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ABSTRACT:

Objective: This study focused on the development and evaluation of a long-acting poly(lactic-co-glycolic acid)
(PLGA)-based Atrigel® (AG) delivery system for Glatiramer Acetate (GA) to enhance therapeutic efficacy in
the management of multiple sclerosis. The formulation was systematically optimised to generate a sustained-
release depot upon parenteral administration, thereby mitigating the limitations associated with frequent dosing
inherent to current treatment regimens.

Methods: A 3% randomised complete factorial design was employed to optimise critical formulation parameters
such as drug-to-polymer ratio and solvent concentration. The AG system was formulated using Dimethyl
Sulfoxide (DMSO) and PLGA polymer. The developed formulations were characterised for syringeability,
viscosity, and in vitro drug release. Physicochemical properties were assessed, and biological evaluations
included ex vivo release studies and cytotoxicity assays using the hen drumstick model and L929 fibroblasts,
respectively.

Results: The optimised formulation achieved sustained drug release with reduced dosing frequency. Statistical
analysis confirmed significant effects of drug-to-polymer ratio and solvent concentration on release kinetics
(p <0.05). An amorphous GA dispersion was formed within poly(lactic-co-glycolic acid), demonstrating good
physical compatibility. Ex vivo studies demonstrated consistent release profiles (p > 0.05 compared with in
vitro), and cytotoxicity assays indicated high biocompatibility.

Conclusion: The AG system represents a promising long-acting alternative to conventional GA therapy,
providing controlled release, improved formulation stability, and the potential to enhance patient adherence.
Further investigations are warranted to elucidate in vivo pharmacokinetics and to assess the scalability of this
approach.

INTRODUCTION

Multiple Sclerosis (MS) is a chronic autoimmune
neurological disorder that is non-traumatic, disabling,
and influenced by both genetic and environmental
factors. It ranks as one of the leading causes of
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neurological impairment among young adults [ 1-3]. The
worldwide prevalence of MS is rising, affecting both
developed and developing countries, with women being
more than twice as likely to develop the condition
compared to men [4, 5]. MS mainly affects young adults
and presents in four clinical forms: Relapsing-remitting
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MS (RRMS), secondary-progressive MS, primary-
progressive MS, and progressive-relapsing MS.
Approximately 85% of patients initially present with
RRMS, characterised by episodic neurological
symptoms that may partially or fully recover within days
to weeks [6, 7]. MS often begins with episodes of
reversible neurological deficits. Early axonal damage is
crucial to disease progression and long-term disability [8,
9]. Diagnosis involves detecting inflammatory and
demyelinating damage in the Central Nervous System
(CNS) over various regions and time. Tests like
cerebrospinal fluid analysis, evoked potentials, bladder
urodynamics, and optical coherence tomography can aid
diagnosis but are often unnecessary [10-12]. Several
Disease-Modifying Treatments (DMTs) are now
available to manage RRMS, primarily to reduce relapse
rates and the severity of CNS inflammation [13].
Currently, there is no cure for MS. Recent advances have
led to the development of newer, more effective
treatments beyond traditional DMTs, such as Interferon
Beta (IFNB) and GA. For instance, fingolimod, the first
oral DMT, received approval in the United States in 2010
[14-16]. GA not only affects neurons but also reduces
demyelination and promotes myelin repair [17].

GA is a mixture of diverse polypeptides with
immunomodulatory properties, approved in the U.S. in
1996 as COPAXONE and in Europe in 2001 [18, 19]. It
comprises a complex mixture of polypeptides derived
from four amino acids that resemble Myelin Basic
Protein (MBP). These are generated by polymerising L-
glutamic acid, L-alanine, L-lysine, and L-tyrosine,
followed by partial hydrolysis [20, 21].

AG employs a biodegradable polymer solution that
forms a solid or semi-solid depot upon injection and
interacts with bodily fluids. This facilitates controlled,
sustained release of therapeutic agents. Its benefits
include reducing the number of doses, enhancing patient
compliance, increasing drug stability, and enabling
localised delivery that minimises systemic side effects.
AG is used across various medical areas, such as pain
management (e.g., extended-release bupivacaine),
hormone therapy (e.g., leuprolide acetate for prostate
cancer), and post-surgical recovery, where prolonged
drug release is essential. Its ability to deliver both small
molecules and biologics accurately makes it preferable
to traditional bolus injections, which often cause rapid
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drug clearance and plasma level fluctuations. Overall,
the versatility and efficiency of AG make it a promising
option for long-term therapeutic delivery [22-23].

GA is used to treat MS, including clinically isolated
syndrome, relapsing-remitting MS, and active secondary
progressive MS in adults. It is administered as a 20
mg/mL daily injection or a 40 mg/mL three-times-
weekly subcutaneous injection [22]. Although daily GA
injections are standard care, patient adherence is often
challenging. This study explores a long-acting AG
formulation to address these issues. MS requires lifelong
treatment, which complicates adherence. Despite the
availability of several approved disease-modifying
therapies, there remains a critical need to improve patient
outcomes by enhancing treatment effectiveness,
tolerability, and adherence [23,24].

In this study, a stable, efficacious, long-acting, in situ-
forming GA implant of an AG-containing polymer and
solvent was evaluated to improve treatment efficacy.

MATERIALS AND METHODS
Materials

GA was obtained from Pharmaffiliates in Haryana, India.
Evonik India provided Resomer 202H (75:25) and other
PLGA grades. Resomer 202H (75:25) was selected for
its established biocompatibility and predictable
degradation, making it suitable for sustained release
formulations. DMSO, Ethyl Acetate (EA), N-methyl-2-
pyrrolidone (NMP), and Dichloromethane (DCM) were
purchased from Sigma-Aldrich, and Mannitol from DFE
Pharma. Analytical chemicals from Merck Mumbai and
other reputable suppliers were used as received.
Penicillin-streptomycin, fetal bovine serum (FBS),
RPMI 1640 culture medium, and trypsin were acquired
from Gibco (Germany). The Mouse L929 fibroblast cell
line was supplied by the National Centre for Cell Science.

Preparation of AG

To prepare AG, 2.5 grams of Resomer 202H was
accurately weighed and placed into a vial, followed by
the addition of 7.5 grams of DMSO. The vial was sealed
with a rubber stopper and a flip-off seal. The polymer
was then allowed to dissolve fully in the solvent. Once
dissolution was complete, the mixture was checked for
clarity and hydration. Before administration, the polymer
phase was combined with GA powder. After thorough
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mixing, the in situ-forming implant was prepared and
ready for use [25,26].

Formulation Optimization

In the initial experiments, PLGA polymers with both acid
and ester end groups, such as PLGA 50:50, PLGA 75:25,
and PLGA 85:15, were utilised. Organic solvents,
including DMSO, EA, NMP, and DCM, were
incorporated into the formulations. Preliminary
investigations assessed how key formulation and process
parameters- such as drug-to-polymer ratio and solvent
concentration- affect critical response variables like
syringeability, evaluated through break-loose force
(BLF) and glide forces (GLF), viscosity, and drug-
release kinetics. To systematically optimise these factors,
a 2° randomised complete factorial design with one
centre point was employed, examining two independent

variables: drug-to-polymer ratio (Xi) and solvent
concentration (X2), each at three levels (low, medium,
high) within predefined ranges. All dependent variables
were meticulously analysed to understand how these
formulation parameters influence system performance
[27, 28].

Table 1 displays the independent variables and their
levels. A total of nine experimental runs, including one
centre point, were conducted and systematically assessed
with respect to the Critical Quality Attributes (CQAs):
GLF (Y1), viscosity (Y2), and in vitro drug release at 90
minutes (Y3). Optimisation processes and data analysis,
including the creation of response surface plots, were
performed using Design Expert® software (Version
13.0.5.0, State-Ease Inc., Minneapolis, MN).

Table 1: 3 Randomised full factorial Design parameters and experimental conditions

Independent variables

Low (-1) 20:20
Levels Medium (0) 20:100

High (+1) 20:200
Dependent Variables

The experimentally observed response values were
quantitatively compared with the expected research
values to confirm the experimental design. The relative
error (%) was determined using the following equation:

Relative Error (%)

[Predicted Value — Experimental Value]
- , X 100
Predicted value

Characterisation of AG
UV Spectroscopy

The ultraviolet absorption spectrum of drug GA was
recorded in phosphate buffer at pH 7.4 over 200-400 nm
using a quartz cuvette (1 cm path length) and a Shimadzu
UV-1700 spectrophotometer. The peak absorption
wavelength was identified for future quantitative
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Xi1: Drug to Polymer ratio (mg)

X>: Solvent Concentration (mg)
115
230

345

Yi1: GLF (N) Y2: Viscosity (Cp) Y3: In vitro release (%)

analysis. Standard GA solutions at known concentrations
were then prepared, and their absorbance was measured
at this characteristic wavelength. A calibration curve was
created by plotting concentration against absorbance,
revealing a linear relationship that served as the basis for
determining the sample content [30].

Fourier Transform Infrared Spectroscopy (FTIR)

The drug's chemical structure was examined with an
attenuated total reflection FTIR/ATR spectrometer
(Bruker II Alpha). The sample was maintained at
approximately 25.0 £ 0.5 °C. A small amount of sample
was applied to the Zinc solenoid crystal plate, and the
Anvil was rotated to secure it. Spectra were obtained by
scanning in the 4000-400 cm™! range, and identification
of different functional groups and chemical bond
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information within the molecules was achieved through
the analysis of characteristic absorption peaks [31].

Differential Scanning Calorimetry (DSC)

A DSC 250 system was used to capture thermograms of
bulk GA, mannitol, Resomer 202H, the physical mixture,
and the GA implant. Each sample was carefully weighed
and placed into an aluminium pan with a puncture lid,
using 2.0 mg of material. The analysis was performed at
a nitrogen gas flow rate of 50 ml/min and a heating rate
of 10 °C/min, increasing from 40 to 250 °C [31].

X-ray diffraction Pattern (XRD)

XRD patterns were recorded for GA, Polymer, and the
final formulation to evaluate their physical attributes. A
Rigaku Smart Lab Powder X-ray diffractometer was
used to record these patterns at a scanning rate of 1 © min-
1 within the 10 °- 50 © 20 range [32].

Particle Morphology

The morphology of the prepared formulations was
examined using scanning electron microscopy (SEM).
Briefly, dry powdered particles were mounted on
aluminium tubs with carbon tape and coated with gold
via sputtering in an argon atmosphere under high vacuum.
The samples were then examined using SEM (Hitachi
SU-3500) [29].

Apparent Viscosity

The apparent viscosity of the formed depot formulation
was measured using a Brookfield viscometer (Model:
DV2T). An accurately measured 20 mL formulation was
charged into the sample holder. The liquid-state solution
was determined using an adapter: spindle T-bar T-A;
spindle speed, rpm: 20; time, 10 minutes; temperature,
25 °C; and multi-average reading. The depot viscosity
was determined using an adapter (spindle T-bar T-F, S-
96), a spindle speed of 10 rpm, a 10-minute time, a
temperature of 37°C, and an endpoint reading. The
readings were noted after finishing the run [33].

Drug Loading Analysis

Sample Preparation: Weigh out exactly 5 mL of the
formulation containing 100 mg of GA and transfer it into
a 100 mL volumetric flask. Dissolve the sample
thoroughly and dilute to the mark with purified water.
Chromatographic Analysis: Inject 50 puL of the blank,
standard, and sample solutions into the chromatograph,
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ensuring that each solution is filtered through a 0.45 pm
membrane filter before injection. Quantification:
Determine the average peak area from five replicate
injections of the drug. Use the regression equation
derived from the pure reference standard [34] to calculate
the amount of the drug in the tablets.

pH Measurement

The pH of the AG formulation was measured with a pH
meter (Orion Lab Star PH111). The meter was calibrated
at different pH levels before dispensing the AG into the
cuvette. The probe was immersed in the formulation until
the reading stabilised, after which the pH was recorded
[35, 36].

Study of In Vitro Dissolution

The dissolution of bulk GA powder, Physical Mixture
(PM), and GA AG was tested using the USP Apparatus
2 (Distek Inc., USA, North Brunswick) with Japanese
sinkers. The paddle was set to a constant 50 rpm, and the
temperature was maintained at 37 +0.5°C throughout the
experiment [26].

Ex Vivo Release Study of GA AG Samples

An ex vivo release study was performed to assess the
intramuscular delivery of the AG formulation, following
established methodology [27]. The optimised
formulation was injected subcutaneously into a hen
drumstick muscle with a 20-gauge needle.  The
drumstick was then immersed in a beaker containing 250
ml of pH 7.4 phosphate-buffered saline with 0.1% w/v
sodium azide as an antibacterial agent, maintained at
37°C throughout. The use of 0.1% w/v sodium azide,
recommended by the USFDA, is standard in IVPT
studies to prevent microbial growth. At set intervals (2,
6,8, 10, 12, 18, 24, 48, and 72 hours), 3 ml of the release
medium was sampled and replaced with an equal volume
of fresh medium to sustain sink conditions. To confirm
the formation of the AG or implant, the injection site was
incised 24 hours after injection. The drug concentration
in the medium was analysed via high-performance liquid
chromatography (HPLC), and the cumulative release
profile was calculated from these data [28].

In Vitro Cytotoxicity Assessment of Formulations on
L929 Fibroblasts

The 1.929 fibroblast cell line, derived from mouse tissue,
was cultivated in RPMI 1640 medium supplemented
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with 10% heat-inactivated fetal bovine serum, 100
IU/mL penicillin, and 100 pg/mL streptomycin. Cells
were kept at 37°C in a humidified atmosphere with 5%
CO2. They were seeded in 12-well plates at a density of
5 x 10* cells per well and allowed to adhere for 24 hours.
Sterilised AG, implant formulations, Dimethyl Sulfoxide,
and polymer (10 pL per sample) were directly applied to
the monolayer. The plates were then incubated for an
additional 24 hours. Untreated cells in growth medium
served as the negative control. Cell viability was assessed
using the MTT assay: culture medium was removed and
replaced with 500 pL of MTT solution (0.5 mg/mL in
PBS). After 4 hours, the MTT solution was discarded,
and the resulting formazan crystals were dissolved in 100
uL of DMSO; the plates were shaken for 1 hour.
Absorbance was measured at 570 nm with a 630 nm
reference wavelength using a Tecan Group Ltd.

microplate reader. All experiments were done in
triplicate, and data are shown as mean + standard
deviation [29, 30].

RESULTS
Formulation Optimization

Initially, DMSO, ethyl acetate, and DCM were evaluated
but were discarded due to concerns about DMSO’s
toxicity and drug stability, ethyl acetate’s high volatility,
which could lead to uncontrolled release, and DCM’s
carcinogenic potential and regulatory challenges. NMP
was selected for its moderate volatility, improved
biocompatibility, and demonstrated success in FDA-
approved depot formulations, thereby offering safer,
more controlled drug delivery within the AG system.

Table 2: Drug Loading and BLF

Batch No: % Drug Loading BLF (N) pH
AG-1 99.5+0.12 10.864 + 0.55 6.43 +0.05
AG-2 99.1+0.15 9.612 £0.43 7.69 £ 0.06
AG-3 99.7+0.21 7.153 £0.34 7.06 +0.02
AG-4 99.4 £ 0.05 6.956 + 0.35 7.19+£0.04
AG-5 99.9+0.14 5.236£0.49 7.68 =0.07
AG-6 99.6 +0.18 9.252 +0.63 6.76 +0.02
AG-7 99.2 +0.22 5.644 £0.31 7.19 £0.05
AG-8 99.8 +0.07 12.106 +0.98 7.13 £0.02
AG-9 99.7+0.12 14.261 +1.12 7.51£0.04

AG-10 99.4+£0.23 6.994 £ 0.24 7.36 +0.05

n=3.

Based on the data, the GA-AG formulations
demonstrated highly consistent drug loading, with
percentages ranging from 99.1% to 99.9% across all
batches. However, their physical properties varied
considerably depending on formulation factors. The BLF,
which measures the force required to expel the gel from
the syringe, showed the most significant variation,
ranging from 5.044 N to 14.261 N. Formulations with a
higher drug-to-polymer ratio of 20:200 consistently
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exhibited a much higher average BLF of 14.261 N
compared to the lower ratio of 20:20, which had an
average BLF of 5.236 N. The pH values were generally
neutral to slightly basic, spanning from 6.43 to 7.69.
Overall, the drug-to-polymer ratio had a more significant
impact on the gel's physical properties than solvent
concentration. Both the drug-polymer ratio and solvent
concentration are key factors in AG formulations,
affecting system stability and drug-release behaviour.
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These two variables notably influenced the GA-AG
formulation. Consequently, a 32-run randomised
complete factorial design with one replicate was
employed to assess critical parameters for optimisation:
solvent concentration and drug-to-polymer ratio. This
study comprised nine experimental runs plus one

replicate. Table 3 summarises the results for all measured
responses, including GLF, viscosity, and in vitro release.

Various formulation batches of AG GA were prepared
using a factorial design. The independent variables were
drug-to-polymer ratio (X1) and Solvent concentration
(X2).

Table 3: 32 Full factorial Design and response values of GA formulation.

Batch Factor 1 Factor 2 Response 1 Response 2 Response 3
N A:Drug: Polymer B: Solvent GLF Viscosity % Release
(mg) Cone (mg) Cp %
GA-1 20:200 230 6.657 132000 62.38
GA-2 20:100 230 5.287 129000 96.73
GA-3 20:100 345 4.348 79000 99.15
GA+4 20:20 115 4.012 108500 92.13
GA-5 20:20 345 3.109 74533 98.30
GA-6 20:20 345 3.105 74521 98.21
GA-7 20:20 230 3.764 124000 97.23
GA-8 20:200 345 4.961 103500 97.42
GA-9 20:200 115 7.215 102500 62.37
GA-10 20:100 115 4.569 144000 64.65
n=3.

ANOVA was employed to assess the relative importance
of variables and to select the model for response analysis,
as shown in

Table 4. The independent variables X1 and X2 were
denoted A and B, respectively, in the model. The
independent factors, Drug-polymer ratio (A) and Content
of solvent per unit dose, were found to be significant for
GLF, Viscosity, and Drug release. A quadratic model
best described the link between them.

GLF =+ 4.88-1.25 * X; - 0.1453 * X; + 0.3853 * X, +
0.3560 *X, -0.0010*X;X,; -0.5510*% X;X,-0.2197*
X1X5+0.1963* X1X2........(1)

Viscosity = + 1.108E+05 — 8438.44 * X;+6552.56 *
X+7552.56 * X,+17552.56 * X5- 1394.89 * X;* X, +
19114.11% Xi* X5 + 4105.11 * X;* X, - 5885.89 * X *
D CINNN (7))
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% Release = +10857.21 -10761.34* X, — 10770.37 * X,
— 10784.16 * X5 —10771.76* X, + 10780.42 * (X1)* X,
+10761.97% (X))* X» + 10773.12 * (X)* X, +
10781.65% (X))* Xa........(3)

A positive sign shows that a factor enhances the response,
while a negative sign indicates an inverse relationship
between the factor and the response. Equation 2 for
viscosity includes a negative coefficient for solvent
concentration, suggesting that increasing solvent
concentration generally reduces viscosity. The 3D
response surface plot shown in the figure illustrates how
a factor influences the response and elucidates the
interaction between components A and B. To analyse
how different parameters impacted the CQAs, the 3D
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surface plot was used. Figure 2 displays the effects of composition parameters on GLF, Viscosity, and % drug
interactions among  various formulations and release.

Table 4: Analysis of variance (ANOVA) statistical Model

Sour

ce GLF (Y1) Viscosity (Y2) % Release (Y3)
Sum Mea Sum Sum
A I T I I S
Squ f Squ Value Squar f 1 Value Squar f 1 Value
ue e ue e ue
ares are es es
<
Mod 17.1 8 214 2.677 0.0 5.694 g 7.118 9.886 0.0 8.460 g 1.058 2.611 0.0
el 3 ’ E+05 015 E+09 E+08 E+06 002 E+09 E+09 E+11 001
A-
Drug <
. 11.4 > 570 7.122 0.0 4416 ) 2208 3.067 0.0 2.571 ) 1.285 3.174 0.0
’ 0 ’ E+05 008 E+08 E+08 E+06 004 E+09 E+09 E+11 i
Poly 001
mer
B- <
Solv 1.654 0.0 3.562 1.781 2473 0.0 1.792 8.962 2213
ent 265 2 1.3 E+05 017 E+09 2 E+09 E+07 001 E+09 2 E+08 E+11 80?
Conc
<
38513 0.0 1.177 2.943  4.087 0.0 4.478 1.119 2.764
AB .23 4 214 .89 038 E+09 4 E+08 E+06 004 E+09 4 E+09  E+11 (())O(i
Resi
dual
Lack
of - - - - - - - - - - - - - - -
Fit
Pure 8.00 8.00
Erro OE- 1 OE- - - 72.00 1 72.00 - - 0'?04 1 0'(104 - -
r 06 06
Cor
17.1 5.695 8.460
Tota 3 9 - - - E109 9 - - - E409 9 - -

Note: df-degree of freedom.
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115 1

Figure 1: 3D response surface plot representing the interpretation of independent variables on A] GLF, B] Viscosity,
C] % Release.

The accuracy of the optimised formula was confirmed by
comparing observed values with predicted responses.
The experimental results fell within the expected range,
as shown in Table 5. The relative error between expected

and observed results was less than 5%. To improve the
AG depot formulations, a 23-way randomised complete
factorial design was validated.

Table 5: Optimised formulation compositions and predicted vs. observed response values.

L. . Optimized Predicted Observed % Relative
Optimized Formulation . Responses
concentration Value value Error
Drug: Polymer Ratio 20:200 GLF 7.215 7.305 1.242
Content of solvent per 115 Viscosity 102500 102637 0.064
unit dose
% Release 62.370 61.18 -2.162

1409



http://www.jchr.org/

Journal of Chemical Health Risks
www.jchr.org

JCHR (2026) 16(1), 1402-1419 | ISSN:2251-6727

Characterisation of AG
UYV calibration curve of GA

The ultraviolet-visible analysis of GA in PBS (pH 7.4)
revealed a Amax at 275 nm, consistent with the
chromophoric properties of GA's polypeptide structure,
as shown in Figure 2B. The calibration curve has
demonstrated excellent linearity (R* = 0.998) when

A] Calibration Curve of Glatiramer
Acetate
2.500
2000 -
5 1.500 ’_/,_.v""/-
£ 1.000 o ¥=0.0251x + 0.005
0.500 e R*=0.9998
0.000 ”.4"
4] 20 40 60 a0 100

Concentration

constructed by plotting absorbance versus GA
concentration (range: 0-80 pg/mL). The curve exhibited
confirming adherence to the Beer-Lambert law, as shown
in Figure 2 A]. This validated linear relationship
demonstrates the method's suitability for accurate
quantification of GA in dissolution testing and in vitro
release studies.

B]

Abs.

Glatiramer Acetate - RawData
0.80 : T T T
0.600
l\.
0.40F
' |
0.201 \ - ‘
0.00- ~— 4
-0.12 L ! L T
200.00 250.00 300.00 350.00 400.00
nm

Figure 2: A] UV Calibration curve; B] Amax of GA

Fourier Transform Infrared Spectroscopy (FTIR)

Spectral analysis of the physical mixture demonstrated
characteristic absorption bands corresponding to both
components: the amide I (~1650 cm™), amide II (~1540
cm™!), and carboxylic group (~3298 cm !) vibrations of
GA's peptide backbone, along with the ester carbonyl
stretch (~1750 cm™) of PLGA. The results demonstrate
that the molecular integrity of GA is preserved, with no
significant interactions
formulation processing, as shown in

chemical observed during

Figure 3. The FTIR spectra revealed characteristic peaks
of GA (amide I at ~1650 cm™) and PLGA (ester C=0 at
~1750 cm™). Although these peaks overlap, no new
absorption bands were observed, confirming the absence
of covalent interactions between GA and PLGA and
indicating chemical stability in the formulation. This
suggests that the drug-polymer interaction is primarily
physical, supporting the integrity of the AG system.

Transmittance [%)

80

T T
4000 3500 3000

T
2500

T T T
2000 1500 1000

Wavenumber cm-1

CAPRL\Physic:

15-11-2023]

C:\PRL\Gla

15-11-202;

CAPRLIPLGA.

15-11-202;
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Figure 3: FTIR Spectra of GA, Physical Mixture & Polymer.

“B(Rll_‘>l((E)R

120

80
|

Transmittance [%)

40
|

T
2500

laooo 3500 3000 2000 1500 1000
Wavenumber cm-1

CPRENT O ET = L T 03507,
CAPRIVEND O E-D0 SempSalid 110
CAPBETE S0 ELy ey Sold | ANy Ia )
CAPRNENA D E.l SemiSolid 0
CAPRIVENA N Eng SempSalid T-N32024
CADBETE NG00 ENg 1103 o070,

A\PRIFNIN F-Din emi-Salid 1103907,

Page 1 of 1

Figure 4: FTIR overlay Spectra of GA formulations

Differential Scanning Calorimetry

DSC was employed to evaluate the thermal behaviour
and compatibility of GA with the PLGA polymer matrix.
The thermograms demonstrated distinct endothermic
transitions corresponding to the melting behaviour of
crystalline GA and the glass transition of amorphous
PLGA, as shown in Figure 5. Analysis of the physical

mixture revealed modified thermal events, including
shifts in transition temperatures and changes in enthalpy
values, and maintained the characteristic thermal
signatures of both components. The preserved thermal
properties of both elements in the mixture further support
the maintenance of their structural integrity and the
formation of a physically stable composite matrix.

DsSC 2023-11-15 GLATIRAMER ALETATE.tad DSC
mw
oF
[ L/
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Figure 5: DSC Thermogram of A] GA; B] PLGA Polymer; C] Physical Mixture
X-ray Diffraction Pattern

The diffraction pattern of pure GA displayed distinct Bragg reflections at characteristic 20 angles, confirming its crystalline
nature, as shown in Figure 6. Conversely, the AG formulations exhibited significant attenuation of these crystalline peaks,
along with the emergence of a broad halo. This remarkable reduction in crystallinity indicates successful molecular
dispersion of GA within the polymer matrix, with the drug transitioning to an amorphous state, which is expected to
enhance dissolution and controlled-release kinetics.
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Figure 6: XRD Spectra of A] GA; B] AG Formulation; C] PLGA Polymer

Particle morphology

The microstructural analysis demonstrated three distinct
morphological profiles, as shown in Figure 7. The GA
has a crystalline structure, exhibiting angular facets and
sharp edges. The polymer particles are irregular
aggregates with a porous surface. Physically
homogeneous mixtures exhibit intermediate

3
:

$3400%0.0kV 6. 7mm x1.00k SE

characteristics. Notably, the GA-incorporated AG
systems demonstrated consistently smooth matrices with
submicron surface roughness (Ra < 100 nm), as
quantified by image analysis software. GA's appearance
is very soft, whereas the physical mixtures appear
uniform in appearance, consisting of a homogeneous
mixture of polymer and drug.

$3400 10.0kV 6.7mm x3.00k SE
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Figure 7: Morphology of A] GA; B] Physical Mixture; C] Polymer PLGA SEM Image.

In-vitro Dissolution

The dissolution profiles of GA, the drug-polymer
mixture (Physical Mixture-PM), and the optimised
formulation were studied in 7.4 phosphate buffer, and the
results are graphically represented in Figure 8A. PM
shows a slight decrease in the dissolution profile with
increasing time relative to GA. The cumulative
dissolution of PM was 100% in 75 hours, whereas that of
GA was 20 hours. The in situ-forming GA implant
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showed 61.18% cumulative dissolution within 75 hours.
In a pH phosphate buffer, the similarity factor f2 for the
dissolution profiles of GA was 26, and f1 is likewise less
than for GA implant and PM. In situ implant
demonstrated significantly superior controlled release
than GA and PM. The extended dissolution rate of the
GA implant was therefore inferred to indicate good drug
delivery, which will increase half-life and extend
duration of action, thereby decreasing the dose frequency.

Atrigel Implant NMP Polymer Control

80
60
40
20

0

Figure 8: Results A] In vitro % Drug release; B] % Cell Availability; C] Ex vivo % Drug Release
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Ex Vivo Evaluation of GA AG Samples

The ex vivo study was conducted to assess the formation
and morphology of AGs and implants (PLGA 504H) and
to evaluate the release kinetics of the active GA from hen
drumstick tissue. To confirm depot formation, the
injected formulations were examined 24 hours post-
administration by dissecting the drumstick tissue, as
illustrated in 8C; the red frames highlight the
subcutaneous deposition of the implant and gel,
respectively. Ex vivo drug release was monitored over 72
hours, after which the release medium exhibited signs of
degradation. Comparative analysis of release profiles
from in situ-forming gels and in situ-forming implants
revealed no statistically significant differences (p >0.05)
between ex vivo and in vitro release kinetics, confirming
consistent behaviour upon subcutaneous administration.

In Vitro In Vivo Correlation (IVIVC)

The In Vitro In Vivo Correlation (IVIVC) for the AG
formulation was established through a comparative
analysis of in vitro dissolution and ex vivo release data.
The in vitro dissolution study in pH 7.4 phosphate buffer
revealed that the GA (GA) in situ forming implant
exhibited a controlled release profile, with only 61.18%
cumulative drug release over 75 hours, significantly
slower than the physical mixture (PM) and pure GA,
which released 100% within 75 hours and 20 hours,
respectively. The similarity factors (f2 = 26, f1 < 15)
further confirmed the distinct release kinetics of the
implant, suggesting its potential for extended drug
delivery. The ex vivo study in hen drumstick tissue
demonstrated consistent subcutaneous depot formation,
with no significant difference (p > 0.05) between in vitro
and ex vivo release profiles over 72 hours, indicating
reliable in vivo predictability. These findings suggest a
strong correlation between in vitro dissolution and ex
vivo release, supporting the AG formulation's ability to
sustain drug release, prolong half-life, and reduce dosing
frequency in vivo.

In Vitro Cytotoxicity Assessment of Formulations on
L929 Fibroblasts

The adipose tissue-derived mouse L929 fibroblast cell
line was selected for cytotoxicity testing due to its
relevance to subcutaneous connective tissue. Fibroblasts
are a prominent cell type in the dermal layer and serve as
a suitable model for assessing biocompatibility. The

1415

mitochondrial dehydrogenase activity in viable cells was
determined by measuring the reduction of MTT to
formazan for cytotoxicity. The fibroblast viability after
24 hours of exposure to the formulations ranged
92.8~99.9%, confirming acceptable biocompatibility, as
shown in Figure 8 C]. AG sample demonstrated
significantly higher cell viability (98.5 + 1.15%)
compared to the implant (92.8 + 2.93%) (p < 0.008),
attributed to the reduced burst release of NMP over the
initial 24 hours. The current research findings are
consistent with in vitro release data, supporting the
conclusion that the AG formulation is biocompatible and
suitable for subcutaneous use.

DISCUSSION

The development of a long-acting AG formulation of GA
for MS therapy represents a significant advancement in
addressing treatment adherence challenges [31-33]. Our
optimised formulation exhibits controlled-release
kinetics, with only 61.18% cumulative drug release
within 75 minutes, whereas bulk GA occurs within 20
minutes. This sustained-release profile could be
attributed to optimisation of the drug-to-polymer ratio
and solvent concentration, suggesting the potential to
reduce dose frequency while maintaining therapeutic
efficacy. The factorial design approach demonstrated a
correlation between formulation variables and key
performance attributes, with higher polymer ratios
effectively modulating release rates. These findings align
with previously established principles of PLGA-based
depot systems, in which polymer composition and
solvent selection significantly influence drug-release
patterns [37-38]. Equation 2 for viscosity includes a
negative coefficient for solvent concentration, which
means that increasing solvent concentration typically
lowers viscosity. This is mainly attributable to the
solvent NMP. NMP is a strong solvent that reduces the
apparent viscosity of the formulation by weakening
intermolecular interactions within the polymer.

Comprehensive  physicochemical  characterisation
confirmed the formulation's structural integrity and
performance. SEM and XRD results demonstrated the
transition of crystalline GA to an amorphous state within
the PLGA matrix. DSC and FTIR results demonstrated
chemical compatibility among the ingredients, with no
chemical interactions. The developed UV spectroscopic
method exhibited excellent linearity for the reliable
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quantification of the drug. In this study, the effects of the
drug-to-polymer ratio and solvent concentration were
investigated. It was found that the AG system has a
significant impact on drug release compared to the
simple injection of GA. A polymer exhibiting good
stability in NMP is found to have better physical
properties in formulation than in other solvents.

Biological evaluations also demonstrated AG’s
potential; an ex vivo drumstick model study showed a
release profile comparable to in vitro results, thereby
validating the formation of a depot. Cytotoxicity
assessments using 1929 fibroblasts revealed excellent
biocompatibility (97.8-100% viability), particularly for
the AG formulation (98.5 £ 1.15%), consistent with
previous reports on similar delivery systems [27, 28, 40].
Prior studies by Rahimi et al. demonstrated that in situ
formulation implant systems exhibit fibroblast viability
in the range of 96~100%, indicating minimal
cytotoxicity [41].

The clinical application of the current research is
substantial, offering a potential solution to patient
compliance challenges associated with daily GA
injections. The sustained release characteristics may
enable less frequent dosing while maintaining
therapeutic drug levels, similar to advanced long-acting
injectables. The amorphous nature of GA in the AG
formulation will enhance solubility and bioavailability,
potentially enabling dose reduction. However, more
evidence is needed to claim the higher bioavailability and
dose reduction. The AG platform technology is suitable
not only for GA delivery but also for other MS
therapeutics requiring sustained-release profiles.

CONCLUSION

This study demonstrated the development and
optimisation of a GA AG drug delivery system for the
management of multiple sclerosis. Using a systematic
approach with a 32-run randomised complete factorial
design, the impact of key formulation parameters, such
as drug-to-polymer ratio and solvent concentration, was
evaluated. The AG system exhibited superior
performance in drug encapsulation, stability, and
controlled release  compared with traditional
formulations. Comprehensive characterisation using
SEM, UV spectroscopy, DSC, XRD, and FTIR
confirmed the physical and chemical integrity of the
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formulation. In vitro dissolution studies demonstrated
extended drug-release profiles, which are expected to
enhance therapeutic efficacy while reducing dosing
frequency, as shown in ex vivo and in vivo studies. These
results highlight the potential of the AG system as a
promising alternative to conventional daily injections,
offering improved patient compliance and extended
action.
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