p< 0.0001 when compared with
control group; “p< 0.01 when compared with
disease control group; ©p< 0.001 when compared
with disease control group.

Abbreviations: D: disease; DC: disease control;
RES: free resveratrol; RES-NS: Resveratrol
nanosuspension; Bev: Bevacizumab

CONCLUSION

The rational therapy using resveratrol (RES) was
developed for the treatment of age-related macular
degeneration (AMD). A RES nanosuspension was
successfully prepared and optimized using Central
Composite Design (CCD). The optimized formulation
exhibited an average particle size of 157.55 nm, with
a PDI of 0.157 and an entrapment efficiency of
75.20%. In vitro release studies demonstrated
sustained ocular delivery, with 89.82% + 1.26% drug
release over 48 hours. The release kinetics followed
the Korsmeyer—Peppas model, as indicated by the
highest regression coefficient (R* = 0.9886),
compared to zero-order (0.9571), first-order (0.8652),
and Higuchi (0.9877) models. The DPPH assay
confirmed that the prepared formulation exhibited
strong free radical scavenging activity, comparable to
ascorbic acid (standard) and superior to the RES
solution. These findings suggest that the developed
nanosuspension effectively reduces oxidative stress, a
key factor in the pathogenesis of AMD.
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