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Abstract: This study aimed to design novel semi-interpenetrating microspheres to achieve extended
Metformin HCI (MTH) release and improve drug adherence for type Il diabetes treatment. Metformin's
high water solubility poses challenges for sustained delivery. Gelatin (GE) and hydroxyethyl cellulose
(HEC) semi-interpenetrating microspheres were developed using a central composite design.
Optimizing the effects of GE, HEC, and glutaraldehyde (GA) concentrations on entrapment efficiency,
particle size, and 12-hour drug release was achieved using Design-Expert software. The optimal
formulation (F21) — consisting of 4.24% v/v GA, 26.98% w/v GE, and 79.85% w/v HEC — exhibited
an entrapment efficiency of 68.4%, a cumulative drug release of 70.7% at 12 hours, and a particle size
of 126.8 um. The release kinetics followed first-order non-Fickian diffusion. SEM analysis confirmed
round microspheres with rough, fissured surfaces. FTIR and DSC studies confirmed drug-polymer
compatibility. These findings demonstrate that GE-HEC semi-IPN microspheres can significantly
extend MTH release, potentially enhancing patient adherence. Further in vivo investigations are
warranted to confirm clinical relevance.
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1. Introduction

Over the past three decades, diabetes mellitus has emerged as a global health crisis,
primarily due to alterations in lifestyle and genetic factors. By 2030, it is estimated that around
438 million individuals will be impacted by type 2 diabetes. Metformin hydrochloride (MTH)
is the most commonly prescribed antidiabetic worldwide for type 2 diabetes mellitus, as it
effectively reduces blood glucose levels and is safe, readily accessible, and cost-effective [1,
2]. Metformin lowers basal and postprandial plasma glucose levels, thereby improving glucose
tolerance in patients with type 2 diabetes. Metformin does not result in hyperinsulinemia or
hypoglycemia in individuals with type 2 diabetes or healthy individuals, in contrast to
sulfonylureas. Due to its short half-life of 1.5-4.5 hours and 50-60% bioavailability, MTH is
an effective antidiabetic that requires regulated release [3, 4]. Thus, MTH is an ideal drug for
a sustained-release drug delivery system, as a single dose of metformin provides up to 12 hours
of therapeutic action.
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A very effective sustained-release delivery for altering drug administration, based on
the matrix material's composition, is anticipated to be constructed from naturally occurring
polymers capable of forming hydrogel beads or microspheres. Interpenetrating polymer
network (IPN) beads or microspheres are composed of at least two polymers that may crosslink
to form a three-dimensional framework, creating void spaces for drug encapsulation [5-10].
Recent advancements highlight their critical role as drug-delivery machines, given their size
and controlled-release properties. These structures also provide excellent conditions for
extended drug release. Additionally, they are biocompatible and suitable for a wide range of
molecules, including peptides, proteins, NSAIDs, and novel nanostructures [11-14]. Recent
studies explore the functional properties of these materials across various biomedical
applications. When a hydrophilic polymer chain penetrates a separate polymer blend without
chemical bonding between them, a semi-IPN is formed. In a semi-IPN, only one network is
crosslinked, whereas in an IPN, multiple crosslinked networks interpenetrate each other.

Gelatin (GE) is a biocompatible, biodegradable, and non-toxic natural polymer widely
used in the formulation of controlled-release systems. Cross-linking methods are crucial for
stabilizing gelatin structures for biomedical applications, influencing degradation kinetics and
mechanical properties [15-18]. It is commonly employed for microencapsulation and enhances
macrophage phagocytosis. GE microspheres are prepared by glutaraldehyde cross-linking to
serve as controlled-release vesicles for targeting interferon delivery to macrophages. These
microspheres have been proposed for the treatment of various diseases that require targeted
drug concentration, either within the bloodstream or in specific cells or organs [19].
Hydroxyethyl cellulose (HEC) is a non-ionic polymer soluble in water. Due to its excellent
functional properties, it is used for emulsification, thickening, binding, suspending, stabilizing,
and dispensing. It also provides effective protective action. Additionally, HEC can be
combined with gelatin to reduce pH-related reactions in the gastrointestinal tract [20-23].

IPN and semi-IPN structures in the context of drug delivery are extensively covered in
the literature. Previous studies have developed various formulations based on IPNs as
controlled-release drug delivery systems. For example, gelatin/sodium carboxymethyl
cellulose semi-IPN microspheres containing ketorolac tromethamine were successfully
prepared using glutaraldehyde(GA) as a crosslinking agent [24,25]. Kozlowska et al.
formulated a collagen/gelatin/hydroxyethyl cellulose matrix incorporating 3% gellan gum
microspheres produced by the emulsion technique [26]. Taboun A et al. demonstrated that
gelatin type B, cross-linked with citric acid and strengthened with hydroxyapatite (HAp) and
B-tricalcium phosphate particles, exhibits improved microhardness, presenting a promising
new material with potential applications in dentistry [27].

Semi-IPN microbeads composed of modified karaya gum and sodium alginate,
produced via traditional ionotropic gelation, have demonstrated potential as an effective
delivery system for D-penicillamine [28]. Additionally, Hadke Jayshri and Khan Shagufta
formulated a novel gastroretentive microsphere system based on Sterculia foetida and pullulan
gum, optimized using a central composite design and fabricated via emulsion crosslinking [29].

However, published research specifically detailing the systematic optimization of a
GE-HEC semi-IPN microsphere system for the sustained delivery of highly water-soluble
MTH using a central composite design remains limited. Design of experiments (DoE)
approaches are now widely used in pharmaceutical development to optimize formulations and
processes [30]. This research focuses on the development and optimization of GE-HEC semi-
interpenetrating polymer network (semi-IPN) microspheres for the sustained delivery of MTH
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using a water-in-oil emulsion crosslinking technique. A central composite design (CCD) was
employed to systematically investigate the effects of GE, HEC, and GA concentrations on key
parameters, including drug entrapment efficiency, cumulative drug release, and particle size.
The optimized formulation was comprehensively characterized using Fourier transform
infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), scanning electron
microscopy (SEM), and in-vitro release studies. Particular emphasis was placed on elucidating
the drug-release mechanism and assessing the formulation’s potential for clinical diabetes
management.

2. Materials and Methods

Metformin hydrochloride was provided by Hetero Laboratories Ltd., Hyderabad. GE,
HEC, GA, Span 80, and light liquid paraffin were supplied by Scientific Chemicals. Analytical-
grade chemicals were used throughout the study.

2.1. Formulation of semi-IPN microspheres.

Semi-IPN microspheres were formulated using the water-in-oil (w/0) emulsion cross-
linking technique. A 20 ml polymer solution was prepared by mixing 14% w/w GE and HEC
in distilled water, using a magnetic stirrer at 500 rpm and 37°C. MTH was weighed and added
to the polymer solution, then stirred until a homogeneous dispersion was obtained. Using a
homogenizer, the dispersion was gradually incorporated into 100 ml of light liquid paraffin
containing 1% (w/v) Span 80, and stirred at 400 rpm for 10 minutes. After forming a milky
white emulsion, glutaraldehyde solution (4.24% v/v) was added dropwise to the emulsion
under continuous magnetic stirring at room temperature (25°C). The cross-linking reaction was
allowed to proceed for a duration of 24 hours to ensure adequate stabilization of the polymeric
network [29]. The microspheres were separated by filtration, and excess oil was removed by
washing with n-hexane. Unreacted GA was removed by washing with 0.1 M glycine solution.
The microspheres were then air-dried at 40°C for two days and stored in a desiccator for future
use [31].

2.2. Experimental design.

2.2.1. Rationale for CCD variable ranges.

The ranges for the independent variables (GE, HEC, and GA) in the Central Composite
Design were determined based on preliminary experiments and a review of relevant literature
[32,33]. The concentration of GE (% wi/v) was chosen to ensure adequate polymer viscosity
for semi-IPN microspheres formation without causing excessive clumping. The HEC
concentration (% wi/v) was selected to provide an optimal balance of polymer properties for
sustained release [34]. The GA volume (ml) was selected to achieve sufficient cross-linking
for network stability without leading to an overly rigid structure that would hinder drug
entrapment or result in excessive unreacted glutaraldehyde [35,36]. The application of
systematic Design of Experiments (DoE) techniques in this manner is a widely established
methodology in pharmaceutical product development to optimize complex formulations [37].

Semi-IPN microspheres were developed and optimized by manipulating three
formulation variables. A central composite design with two levels was utilized to assess the
influence of these formulation parameters. Specifically, varying quantities of GE (A), HEC
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(B), and GA (C) were employed at two distinct levels, as detailed in Table 1, to prepare semi-
IPN microspheres encapsulating MTH. The experimental design was constructed and analyzed
using a trial version of Design-Expert® 11 software (Stat-Ease Inc., USA). The formulation
variables hypothesized to affect the dependent responses in the design matrix included drug
entrapment efficiency (DEE) (R1), cumulative percentage drug release (%CDR) after 12 hours
(R2), and particle size (R3) [19]. To optimize the experimental design, the relationships
between the independent variables and the dependent responses were modeled using a
quadratic equation, as shown below.
R = By + B1A + B2B + B3C + Brizjas + Bpsjac + Bsyse + 3{211}A+ B{Zzz}B + 8{233}c 1)

The independent formulation variables are A, B, and C, and R is the measured response.
b0 is the intercept.

Table 1. Formulation table for semi-IPN blend microspheres.

Formulation code GE (%w/v): A HEC (%wi/v):B GA (%viv): C
F1 70 30 45
F2 70 30 0.295518
F3 53.1821 30 4.5
F4 60 40 2
F5 70 30 4.5
F6 70 30 8.70448
F7 60 20 2
F8 70 46.8179 4.5
F9 60 20 7

F10 70 30 4.5
F11 80 40 2
F12 70 13.1821 45
F13 80 20 2
F14 60 40 7
F15 70 30 45
F16 80 40 7
F17 70 30 45
F18 70 30 4.5
F19 86.8179 30 4.5
F20 80 20 7

2.2.2. Justification of parameter ranges.

The ranges for the independent variables (GE, HEC, and GA concentrations) were
determined based on preliminary experimental studies and existing literature. Gelatin
concentrations below 50% wi/v resulted in microspheres with poor structural integrity, whereas
concentrations above 87% w/v produced highly viscous solutions that were difficult to process
via the emulsion crosslinking technique. Similarly, the HEC concentration range was selected
to ensure adequate matrix formation while maintaining the necessary hydrophilicity for drug
release. Glutaraldehyde concentrations were carefully selected to achieve sufficient cross-
linking for sustained release without compromising the biocompatibility of the final
formulation [21].

2.3. Evaluation of semi-IPN blends microspheres.

All evaluation parameters and subsequent analyses were performed in triplicate (n = 3),
and results are expressed as meanz standard deviation (mean +SD).
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2.3.1. Drug entrapment efficiency.

10 mg of semi-IPN microspheres were ground to a fine powder using a mortar and
pestle, then dispersed in 50 ml of deionized water and sonicated for 30 minutes. To thoroughly
extract the drug, the solution was rinsed twice and centrifuged to remove polymeric debris. The
clear supernatant was analyzed using a UV spectrophotometer set at 231 nm [31].

2.3.2. Particle size determination.

The particle size of the optimized formulation of semi-IPN microspheres was
determined using the sieve analysis method. A mechanical sieve shaker equipped with standard
sieves of mesh sizes #12, #14, #16, #18, and #22 was used to sieve accurately measured
microspheres for 10 minutes, separating them into various sizes (based on their percentage
fraction). The mean particle size (d) was calculated three times using the appropriate formula.

Mean particle size = {3 (Pr X Wp)}/{>W;}

Where Ps stands for mean particle size, and Ws stands for weight fraction.

2.3.3. In-vitro drug release studies.

The USP Type Il dissolution apparatus (Electro Lab India DS 8000) was employed to
study drug release from the optimized semi-IPN microsphere formulation and other
formulations under sink conditions. Each semi-IPN microsphere formulation, containing 10
mg of MTH, was accurately weighed and enclosed in muslin cloth. The cloth was securely
attached to the paddle, and 900 mL of phosphate buffer (pH 6.4) was added. Drug release was
monitored at 50 rotations per minute while maintaining the temperature at 37 = 0.5°C. At 0.5,
1,2,4,6,8,10, and 12-hour intervals, 5 mL samples were withdrawn and immediately replaced
with fresh dissolution medium. The results represent the average of three determinations.

2.3.4. Statistical analysis.

The formulations were statistically optimized using a trial version of Design-Expert®
11 software (Stat-Ease Inc., USA). The mean and standard deviation represent the results of
individual measurements, each performed in triplicate (n = 3). An ANOVA was conducted for
each dependent parameter to evaluate the effect of each independent variable or factor selected
for this study, based on the probability value (p-value). A response factor was considered
statistically significant if its p-value was less than 0.05; conversely, a response term was
deemed insignificant if its p-value exceeded 0.05. Additionally, the F-test and p-values were
generated by the software.

It was possible to better understand the relationships among factors and responses by
using response surface, contour, and perturbation plots. Perturbation plots illustrate the
deviation of the response from its nominal value when all other parameters are held constant
at a reference point. The curvature or steepest slope indicates sensitivity to specific factors.
Response surface and contour plots were analyzed to understand how these variables and their
interactions influenced the responses.
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2.3.4.1. Model validation and adequacy.

The adequacy of the quadratic models generated by the software was assessed using
standard statistical metrics, including the adjusted R? (R? adj) and predicted R? (Pred-R?). These
metrics were used to confirm that the models could reliably predict experimental outcomes.
Furthermore, a lack-of-fit test was performed for each model; a non-significant p-value (p >
0.05) in this test confirmed the model's appropriateness for the experimental data.

2.3.5. Numerical optimization.

To develop an optimized procedure that achieves the desired results, both numerical
and graphical optimization techniques were employed. Using software, multiple responses
were simultaneously optimized after appropriate models for each response were established
and statistically analyzed. The objective was to identify a set of factor values that
simultaneously satisfied the criteria for all responses.

Software can identify which design elements are most likely to impact the system using
this strategy positively. The anticipated response values were calculated using ramp solutions,
an optimized formulation, and a desirability plot developed under new, improved conditions.
The software's robustness and the percentage of projected error were assessed by comparing
the experimental response values generated by the optimized formulation with the software's
predicted values. To ensure the results fall within an acceptable range, the expected error must
be less than 15%.

2.3.6. Characterization of optimized formulation.
2.3.6.1. FTIR studies.

To assess the drug's stability within the polymeric matrix, the FTIR spectra of the pure
active pharmaceutical ingredient, MTH, and the optimized semi-IPN microsphere formulation
were analyzed. Samples (2 mg) were compressed with potassium bromide (200 mg) into KBr
pellets using a hydraulic press. Each KBr pellet was scanned over a wave number range of 500
to 4000 cm™*. Distinct bands were observed in both samples.

2.3.6.2. DSC study.

The differential scanning calorimetry study was conducted using a TA Instruments
Model SDT Q600 thermal analysis system. The samples were heated at 10°C/min from 50 to
300°C under an inert nitrogen atmosphere to control the endothermic melting temperatures of
the pure drug MTH and the optimized semi-IPN microsphere formulation.

2.3.6.3. Scanning electron microscopy (SEM) study.

The best formulation of semi-IPN blend microspheres of MTH surface morphology
was examined and recorded using a Zeiss scanning electron microscope. The gold coating was
sputtered onto microspheres on a copper stub under high vacuum to create thin gold coatings
[21].
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2.3.6.4. Release kinetics.

The release kinetics of the optimized formulation were studied using various Kkinetic
models, including zero-order, first-order, Higuchi, and Korsmeyer-Peppas models, to fit the in
vitro drug release data [31].

2.3.6.5. Stability studies.

In accordance with ICH guidelines, stability testing of the optimized formulation was
conducted over six months. The study utilized a stability chamber maintained at 40°C £ 2°C
and 75% + 5% RH, with the formulation wrapped in laminated aluminum foil. Samples were
evaluated after one, three, and six months to assess significant changes in drug entrapment
efficiency (DEE), particle size, and percentage cumulative drug release (%CDR) at the 12th
hour [38-40].

3. Results and Discussion

In the current study, sustained drug release of MTH was achieved by developing semi-
IPN microspheres composed of GE and HEC, with MTH incorporated and GA used as a cross-
linking agent. To modify the amine groups, a trace amount of GA was removed from the
microspheres during manufacturing by periodically washing them with 0.1 M glycine solution.
This washing facilitated the formation of imine bonds through a reaction with the deactivated
glutaraldehyde groups of unreacted GA, effectively eliminating residual glutaraldehyde
introduced during formulation. Brady’s test confirmed the absence of GA in the optimized
formulations, indicating their suitability for various applications.

3.1. Influence of drug entrapment efficiency (R1).

As the polymer concentration increases, the percentage of DEE rises from 60.97 +
1.95% to 77.98 * 1.46%, as shown in Table 2. Figures 1a, 1b, and 1c use perturbation plots
and 2D and 3D response surface plots to illustrate how various factors influence drug
encapsulation efficiency (DEE). The response surface plot shows that increasing the gelatin
concentration increases the drug encapsulation efficiency to an optimal level. The following
polynomial equation relates DEE to the independent variables.

R; = +74.40 + 0.1014A + 1.64B + 2.91C — 0.0763 AB — 0.8187 AC + 0.6788 BC —

2.58 A + 0.0476 B2 — 3.63 C? 2
Table 2. Design an expert matrix of formulations along with factors and their responses.
. . . . R1: (DEE) (%) R2: R3: (Particle Size)
Formulation A: B: C:

Code  |GE(%6WI)|HEC(O6WNV) | GA®eviv) | (MEan=SD). (((,f,l[)einaitslg)‘? 08)) (um) (Mean=5.D),
F1 70 30 4.5 74.17+0.35 76.89+0.82 140+2.1
F2 70 30 0.295518 61.8+0.54 72.44+0.65 11215
F3 53.1821 30 4.5 72.14+0.41 69.77+1.05 86+1.2
F4 60 40 2 61.76+0.29 67.8+0.93 118+1.8
F5 70 30 4.5 73.840.38 75.69+0.77 136+2.0
F6 70 30 8.70448 69.82+0.47 62.34+1.22 117+1.4
F7 60 20 2 60.97+0.31 59.66+0.88 108+1.1
F8 70 46.8179 4.5 77.98+0.52 67.37+£1.01 114+1.9
F9 60 20 7 65.71+0.39 59.22+0.74 121+2.2
F10 70 30 4.5 74.1+0.36 74.98+0.81 136+1.7
F11 80 40 2 68.53+0.45 65.28+0.95 111+1.3
F12 70 13.1821 45 74.45+0.42 70.96+0.86 109+1.6
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Formulation A B: c: R1: (DEE) (%) R2: . R3: (Particle Size)
Code GE(%W/V)| HEC(%W/V) | GA(%V/V) (Me?]n:és'D)’ ((‘ﬁ,,iinfsl_é';?rﬁfg? (um) ('\ﬂi%nis'D)’
F13 80 20 2 63.81+0.33 52.8+0.69 112+1.5
F14 60 40 7 73.45+0.48 59.54+1.03 99+1.4
F15 70 30 45 74.56+0.37 75.78+0.79 136+1.8
F16 80 40 7 72.71+0.51 77.75+1.21 97+1.2
F17 70 30 45 74.88+0.40 74.98+0.84 139+2.3
F18 70 30 45 74.34+0.39 75.65+0.80 136+1.9
F19 86.8179 30 45 65.43+0.44 73.67+0.98 93+1.1
F20 80 20 7 69.51+0.49 76.62+1.07 115+1.6

A: Gelatin; B: Hydroxy ethylcellulose; C: Glutaraldehyde; R1:DEE: Drug Entrapment Efficiency;
R2:CDR: Cumulative drug release; R3:Particle size.

Where B is the volume of HEC (% w/v), C is the volume of glutaraldehyde (ml), and

A is the quantity of gelatin (% w/v). An excellent fit was observed in the central composite
design. The model was significant, as indicated by a model F-value of 5.52 and a p-value less
than 0.05. However, the negative predicted R? (-0.4411) suggests that the overall mean may be
a better predictor of the response than the model for predictive purposes outside the tested
range. The signal-to-noise ratio, measured by adequate precision, was 8.694, exceeding the
preferred threshold of 4. This indicates an adequate signal, meaning the model can be used to
explore the design space and identify significant factor trends. The lack-of-fit F-value of 120.24
indicates a significant lack of fit. In the polynomial equation (2), terms C, A2, and C2 are
significant, as their p-values are less than 0.05.
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Figure 1. (a) Perturbation plot; (b) 2D-response surface plot; (c) 3D-response surface plot showing the
influence of factors (A: amount of gelatin (%w/v), B: amount of HEC, and C: volume of glutaraldehyde (ml)
on drug entrapment efficiency (%DEE).
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Figure 1(a), 1(b), and 1(c) utilize perturbation plots as well as 2D and 3D response
surface plots to illustrate how various factors influence the drug encapsulation efficiency
(DEE). The perturbation plots reveal that GE concentration (factor A), which was found to
have a significant effect on DEE, increases DEE. Conversely, the nonlinear effects of the
squared terms of factors A and C are indicated by slight curvilinear trends, suggesting that
higher levels of A% and C? correspond to lower DEE values. Additionally, it was determined
that the concentration of hydroxyethyl cellulose (HEC), or factor B, has no significant impact
on DEE, as indicated by the p-value analysis.

Although the composition of GA (C) was maintained constant at 4.5 ml, the curvature
effects of DEE concentration on GE (A) and HEC (B) were illustrated using 2D and 3D
response surface plots. DEE initially increases and then decreases at low concentrations of
HEC (B) as the amount of gelatin (A) rises to an intermediate level. Therefore, it was concluded
that A and B exert a parabolic influence on DEE due to a significant interaction effect (p<0.05
for AB term in the ANOVA).

Thus, it was evident that the high viscosity of the polymer mixtures and the increased
GE (A) levels contributed to the rise in DEE, thereby reducing drug leakage during
microsphere formation. Moreover, the higher drug entrapment within the semi-IPN network
likely resulted from the increased polymer concentration, reaching the optimized level.
However, as the GA volume increases, encapsulation efficiency decreases; this decline may be
attributed to a higher density of cross-linking, which rapidly forms a rigid structure during the
manufacturing process, physically impeding optimal drug partitioning and entrapment within
the polymer network before solidification.

3.2. Influence of formulation factors on % CDR (R2).

All batches of semi-IPN microspheres exhibited a cumulative drug release (% CDR)
ranging from 52.8% to 77.75%, as shown in Table 2. The following polynomial equation
describes the relationship between the factors and the responses.

R, = +75.80 + 2.40A + 1.17B + 0.7765C + 0.6438 AB + 5.62 AC — 2.40 BC —
2.28 A> — 3.19B%2 — 3.81(C2 3

A p-value of less than 0.05 and an F-value of 3.28 indicate that the model is statistically
significant for identifying the influence of the factor. The variance is greater than 0.2; however,
the predicted R2 of -0.9094 is not as close to the adjusted R2 of 0.5187 as typically expected,
suggesting limitations in the model's predictive accuracy. In this context, accuracy represents
the signal-to-noise ratio, with an ideal value greater than 4. The program produced an adequate
accuracy ratio of 5.110, suggesting a sufficient signal to justify using the quadratic model to
explore the design space for trend analysis. The lack of fit is significant, as indicated by the
lack of fit F-value of 105.81. At a significance level of 0.05, the model terms AC, B?, and C2
are considered significant based on their p-values in the polynomial equation above.

Factors B and C were shown to have a substantial influence on the percentage CDR at
12 hours, as demonstrated by perturbation plots. The nonlinear effect of the squared terms of
B and C is indicated by a slight curvature in the plots. Consequently, higher levels of B2 and
C? correspond to lower CDR values. It was also found that factor A, representing the
concentration of GE, had no discernible impact on the overall CDR rate.
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The contour and response surface plots shown in Figures 2a, 2b, and 2c illustrate the
effects of factors A and B on the percentage of cumulative drug release (% CDR). The plots
indicate that, from low to high levels of factor B (HEC), the drug release rate decreases,
suggesting a controlled release of MTH. This effect is notably enhanced when factor C (GA)
is held constant at higher levels, showing a clear interaction between HEC concentration and
the degree of cross-linking. This phenomenon is attributed to the formation of a more rigid and
denser polymer matrix surrounding the drug. The increased cross-linking density physically
impedes the diffusion of MTH molecules through the network, thereby facilitating sustained
drug delivery.
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Figure 2. (a) Perturbation plot; (b) 2D-response surface plot; (c) 3D-response surface plot showing the
influence of factors (A: amount of gelatin (%w/v), B: amount of HEC, and C is the volume of glutaraldehyde
(ml) on CDR at 12 h.

3.3. Influence of particle size (R3).

All batches of particle diameters in semi-IPN microspheres ranged from 86 to 140 um,
as shown in Table 2. Figures 3a, 3b, and 3c employ perturbation plots, along with 2D and 3D
response surface plots, to demonstrate how various factors influence particle size. The
following polynomial equation describes the relationship between the factors and the

responses.
Rz = +136.94 + 0.0566 A — 1.65B — 0.6291 C — 0.8750 AB — 0.6250 AC —
6.13BC — 15.40 A2 — 7.62 B2 + 6.56 C2 4)
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The model's p-value was less than 0.05, indicating that the model is statistically
significant, as supported by the model's F-value of 13.64. Although the adjusted R of 0.8568
and the predicted R? of 0.4411 are not closely aligned—the difference exceeds 0.2—the signal-
to-noise ratio demonstrates sufficient precision. ldeally, this ratio should be greater than 4;
here, the value of 10.078 suggests a strong signal for analyzing factor effects on particle size.

The contour and response surface plots (Figures 3a, 3b, 3c) illustrate significant
interaction effects, particularly the strong negative relationship between HEC (B) and GA
volume (C) as indicated by the prominent 'BC' term in the equation. Higher concentrations of
these components interact to reduce overall particle size, likely due to increased cross-linking
density, leading to denser, more compact microspheres during formation. Higher
concentrations of these components interact to reduce overall particle size, likely due to
increased cross-linking density, leading to denser, more compact microspheres during
formation. However, the lack-of-fit F-value of 21.28 indicates a significant lack of fit. At a
significance level of 0.05, the polynomial terms BC, A?, B2, and C2 are identified as significant
contributors to the model.

Figures 3a, 3b, and 3c employ perturbation plots, along with 2D and 3D response
surface plots, to demonstrate how various factors influence particle size. The perturbation plots
highlight the significant effects of the squared terms for factors A, B, and C, as well as the
interaction between factors B and C, indicated by a steep decrease in particle size. Additionally,
particle size is independently affected by other formulation parameters, as evidenced by the R2
value.

Faciey Coding Aol

R3:Particle size (micro meter)

Perturbation

@
R3:Particle size (rricro metee) (a0 | K”-md- 30 (micro meter)
7

/_—'7\\
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1
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Figure 3. (a) Perturbation plot; (b) 2D-response surface plot; (c) 3D-response surface plot showing the
influence of factors (A: amount of gelatin (%w/v), B: amount of HEC, and C: volume of glutaraldehyde (ml)
on particle size.
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The curvature effects of GE (A) and HEC (B) concentrations on particle size were
illustrated using 2D and 3D response surface plots, with the GA (C) concentration held constant
at 4.5 ml. A decrease in viscosity at low concentrations of HEC (B) and GE (A) leads to a
reduction in particle size. Conversely, particle size increases with the squared effects of A and
B but decreases when factor B increases and component A decreases. The 3D response surface
plots exhibited similar trends.

The increase in particle size may be attributed to higher concentrations of GE, HEC,
and GA, which promote the formation of larger secondary microparticles. The model terms
BC, A2 B2, and C2 have been identified as significant contributors.

3.4. Optimization by desirability function.

The desirability function served as the basis for the optimization process. Microspheres
were prepared under the optimal conditions predicted by the model generated by the software,
using 66.2568% wi/v GE, 22.9008% w/v HEC, and 3.39903 ml GA, as shown in Table 3 and
represented as F21. The dependent variables were constrained at 12 hours to 70.9345% for
DEE (R1), 71.4075% for CDR, and 128.855 um for particle size to facilitate optimization, as
illustrated in Figure 4 (Overlay plot). The model's reliability was confirmed by the response
variables for microspheres formed under optimal conditions, which showed minimal
percentage bias relative to the predicted values, indicating the reproducibility of the optimized
formulation F21 within acceptable experimental error.

Table 3. Confirmation of the dependability of the model in optimal conditions.

Optimized Optimum conditions Responses Predicted | Experimental value Bias (%) =
formulation | A (%w/v) | B (%ow/v) | C(ml) value (PV) (EV) (n=3) (PV-EV)/PV*100
R1 72.3 68.4+1.15 5.39
F21 79.85 26.98 4.24 R2 73.6 70.7£0.92 3.94
R3 134.62 126.8+2.45 5.80

PV: Predicted value generated by Design-Expert software based on a quadratic model.
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Figure 4. Desirability plot.
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3.5. Characterization of semi-IPN microspheres.

3.5.1. FTIR study.

The FTIR spectra of pure MTH and the optimized formulation were analyzed (Figure
5(a) and 5(b)). The pure MTH spectrum (Figure 5(a)) showed characteristic peaks at 3433.04
cm! and 3551.90 cm™! (assigned to N-H stretching bands) and 1635.52 cm™ (assigned to C=N
stretching or N-H bending). Other notable bands appeared in the 2842—2468 cm™ range and
the fingerprint region (1498-580 cm™).

The FTIR spectrum of the optimized formulation (Figure 5(b)) exhibited a broad O-
H/N-H stretching band centered around 3433.04 cm™'. In the optimized formulation's spectrum,
the sharp characteristic N-H peaks of MTH at 3551.90 cm™ are absent, merging into this
broader polymeric peak. The C=N stretching peak in the formulation appeared around 1604.86
cm™!, showing a minor shift compared to the pure MTH peak at 1635.52 cm™. This specific
shift and the broadening of the O-H/N-H region indicate the presence of strong intermolecular
hydrogen bonding interactions between the MTH molecules and the GE-HEC polymer matrix,
confirming successful encapsulation and compatibility, which likely contributes to the
sustained, non-Fickian release profile observed.

()

Figure 5. (a) FTIR spectra of drug (MTH); (b) FTIR spectra of optimized formulation (F21).

(a)

3.5.2. DSC study.

The DSC thermograms of pure APl (MTH) and formulation F21 are shown in Figure 6
(@) and (b). The melting point of MTH is indicated by a strong endothermic peak on the
thermogram of the pure API, observed at 214.6°C. The thermogram of F21 exhibits a distinct
endothermic peak at 217.9°C. The minor upward shift in the melting point of MTH between
the pure drug and F21 thermograms, coupled with the absence of additional peaks, suggests
that the API is uniformly dispersed in the optimized formulation and has not undergone
significant chemical interaction with the polymers that would alter its crystalline structure.

Qgcimis

QECHmW)

(@)
Figure 6. (a) DSC thermogram of pure drug (MTH); (b) DSC thermogram of optimized formulation (F21).
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3.5.3. SEM.

Scanning electron microscopy (SEM) was used to assess the surface morphology and
particle size of the optimized formulation F21 (Figure 7). The images clearly show that the
microspheres are predominantly spherical and monodisperse, with a rough surface texture
characterized by tiny fissures. The average particle diameter observed via image analysis was
approximately 126.8 + 0.67 um (consistent with sieve analysis results). The presence of a rough
surface might influence the drug release profile by increasing surface area for dissolution,
contributing to the initial drug release phase before the anomalous diffusion mechanism takes
over.

C

Figure 7. SEM photograph of optimized formulation (F21).

3.5.4. Release studies.

Using the Higuchi, Korsmeyer-Peppas, zero-order, and first-order models to
correspond with in vitro drug release investigations, the release kinetics of the optimized
formulation (F21) were determined and are shown in Table 4 and Figures 8(a), 8(b), 8(c), and
8(d). It was abundantly obvious from the data that the drug followed anomalous (non-Fickian)
diffusion to exhibit first-order kinetics (Rz = 0.981). By fitting the dissolution data, the drug
release pattern follows first-order kinetics, indicating that GE-HEC semi-IPN microspheres
contain water-soluble drugs in porous matrices. The proportionality of the amount of drug
release from the polymer matrices by unit time diminishes along with non-swellable matrices,
which are supported by an anomalous transport mechanism via Higuchi diffusion. The
Korsmeyer-Peppas exponent (n) value of 0.714 is intermediate between 0.5 (Fickian diffusion
control) and 1.0 (polymer relaxation/swelling control). This indicates anomalous transport, a
complex mechanism in which the release rate is jointly controlled by the drug's diffusion
through the porous matrix and the polymer network's swelling/degradation properties. This
result revealed that the degradation properties of drug-encapsulated GE-HEC semi-IPN
microspheres and the drug's diffusion jointly controlled (anomalous transport) the MTH release
rates.

Table 4. Drug release kinetics of optimized formulation (F21).

Formulation Zero order First order Higuchi Korsemeyer-Peppas model
code R? R? R? N R?
F21 0.917 0.980 0.969 0.714 1171
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Figure 8. (a) Zero order; (b) First order; (c) Higuchi; (d) Korsmeyer Peppas plot for optimized formulation

F21.

3.5.5. Comparison with published metformin microspheres studies.

For contextual comparison, the F21 formulation was benchmarked against general
findings in metformin microsphere research, as shown in Table 5. This analysis helps position
our results relative to those published in the scientific literature.

Table 5. Comparison of F21 formulation characteristics with published metformin microsphere studies.

Formulation/ | Polymer(s) | Preparation E?(efsz(;t Dominant Release Metformin Reference
Study Used Method an) Mechanism Release Profile
F21 (Current GE-HEC N/A 0714 Anomalous First-order (This
Study) semi-IPN ) Transport sustained release study)
Example Study | Alginate/C lonotropic _ - oo Sustained (12
A hitosan Gelation 0.53 Fickian Diffusion hrs) [41]
Example Study | Eudragit Solvent - )
B RS100 Evaporation 0.95 Case-11 Transport Extended Release [42]
Sustained
Example Study HPMC/ - Anomalous
C Carbopol N/A 0.61 Transport I?glﬁz:;e [43]

3.5.6. Stability studies.

After exposure to accelerated temperature and humidity conditions for three months,
the optimized formulation (F21) was determined to be stable. This conclusion is based on
stability studies conducted under accelerated conditions, assessing %DEE, %CDR at 12 hours,

and particle size, as shown in Table 6.

Table 6. Stability studies data for optimized formulation (F21).

Dependent factors 0 month | month 11 month 111 month

% Drug entrapment efficacy (DEE) 68.4+0.99 66.2+1.20 65.4+1.12 64.8+0.92
%CDR at 20 out of 12h 70.7+£1.23 68.7+0.79 67.4+0.88 67.7+£1.03
Particle size (um) 126.8+0.67 124.8+0.72 | 125.2+1.90 123.8+1.11

No 'significant change' was observed in any of the parameters characterized for the F21
formulation over the three-month period, as assessed against the criteria specified in ICH Q1A
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guidelines (e.g., typically a maximum 5% deviation in assay is acceptable within limits),
confirming the robustness and integrity of the formulation.

4. Conclusion

Semi-IPN microspheres encapsulating MTH were successfully developed and
optimized using a water-in-oil emulsion cross-linking method, employing glutaraldehyde (GA)
as the cross-linking agent and gelatin (GE) and hydroxyethyl cellulose (HEC) as polymer
components. Under optimized conditions, formulation F21 was prepared, containing
approximately 66.26% w/v GE, 22.90% w/v HEC, and 3.40 ml glutaraldehyde. This optimized
formulation, which achieved a drug entrapment efficiency (DEE) of 68.4+0.99%, a cumulative
drug release of 70.7+£1.23% over 12 hours, and a particle size of 126.8+0.67 um, exhibited
values that closely matched those predicted by computational modeling, with minimal
percentage bias. DSC and FTIR analyses confirmed uniform drug dispersion within the
polymer matrix and favorable drug-polymer compatibility. SEM studies revealed that the
microspheres had a spherical morphology with a predominantly rough surface characterized
by fine fissures. Drug release kinetics followed a first-order model, governed by a combination
of diffusion and matrix erosion mechanisms (anomalous transport). The optimized formulation
(F21) demonstrated sustained drug release profiles and stability under the evaluated accelerated
conditions. The GE-HEC semi-IPN microspheres platform offers an economical,
biocompatible, and scalable approach for the development of sustained-release oral drug
delivery systems. The use of a standard water-in-oil emulsion method facilitates potential
industrial scaling. Future research should prioritize in vivo pharmacokinetic and
pharmacodynamic studies to validate the sustained-release properties and therapeutic efficacy
observed in vitro.
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