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ABSTRACT 

Objective: This study aimed to develop and evaluate a long-acting polylactic-co-glycolic acid (PLG)-based Atrigel® system for glatiramer acetate 
(GA) to improve therapeutic efficiency in multiple sclerosis treatment. The formulation was optimised to form a sustained-release depot upon 
injection into the body, resulting in a longer delivery time and reduced frequency. 

Methods: A 3² randomised complete factorial design was employed to optimise critical formulation parameters such as drug-to-polymer ratio and 
solvent concentration. The Atrigel® system was formulated using N-methyl pyrrolidone (NMP) and PLGA. 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 PLGA, 
which exhibited good physical compatibility. The Higuchi model's high slope (5.3858) and negative intercept (-4.8536) corroborate the strong 
linear relationship between drug release and the square root of time, providing compelling evidence for classically diffusion-controlled release. Ex 
vivo studies demonstrated consistent release profiles (p>0.05 vs. in vitro), and cytotoxicity assays showed high biocompatibility. 

Conclusion: The Atrigel® system offers a promising long-acting alternative to conventional GA therapy, with controlled release, enhanced stability, 
and improved patient compliance. Future studies should focus on in vivo pharmacokinetics and scalability. 
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INTRODUCTION 

Multiple sclerosis (MS) is an immunopathological, non-traumatic, 
disabling, chronic autoimmune inflammatory neurological disease 
that is influenced by genetic and environmental factors and is one of 
the most common causes of neurological disability in young adults 
[1–3]. The prevalence of MS has increased in both developed and 
developing countries. More than twice as many women are affected 
as men [4, 5]. MS primarily affecting young adults falls into four 
main clinical types: Relapsing-remitting MS (RRMS), Secondary-
progressive MS (SPMS), Primary-progressive MS (PPMS), and 
Progressive-relapsing MS (PRMS). Around 85% of MS patients 
initially present with RRMS. This type of MS is marked by acute 
neurological episodes that occur intermittently, with symptoms that 
improve over days to weeks, either entirely or partially [6, 7]. In 
most patients, the MS is characterised initially by episodes of 
reversible neurological deficits. The axonal damage was recognised 
as an early event in the disease process and as an essential 
determinant of long-term disability [8, 9]. Diagnosing MS involves 
identifying inflammatory and demyelinating damage within the 
central nervous system (CNS) that occurs across multiple areas and 
over time. Tests such as cerebrospinal fluid (CSF) analysis, evoked 
potential recording, urodynamic studies of bladder function, and 
ocular coherence tomography (OCT) can assist in diagnosing 
individual cases but are frequently not required [10-12]. Currently, 
several Disease-modifying treatments (DMTs) are available for the 
treatment of RRMS, and their primary purpose is to reduce the 
frequency of relapses and the severity of CNS inflammation [13]. 
There is no cure for MS to date. New, more effective treatments for 
MS therapy are now available. After years of relying on DMTs such 
as interferon beta (IFNβ) and GA as primary options, fingolimod 
emerged as the first oral DMT, receiving approval in the United 

States in 2010 [14-16] The beneficial effect of GA is not only limited 
to its impact on neurons but also involves a reduction of 
demyelination and an increase of myelin repair [17]. 

GA is a complex, heterogeneous mixture of polypeptides with 
immunomodulatory activity, approved in 1996 for the treatment of 
relapsing multiple sclerosis in the United States under the brand 
name COPAXONE, and in 2001 in Europe [18, 19]. GA is a complex 
mixture of polypeptides composed of four amino acids resembling 
Myelin Basic Protein (MBP). It is produced by polymerising the 
amino acids L-glutamic acid, L-alanine, L-lysine, and L-tyrosine, 
followed by partial hydrolysis [20, 21]. 

Atrigel utilises a biodegradable polymer solution that, upon injection, 
forms a solid or semi-solid depot upon contact with bodily fluids, 
enabling controlled and sustained release of therapeutic agents. 
Atrigel offers significant advantages, including reduced dosing 
frequency, improved patient compliance, enhanced drug stability, and 
localised delivery, minimising systemic side effects. Its applications in 
current injection systems span a wide range of medical fields, 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 critical. The technology’s 
ability to deliver both small molecules and biologics with precision 
makes it a superior alternative to traditional bolus injections, which 
often result in rapid drug clearance and fluctuating plasma 
concentrations. Atrigel’s versatility and efficiency position it as a 
transformative solution in long-term therapeutic delivery [22, 23]. 

GA is indicated for the treatment of MS, including clinically isolated 
syndrome, relapsing-remitting disease, and active secondary 
progressive disease. In adults, it is administered as a 20 mg/ml daily 
injection or a 40 mg/ml three times a week subcutaneous [22]. While 
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daily injections of GA have been the standard, patient compliance 
remains a significant challenge. This study addresses these issues by 
proposing a long-acting Atrigel® formulation. MS necessitates lifelong 
therapy, which presents substantial challenges in terms of adherence. 
Despite the development and approval of various disease-modifying 
treatments, there is still a pressing need to enhance patient outcomes 
by improving treatment efficacy, tolerability, and adherence [23, 24]. 

In this study, a stable, efficacious GA long-acting in-situ forming 
implants called Atrigel containing polymer and solvent were 
evaluated for improving treatment efficacy, as represented in fig. 1. 

MATERIALS AND METHODS 

Materials 

GA was obtained from Pharmaffiliates in Haryana, India. Resomer 
202H (75:25) and other grades of PLGA polymers were obtained as 
a gift sample from Evonik India. Resomer 202H (75:25) was selected 
for its known biocompatibility and controlled degradation profile, 
making it ideal for sustained release formulations. NMP, Dimethyl 

Sulfoxide (DMSO), Ethyl Acetate (EA), and Dichloromethane (DCM) 
were purchased from Sigma Aldrich, and Mannitol was obtained from 
DFE Pharma. pH 7.4 Phosphate buffer saline was purchased from 
Merck India. Sodium azide was purchased from CDH Finechem. 
Multiple pH calibration solutions from Thermo Orion were used. 
Penicillin, streptomycin, fetal bovine sera (FBS), Roswell Park 
Memorial Institute (RPMI) 1640 culture medium, and trypsin were 
obtained from Gibco (Germany). Mouse L929 fibroblast cell line issued 
by the National Centre for Cell Science. 

Preparation of atrigel 

For the preparation of atrigel, an accurately weighed quantity of 
resomer 202H, 2.5 g, was added to a vial, and 7.5 g of solvent NMP 
were added to the same vial. The vial was sealed with a rubber 
stopper and a flip-of-seal. The polymer was allowed to dissolve in 
the solvent. Once the polymer was soaked completely, it was 
checked for clarity and hydration. Before administration, the 
polymer phase was mixed with GA powder. After complete mixing, 
the in situ forming implant was ready for administration [25, 26]. 

 

 

Fig. 1: Mechanism of in situ forming implant via atrigel system 

 

Formulation optimization 

In the initial experiments, a combination of PLGA polymers with 
both acid and ester end groups, such as PLGA 50:50, PLGA 75:25, 
and PLGA 85:15, was employed. The organic solvents NMP, DMSO, 
EA, and DCM were used in the formulations. Preliminary research 
studies were conducted to assess the influence of key formulation 
and process parameters, including drug-to-polymer ratio and 
solvent concentration. The critical response variables studied 
included syringeability, measured via break-loose force (BLF) and 
glide force (GF), viscosity, and drug release kinetics. To 
systematically optimise these factors, a 32 randomised complete 
factorial design (9 trials) and one centre point were employed, 

examining two independent variables, drug-to-polymer ratio (X₁) 
and solvent concentration (X₂), each at three levels (low, medium, 
high) within predefined experimental ranges. All dependent 
variables were thoroughly analysed to determine the effects of these 
formulation parameters on the system's performance [27, 28]. 

The independent variables and their respective levels are presented in 
table 1. Nine experimental runs, including one centre point, were 
prepared and systematically evaluated with respect to the critical quality 
attributes (CQAs) of GF (Y₁), viscosity (Y₂), and in vitro drug release (Y₃). 
Optimisation studies and subsequent data analysis, including the 
generation of response surface plots, were conducted using Design 
Expert® software (Version 13.0.5.0, State-Ease Inc., Minneapolis, MN).

 

Table 1: 32 Randomised full factorial design parameters and experimental conditions 

Independent variables X1: Drug to polymer ratio (mg) X2: Solvent concentration (mg) 
Levels Low (-1) 20:20 115 

Medium (0) 20:100 230 
High (+1) 20:200 345 

Dependent variables Y1: GF (N) Y2: Viscosity (cP) Y3: Release (%) 

 

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

Relative error (%) =
[Predicted value − Experimental value]

Predicted value
X 100 

Characterization of atrigel 

BLF and GF 

The BLF and GF were measured using the universal testing machine 
(Model: UTM10, Make: Victoria Testing). The sample was mounted 
on the UTM machine using the tooling required to hold the syringe. 
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The machine was set to the parameters, and the run was started using 
the maximum force of 80 N. The BKL and GF were recorded [29-31]. 

Drug loading analysis 

An accurately weighed 5 ml of formulation, equivalent to 100 mg of 
GA, was transferred to a 100 ml volumetric flask. Dissolve the 
sample and dilute to volume with purified water. The solution was 
filtered through a 0.45 μm membrane filter. The solution was 
analysed using a UV-spectrophotometer (model UV-2600i plus, 
Shimadzu) at λmax at 275 nm [32]. 

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, 10-minute time, 
temperature 25 °C, and multi-average reading. The depot viscosity 
was determined using an adapter: spindle T-bar T-F (S-96), spindle 
speed rpm: 10, 10-minute time, temperature 37 °C, and endpoint 
reading. The readings were noted after finishing the run [33]. 

Scanning electron microscopy (SEM) 

The morphology of the prepared formulations was analysed using 
SEM (model SU-3500, Hitachi). Briefly, dry, powdered particles were 
mounted on carbon-taped aluminium tubs and sputter-coated with 
gold using an argon evaporator under high vacuum. The samples 
were then observed using SEM [34, 35]. 

UV spectroscopy of GA 

The UV spectrum of GA in a 7.4 pH phosphate buffer saline (PBS) 
was scanned from 400 nm to 200 nm using a 1 cm cell. The 
maximum absorbance was measured using a UV-Visible 
spectrophotometer (model UV-2600i plus, Shimadzu) to confirm the 
drug's maxima. The UV calibration curve was plotted against 
absorbance vs concentration [32, 36]. 

Fourier transform infrared spectroscopy (FTIR) 

The chemical structure of the drug was analysed by using an 
attenuated total reflection (ATR) FTIR spectrometer (Model Make: 
Bruker II Alpha). The sample was kept at an ambient temperature of 
25.0±0.5 °C. A few mg of the sample was placed on the zinc solenoid 
crystal plate; the anvil was rotated to fix the sample, and the spectra 
were recorded by scanning the samples in the region of 4000-400 
cm-1 to determine various functional groups [37]. 

Differential scanning calorimetry (DSC) 

A DSC scan (Model: DSC Model 250, TA Instrument) was performed 
to measure the thermograms of bulk GA, mannitol, Resomer 202H, 
the physical mixture, and the GA implant. Each sample was 
accurately weighed (2.0 mg) and charged into an aluminium pan 
with a puncture lid. A nitrogen gas flow rate of 50 ml/min was 
employed with a heating rate of 40-250 °C at 10 °C/min [38]. 

X-ray diffraction pattern (XRD) 

X-ray diffraction patterns were recorded for GA, the polymer, and 
the final formulation to evaluate the physical nature of the 
formulations. XRD patterns were recorded on a Rigaku Smart Lab 
powder X-ray diffractometer at a scanning rate of 1° min−1 between 
10° and 50° 2θ range [38]. 

pH measurement 

The pH of the Atrigel formulation was measured using the pH meter 
(model: Orion Lab Star PH111, Thermo Fisher Scientific). The pH meter 
was calibrated at multiple pH values, and the Atrigel formulation was 
dispensed into the cuvette. The pH meter rod was immersed in the 
formulation, allowed to stabilise, and then recorded [39, 40]. 

Drug solubility study 

The solubility of the GA was determined using the shake flask 
method. An excess amount of GA was added to 10 ml of PBS in a 

volumetric flask, and the flask was mounted on the shaker (model: 
Hei-shake orbital core 2000, Heidolph). After 24 h, the solution was 
filtered and analysed for the drug content. Additionally, the filtered 
solution was charged for 2-8˚C for 5 d to observe any 
recrystallisation [41]. 

In vitro dissolution study 

The dissolution of bulk GA powder, Physical mixture (PM), GA-
Atrigel was studied employing the USP Apparatus 2 (Model: Distek 
Inc., USA, North Brunswick) and Japanese sinkers. The paddle speed 
was monitored continuously at 50 rpm, and the temperature was 
maintained at 37 °C ±0.5 °C throughout the study. The solution was 
allowed to form a depot in a vial and then immersed in 30 ml of PBS. 
Aliquots of the receptor medium (1 ml) were withdrawn at 
predefined time intervals and replaced with fresh 1 ml buffer to 
maintain the sink condition. The concentration of the released drug 
in the samples was quantified using a validated analytical method, 
such as HPLC-UV, to generate the cumulative release profile over 
time [26, 34, 42]. 

Ex vivo release study of GA-atrigel 

An ex vivo release study was conducted to evaluate intramuscular 
administration of the Atrigel formulation in the hen drumstick 
muscle, using previously published methodology. The hen drumstick 
model has been used previously and has demonstrated successful 
results. The porcine and rodent SC skin needs to be approved for use 
in the study. However, the hen drumstick is readily available [27]. 
The optimised formulation was injected subcutaneously into a hen 
drumstick muscle using a 20-gauge needle. The formulation-injected 
drumstick was immersed in a beaker containing 250 ml of pH 7.4 
PBS supplemented with 0.1% w/v sodium azide as an antibacterial 
agent, and maintained at 37 °C throughout the study. The solution 
was stirred using a magnetic stirrer (model: Cimarec+™, Thermo 
Scientific). As the drug release study will be carried out over a more 
extended period, to prevent microbial growth in the solvent system, 
sodium azide has been used. The United States Food and Drug 
Administration (USFDA) recommends 0.1% w/v sodium azide, 
which is commonly used in IVPT studies to protect the media from 
microorganisms. Sodium azide is widely used in ex vivo skin 
permeation to protect the receptor media from microbial growth; it 
has been suggested and approved by the USFDA. It is widely used 
without interfering with the results. Multiple studies have used or 
recommended sodium azide in ex vivo studies to protect the skin or 
the target subject [43-45]. 1 ml of the release medium was taken out 
at predetermined intervals (2, 6, 8, 10, 12, 18, 24, 48, and 72 h) and 
replaced with an equal volume (1 ml) of fresh receptor medium to 
maintain sink conditions. To verify atrigel formation or implant 
formation, the injection site was incised 24 h after injection. The 
concentration of the released drug in the medium was analysed 
using high-performance liquid chromatography (HPLC). The 
cumulative drug release profile was subsequently evaluated based 
on the measured concentrations. 

In vitro cytotoxicity assessment of formulations on L929 fibroblasts 

The mouse L929 fibroblast cell line was cultured in RPMI 1640 
medium supplemented with 10% (v/v) heat-inactivated FBS, 100 
IU/ml penicillin, and 100 μg/ml streptomycin. Cells were monitored 
at 37 °C in a humidified environment containing 5% CO2. The cells 
were seeded in 12-well plates at a density of 5 × 10⁴ cells per well 
and allowed to adhere for 24 h. Sterilised atrigel, implant 
formulations, NMP, and polymer (10 μl each sample) were applied 
directly to the cell monolayer. Usually, studies have been performed 
by extracting NMP from the formulation; however, this may affect 
the formulation's integrity and microstructure. Hence, this study 
explores the formulation without extraction. Additionally, the 
concentration of NMP in the sample and the standalone is different. 
Therefore, the direct formulation has been used rather than the 
extraction process. Additionally, the formulation without extraction 
reflects real-life conditions. The plates were incubated for a further 
24 h. Untreated cells cultured in growth medium act as the negative 
control. Cell viability was determined employing the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
The culture medium was aspirated and replaced with 500 μl of MTT 
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solution (0.5 mg/ml in PBS). After a 4-hour incubation period, the 
MTT solution was withdrawn, and the formazan crystals were 
solubilised with 100 μl DMSO by shaking the plates for 1 hour. 
Absorbance was measured at 570 nm with a reference wavelength 
of 630 nm using a microplate reader (Tecan Group Ltd., Switzerland). 
All experiments were performed in triplicate, and results are 
presented as mean values±standard deviation [46]. 

RESULTS 

Formulation optimization 

DMSO, EA, and DCM were considered for formulation development 
but rejected in favour of NMP due to DMSO’s potential toxicity and 
drug stability concerns, ethyl acetate’s high volatility, which could 
lead to uncontrolled release, and DCM’s carcinogenic risk and 
regulatory restrictions. NMP was chosen for its moderate volatility, 
improved biocompatibility, and established use in FDA-approved 
depot formulations, ensuring safer, more controlled drug delivery in 
the Atrigel system. The trials GA-8 and GA-10 have the same 
composition and process, demonstrating reproducible results. This 
indicates the method and composition are reproducible. 

ANOVA was used to evaluate the effects of variables and to select the 
model for response analysis, as shown in table 3. The independent 

factors X1 (Drug-polymer ratio) and X2 (solvent concentration) 
were treated as A and B, respectively, in the model. The independent 
factors A and B significantly affected GF, viscosity, and % release. 
The quadratic model best described the link between them. 

Equation 1: Y1 = 6.47-2.03A+0.8637A+0.7597B-0.3967B  

Equation 2: Y2 = 210900000– 5712.61A– 4630.06A+20081.06B-
0.3349.78B+10406.94AB– 9452.06AB+1817.78AB+752.78AB 

Equation 3: Y3 = 83.55+14.85A– 0.2789A– 9.62B– 2.96B+9.49AB– 
9.77AB+3.44AB+7.53AB 

A positive sign indicates that a factor improves the response, 
whereas a negative sign indicates that the relationship between the 
factor and the response is inverted. Equation 2 for viscosity includes 
a negative coefficient with respect to solvent concentration, 
suggesting that increasing solvent concentration typically lowers 
viscosity. The 3D response surface plot in the fig. illustrates how a 
factor affects the response. Learn more about the interrelationship 
between components A and B by using this plot. To understand how 
the various parameters affected the CQAs, the 3D surface plot was 
employed. Fig. 2 illustrates the effects of interactions between 
multiple formulations and composition parameters on GF, Viscosity, 
and % drug release. 

  

Table 2: 32 Full factorial design and response values of GA formulation 

Batch no:  Factor 1 
A: Drug: Polymer (mg) 

Factor 2 
B: Solvent conc (mg) 

Response 1 GF 
[N] 

Response 2 depot 
viscosity [cP] 

Response 3 % release 
[%] 

GA-1 20:20 115 5.687±0.98 235674±5203 98.27±1.12 
GA-2 20:200 345 7.438±1.22 208036±6535 92.24±0.98 
GA-3 20:20 230 3.879±0.55 203654±2935 98.88±0.57 
GA-4 20:200 230 7.349±1.63 215324±3492 55.22±9.02 
GA-5 20:200 115 8.034±1.45 240368±5601 59.63±7.24 
GA-6 20:100 345 7.143±1.19 198236±3989 98.08±0.67 
GA-7 20:100 115 7.982±0.84 216897±6345 63.88±5.92 
GA-8 20:100 230 7.015±1.11 215319±4935 86.88±6.23 
GA-9 20:20 345 3.754±0.60 176230±2856 98.04±0.49 
GA-10 20:100 230 6.890±1.28 203671±4953 87.84±2.45 

Results are given in mean±SD, n=3 
 

Table 3: Analysis of variance (ANOVA) statistical model 

Source GF (Y1) Viscosity (Y2) % Release (Y3) 

 Sum of 
squares 

d
f 

Mean 
square 

F-value P-
value 

Sum of 
squares 

df Mean 
square 

F-
value 

P-
value 

Sum of 
squares 

df Mean 
square 

F-
value 

p-
value 

Model 20.51 8 2.56 20030.4
2 

0.005
5 

30310000
00 

8 378800
000 

3031
0000 

0.000
1 

3468.81 8 433.60 7501.
75 

0.008
9 

A-Drug: 
Polymer 

17.45 2 8.72 68151.0
6 

0.002
7 

52420000
0 

2 262100
000 

2097
0000 

0.000
2 

1710.84 2 855.42 1479
9.63 

0.005
8 

B-Solvent 
Conc 

2.69 2 1.35 10516.1
8 

0.006
9 

21050000
00 

2 105300
0000 

8421
0000 

<0.00
01 

846.19 2 423.09 7319.
97 

0.008
3 

AB 1.07 4 0.2683 2095.74 0.016
4 

45080000
0 

4 112700
000 

9017
000 

0.000
2 

738.27 4 184.57 3193.
21 

0.013
3 

Residual 0.0001 1 0.0001 - - 12.5 1 12.5 - - 0.0578 1 0.0578 - - 
Lack of Fit 20.51 9 - - - 30310000

00 
9 - - - 3468.87 9 - - - 

Pure Error 20.51 8 2.56 20030.4
2 

0.005
5 

30310000
00 

8 378800
000 

3031
0000 

- 3468.81 8 433.60 7501.
75 

0.008
9 

Cor Total 17.45 2 8.72 68151.0
6 

0.002
7 

52420000
0 

2 262100
000 

2097
0000 

- 1710.84 2 855.42 1479
9.63 

0.005
8 

Note: df-degree of freedom 
 

By comparing observed values with the predicted responses, we 
verified the correctness of the optimised formula. The experimental 
results were within the expected range, as shown in table 4. The 

relative error between the anticipated and observed results was less 
than 5%. To optimise the Atrigel depot formulations, a 32-way 
randomised complete factorial design was validated. 

 

Table 4: Optimised formulation compositions and predicted vs. observed response values 

Optimized formulation Drug: polymer ratio Content of solvent per unit dose 
Optimized concentration 0.97222 230 
Responses GF (N) Viscosity [depot] (cP) % Release 
Predicted value 7.249 215321 55.05 
Observed value 7.255 215270 53.98 
% Relative error 0.083 0.003 -1.944 
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Fig. 2: 3D response surface plot representing the interpretation of independent variables on A] GF, B] Viscosity, C] % Release Results for 
drug loading, BLF, pH, and viscosity pre-injection solution state are recorded in table 5 

 

Table 5: Results for drug loading, BLF, pH, and viscosity [Pre-injection] 

Batch No:  % Drug loading BLF (N) pH Viscosity (cP) 
GA-1 99.2±0.45 11.825±0.25 6.50±0.05 1250±12.4 
GA-2 99.9±0.22 10.265±0.55 7.56±0.02 1103±14.5 
GA-3 99.3±0.49 5.205±0.61 7.03±0.07 1080±13.7 
GA-4 99.7±0.52 12.219±0.85 7.25±0.06 1142±11.4 
GA-5 99.8±0.89 11.650±0.54 6.62±0.05 1275±14.8 
GA-6 99.5±0.67 11.595±0.87 7.26±0.03 1051±17.2 
GA-7 99.4±0.36 15.794±0.34 6.83±0.04 1150±15.8 
GA-8 99.9±0.53 12.501±0.50 7.31±0.07 1138±16.2 
GA-9 99.1±0.73 6.507±0.58 7.35±0.06 935±16.3 
GA-10 99.6±0.56 8.559±0.74 7.23±0.08 1080±13.0 

Results are given in mean±SD, n=3 

 

Characterization of atrigel 

Drug loading analysis 

Results showed that drug loading across all ten batches (GA-1 to GA-
10) consistently ranged from 99.1% to 99.9%, with minimal 
standard deviation (all below 0.9%). This demonstrates that, within 
the tested process parameters, the final product achieved near-
complete loading efficiency with excellent batch-to-batch 
consistency. Firstly, changes in the drug-to-polymer ratio (for 
example, increasing the polymer quantity from equal to ten times 
the drug amount) did not significantly impact loading efficiency. 
Both high loading ratios (20:20) and low ratios (20:200) produced 
efficiencies approaching 100%. This reflects the polymer's strong drug-
encapsulation capacity, remaining well below its saturation limit even at 
the lowest ratio tested (20:200). Secondly, variations in solvent 
concentration across three levels did not cause systematic changes in 
drug loading. Consistently high drug-loading results were obtained 
across low, medium, and high solvent concentrations, indicating that 
variations in solvent usage do not affect the key step of effective drug 
encapsulation by the polymer in the current process system. 

BLF and GF 

The BLF, an indicator of the force required to expel the gel from the 
syringe, showed the widest variation, with values ranging from 

6.5071~15.794 N. Formulations with a higher drug-to-polymer ratio 
of 20:200 consistently resulted in a much higher BLF around 
10.2~12.5N compared to the lower ratio of 20:20, which had an 
average BLF of only 1.62 N.  

Apparent viscosity 

The solution-state viscosities are lower than the depot, ranging 
from approximately 935 to 1275 centipoise (cP), indicating the 
solution is injectable. Contrarily, the solution after depot 
formation is a viscosity enhancement. The viscosity after 
deposition formation lies between 176,230~240,368 cP, which 
is roughly 200 times greater than their solution counterparts. 
The variability in solution and depot viscosity is proportionally 
similar to that of the solutions. 

Overall, the drug-to-polymer ratio had a greater impact on the gel's 
physical properties than the solvent concentration. Drug-polymer 
ratio and solvent concentration both play an essential role in Atrigel 
formulations because they control system stability and the drug 
release profile. The two criteria above showed a considerable impact 
on the GA-Atrigel formulation. Hence, a 32 randomised complete 
factorial design with one replicate point was employed to evaluate the 
essential elements for optimisation: the solvent concentration and the 
drug-to-polymer ratio in the formulation. In this investigation, there 
were nine experimental runs and one replicate point. Table 3 
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summarises the outcomes of the selected response for all experiments, 
including GF, viscosity, and in vitro release. Various formulation 
batches of GA Atrigel were prepared based on the factorial design. The 
independent variables were drug-to-polymer ratio (X1) and Solvent 
concentration (X2). 

SEM 

The microstructural analysis demonstrated three distinct 
morphological profiles at scale bars of 50.0, 10.0, and 10.0 μm for GA, 

the physical mixture, and the polymer PLGA, respectively, as shown 
in fig. 3. 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 characteristics. Notably, the GA (GA)-incorporated 
Atrigel systems consistently yielded smooth matrices with 
submicron surface roughness (Ra<100 nm), as quantified using 
image analysis software. GA's appearance is very soft, whereas the 
physical mixtures appear uniform, with no visible polymer or drug. 

 

 

Fig. 3: SEM of A] GA; B] Physical mixture; C] Polymer PLGA SEM image 

 

UV calibration curve of GA 

The UV analysis of GA in PBS, pH 7.4, revealed a λmax at 275 nm, 
consistent with the chromophoric properties of GA's polypeptide 
structure, as shown in fig. 4B]. The calibration curve has 
demonstrated excellent linearity (R² = 0.998) when constructed by 
plotting absorbance versus GA concentration (range: 0-80 μg/ml). 
The curve exhibited confirming adherence to the Beer-Lambert law, 
as shown in fig. 4A]. This validated linear relationship demonstrates 
the method's suitability for accurate GA quantification in dissolution 
testing and in vitro release studies. 

FTIR 

FTIR spectral analysis of the physical mixture demonstrated 
characteristic absorption bands corresponding to both components: 
the amide I (∼1650 cm⁻¹), amide II (∼1540 cm⁻¹), and carboxylic 
group (~3298 cm-1) vibrations of GA's peptide backbone, along with 
the ester carbonyl stretch (∼1750 cm⁻¹) of PLGA. The results 
demonstrate that the preservation of the molecular integrity of GA, 
without significant chemical interactions during formulation 

processing, as shown in fig. 5. The FTIR spectra revealed 
characteristic peaks of GA (amide I at ~1650 cm⁻¹) and PLGA (ester 
C=O at ~1750 cm⁻¹). 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 Atrigel system. 

DSC 

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 fig. 6. 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. 

 

 

Fig. 4: A] UV Calibration curve; B] λmax of GA 
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Fig. 5: FTIR spectra of GA, physical mixture and polymer 

 

 

Fig. 6: DSC thermogram of A] GA; B] PLGA polymer; C] Physical mixture 

 

XRD 

The X-ray diffraction pattern of pure GA displayed distinct Bragg 
reflections at characteristic 2θ angles, confirming its crystalline 
nature, as shown in fig. 7. Conversely, the Atrigel formulations 
exhibited a significant attenuation of these crystalline peaks, along 
with the emergence of a broad halo pattern. This remarkable 
reduction in crystallinity indicates the successful molecular 
dispersion of GA into the polymer matrix, with the drug 
transitioning to an amorphous state, which is expected to enhance 
dissolution and controlled-release kinetics. 

pH measurement 

The pH of the formulations was generally neutral to slightly basic, 
with values spanning from 6.50 to 7.56.  

Drug solubility study 

GA is a water-soluble copolypeptide with a solubility of 
approximately 1 mg/ml in PBS at pH 7.4. Based on this, it can be 
concluded that the receptor media won’t be saturated until the 
drug is completely released, as 30 ml of receptor media has been 
used.  
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In vitro dissolution study 

GA, drug-polymer mixture of GA (Physical Mixture-PM), and the 
optimised formulation dissolution profile were studied in 7.4 PBS, 
and the results are graphically represented in fig. 8A. PM shows a 
slight decrease in the dissolution profile over time compared to GA. 
The cumulative dissolution of PM was 100% in 75 h, whereas for GA 
it was 20 h. In situ-forming GA implant showed a 55% cumulative 
dissolution in 120 h. In a pH 7.4 PBS, 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 release of the GA 
implant's dissolution rate was therefore inferred to indicate good 
drug delivery, which will definitely increase its half-life and extend 
its duration of action, subsequently decreasing the dose frequency. 
The drug release kinetic study data are represented in table 6. Based 
on the coefficient of determination (R²), the models' goodness of fit, 
ranked from highest to lowest, is as follows: Higuchi model 
(0.9842)>first-order kinetic model (0.9747)>Hixson-Crowell model 
(0.9613)>zero-order kinetic model (0.9261)>Korsmeyer-Peppas 
model (0.8748). The Higuchi model has the highest R2 value; hence, 
the dosage form follows the Higuchi drug release pattern. 

  

 

Fig. 7: XRD spectra of A] GA; B] Atrigel formulation; C] PLGA polymer 

 

 

Fig. 8: Results A] In vitro % drug release; B] % cell availability; C] Ex vivo % drug release. Error bars indicated SD values 
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Table 6: In vitro drug release kinetics study 

Model R2 Slope Intercept 
Zero order 0.9261 0.4441 7.8294 
Fist-order 0.9747 -0.0028 1.9739 
Huguchi model 0.9842 5.3858 -4.8536 
Hixson 0.9613 0.0088 0.1056 
Kor's peppas 0.8748 27.165 -11.93 

  

Ex vivo evaluation of GA-atrigel 

The ex vivo study was conducted to assess the formation and 
morphology of atrigels 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 h post-administration by dissecting the drumstick tissue, as 
illustrated in fig. 8C; the red frames highlight the subcutaneous 
deposition of the implant and gel, respectively. Ex vivo drug release 
was monitored over 72 h, after which the release medium exhibited 
signs of degradation. Comparative analysis of the 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 Atrigel formulation 
was established based on a comparative analysis of in vitro 
dissolution and ex vivo release studies. The in vitro dissolution study 
in pH 7.4 PBS revealed that the GA in situ forming implant exhibited 
a controlled release profile, with only 55% cumulative drug release 
over 120 h, significantly slower than the PM and pure GA, which 
released 100% within 75 h and 20 h, respectively. It can be 
attributed that the complete drug release will happen in around 
~218 h, approximately 9 d. Therefore, a single dose of the Atrigel 
formulation delivers the drug for about 9 d. 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 h, 
indicating reliable in vivo predictability. These findings suggest a 
strong correlation between in vitro dissolution and ex vivo release, 
supporting the Atrigel formulation's ability to sustain drug release, 
prolong half-life, and reduce dosing frequency in vivo. 

In vitro cytotoxicity assessment 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 mitochondrial dehydrogenase activity in 
viable cells was determined via the reduction of MTT to formazan 
for cytotoxicity using the MTT assay. The fibroblast viability after 24 
h of exposure to the formulations ranged 92.8~99.9%, confirming 
acceptable biocompatibility, as shown fig. 8B. The Atrigel sample 
demonstrated significantly higher cell viability (98.5±1.15%) than 
the implant (92.8±2.93%) (p<0.008), attributed to reduced NMP 
burst release over the initial 24 h. The current research findings 
align with in vitro release data, supporting the conclusion that the 
Atrigel formulation system is biocompatible and suitable for 
subcutaneous use. 

DISCUSSION 

The development of a long-acting Atrigel® formulation of GA for MS 
therapy represents a significant advancement in addressing 
treatment adherence challenges [48-50]. Our optimised formulation 
exhibits controlled release kinetics, with only 55% cumulative drug 
release, while bulk GA occurs within 20 min. This sustained-release 
profile could be attributed to optimising 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, 
where polymer composition and solvent selection significantly 
influence drug release patterns [51, 52]. Equation 2 for viscosity 
includes a negative coefficient for solvent concentration, which 
means that increasing solvent concentration typically lowers 
viscosity. This could be mainly attributed to the solvent NMP. NMP is 
a strong solvent that reduces the apparent viscosity of the 
formulation by weakening bonds between polymer chains. The 
viscosity results show a pronounced and consistent increase after 
converting the liquid solution into a depot form. The viscosity of the 
solution and deport is 200 times greater. This significant rise in the 
viscosity of all formulation batches confirms that the gelation 
process is a fundamental property of the material that reliably 
produces a highly viscous solid implant. The table effectively 
quantifies the critical rheological transformation of the Atrigel 
system from a low-viscosity solution to a high-viscosity depot, a key 
characteristic for its application as an injectable, in-situ-forming 
implant [53, 54]. 

The BLF indicates the force required to start the plunger moving 
from its original position. In contrast, the gliding force indicates the 
additional force needed to push the plunger further and expel the 
solution from the syringe. These are essential aspects of the 
formulation's syringability, and the current formulation meets the 
basic criteria.  

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, enabling reliable quantification of the 
drug. In this study, the performance of the drug-to-polymer ratio 
and solvent concentration was investigated and evaluated. It was 
found that the Atrigel 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 characteristics 
in formulation compared to other solvents.  

Sodium azide has been widely used in in vitro release and 
permeation studies, and it has been assumed not to interfere with 
the analysis. It has also been used in an Atrigel formulation for 30-
day research to protect the media. Other bacterial agents are not 
recommended for the in vitro studies [44, 45].  

Biological evaluations additionally evidenced Atrigel’s potential. The 
drumstick model, with an ex vivo study, showed a release profile 
comparable to the in vitro results, validating the formation of a 
depot. Cytotoxicity assessments using L929 fibroblasts revealed 
excellent biocompatibility (97.8-100% viability), particularly for the 
Atrigel formulation (98.5±1.15%), consistent with previous reports 
on similar delivery systems [27, 51, 52]. Prior studies demonstrated 
that in situ-formulation implant systems exhibit fibroblast viability 
in the range of 96~100%, indicating minimal cytotoxicity [55, 56]. 
The extraction of NMP from the formulation affects formulation 
integrity through microstructural changes. Hence, this study 
explores the formulation without extraction. Additionally, the 
concentration of NMP in the sample and the standalone is different. 
Therefore, the direct formulation has been used rather than the 
extraction process.  

The Higuchi model's R² value is closest to 1, indicating it most 
accurately describes the drug release process. This suggests the 
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release mechanism is likely diffusion-controlled, where drug 
diffusion through the matrix or scaffold constitutes the rate-limiting 
step—a characteristic consistent with many hydrophilic or 
hydrophobic polymer systems. The zero-order kinetic model 
indicates a constant drug release rate over a specific time period. 
However, its fit is slightly inferior to that of the Higuchi model, 
suggesting that pure zero-order release characteristics do not 
entirely govern the process. The first-order kinetic model exhibits a 
negative slope, and a high R² value indicates a strong exponential 
relationship between drug release and residual drug quantity, with 
the release rate diminishing over time. This aligns with phenomena 
commonly associated with diffusion or erosion mechanisms. The 
Higuchi model's high slope and negative intercept further 
corroborate the strong linear relationship between drug release and 
the square root of time, providing compelling evidence for classically 
diffusion-controlled release. The Hixson-Crowell model exhibits a 
smaller slope, suggesting slow changes in formulation size or surface 
area over time. The Korsmeyer-Peppas model suggests limitations in 
applying this model to this specific system. 

The IVIVC indicates that the 100% drug could be released in 9 d. 
Hence, we can expect a minimum of 7 d of drug release. The clinical 
application of the current research is substantial, which offers a 
potential solution to the 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 Atrigel formulation will promote solubility and 
bioavailability, potentially allowing for dose reduction. However, 
more evidence is needed to support the claim of higher 
bioavailability and dose reduction. Atrigel platform technology is not 
only applicable to GA delivery but also potentially to other MS 
therapeutics requiring sustained-release profiles. 

CONCLUSION 

This study successfully demonstrated the development and 
optimisation of a GA Atrigel® drug delivery system for the 
management of multiple sclerosis. Using a systematic approach with 
a 32-randomised complete factorial design, the impact of key 
formulation parameters, such as drug-to-polymer ratio and solvent 
concentration, was evaluated. The Atrigel system exhibited superior 
performance in terms of drug encapsulation, stability, and controlled 
release compared to traditional formulations. Comprehensive 
characterisation using SEM, UV-spectroscopy, DSC, XRD, and FTIR 
confirmed the physical and chemical integrity of the 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. 
Results indicate that the Higuchi model is the best fit for this drug 
release system, confirming diffusion-controlled release. The first-
order kinetic model also demonstrates a good fit, further supporting 
the diffusion-like characteristic of decreasing release rates over time. 
Conversely, the zero-order, Hixson-Crowell, and Korsmeyer-Peppas 
models exhibited comparatively lower fitting accuracy, indicating 
that purely constant-rate release, pure erosion mechanisms, or 
simple power-law relationships cannot fully describe the complex 
behaviour of this system. These results highlight the Atrigel system's 
potential as a promising alternative to conventional daily injections, 
offering improved patient compliance and extended action. 
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