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Abstract

Linagliptin, a DPP-4 inhibitor commonly used in the management of diabetes mellitus, has shown potential activity in poly-
cystic ovary syndrome (PCOS). Linagliptin’s therapeutic effectiveness is limited by its poor membrane permeability and low
oral bioavailability. This study aimed to formulate hyaluronic acid-coated liposomal linagliptin optimized through I-optimal
design and Al-based entrapment efficiency (EE%) prediction. The effects of hyaluronic acid and drug concentrations on parti-
cle size (PS), polydispersity index (PDI), zeta potential (ZP), and EE% were systematically evaluated to develop an optimized
delivery system for PCOS management. The optimized formulation (O;) demonstrated a PS of 152.5 nm, PDI of 0.373, ZP
of —=19.92 mV, and an EE% of 89.43%. The integrated Al-based predictive model achieved 89.8% accuracy, confirming its
reliability for rational formulation design. In-vitro dissolution studies revealed a sustained drug release over 72 h from Oy, in
contrast to complete release within 3 h from unformulated linagliptin. In the PCOS-induced rat model, treatment with both
unformulated linagliptin and O, significantly improved insulin sensitivity and normalized lipid profiles. Notably, O; mark-
edly restored ovarian redox balance through modulation of the Keap1/Nrf2 pathway, indicating a mechanistic basis for the
amelioration of PCOS-associated oxidative stress and metabolic dysfunction. Overall, the optimized HA-coated liposomal
formulation demonstrated superior therapeutic efficacy and bioavailability compared to unformulated linagliptin, support-
ing its potential as a targeted repurposed nanocarrier-based therapy for PCOS management, where Al and response surface
design are efficient tools for accelerating pharmaceutical formulation development and predicting formulation performance.
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Introduction

Polycystic ovary syndrome (PCOS), is one of the most
prevalent endocrine disorders, affecting up to 10% of
women of reproductive age worldwide. It is characterized
by hyperandrogenism, ovulatory dysfunction, and polycys-
tic ovarian morphology [1]. The etiology of PCOS remains
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multifactorial, including complex interactions between
genetic, hormonal, metabolic, and environmental factors
[2]. Clinically, PCOS represents the leading cause of ano-
vulatory infertility, accounting for approximately 90-95%
of women seeking fertility treatment [3, 4]. The condition
is further defined by the presence of multiple small folli-
cular cysts measuring 2-9 mm within the ovaries, with the
diagnosis typically confirmed when twelve or more such fol-
licles are observed [5]. Insulin resistance and compensatory
hyperinsulinemia are key features of PCOS pathophysiology,
contributing to both its reproductive and metabolic mani-
festations [6, 7]. Thus, therapeutic approaches often target
insulin resistance, with an increasing interest in repurposing
anti-diabetic drugs for the management of PCOS [8].
Linagliptin is a dipeptidyl peptidase-4 (DPP-4) inhibi-
tor, that has been approved for the treatment of diabetes
miletus Type 2 and has now been recognized as a potential
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medication for PCOS because it can modulate metabolic
pathways implicated in the syndrome [9]. Linagliptin exerts
its action through the inhibition of DPP-4, increasing the
levels of incretin hormones like GLP-1 [10], enhancing insu-
lin secretion, and thereby improving glycemic control [9].
In PCOS models, linagliptin has demonstrated promising
results by improving insulin sensitivity, reducing systemic
inflammation, and modulating androgen levels [11, 12].

Despite its therapeutic potential, linagliptin suffers from
poor aqueous solubility, leading to its low oral bioavailabil-
ity and limited clinical efficacy in non-diabetic indications
such as PCOS [13, 14].

Several studies tried to formulate linagliptin to enhance
its bioavailability. Linagliptin was formulated as solid dis-
persions/fast-dissolving systems, polymer carriers (PEG,
Soluplus, Kolliphor etc.) to increase apparent solubility
and dissolution rate [15]. However, physical instability and
recrystallization over time is a common drawback with solid
dispersions [16]. Moreover, several nanoparticles-based
systems were used as lipid-based systems, which increase
solubilization in GI fluids and sometimes enhance lymphatic
uptake or inhibit P-gp [13, 14, 17, 18].

Furthermore, polymeric nanoparticles offered as a
sustained release, improved apparent bioavailability and
changed PK profile of linagliptin [17]. However, these
systems are widely known for their burst release, and high
degree of complexity [19].

Liposomes is one of the most widely used carriers due
to its many advantages such as their biocompatibility, abil-
ity to encapsulate both hydrophilic and lipophilic drugs,
and potential for controlled release [20-22]. However,
conventional liposomes face challenges such as low physi-
cal stability, rapid clearance, and limited target specificity
[23]. To address these limitations, surface functionaliza-
tion techniques have been developed. Among them, coat-
ing liposomes with hyaluronic acid (HA) has shown con-
siderable promise [24, 25]. HA exhibits high affinity for
CD44 receptors, which are overexpressed in ovarian tissues
affected by PCOS, enabling targeted drug delivery [26-28].

To further enhance the efficiency of formulation devel-
opment, artificial intelligence (AI) tools have recently been
incorporated in pharmaceutical research [29]. Al models can
predict key formulation parameters such as encapsulation
efficiency (EE%), thereby reducing experimental workload,
minimizing resource consumption, and accelerating optimi-
zation [30, 31].

This work uniquely integrates Al-based entrapment effi-
ciency prediction, response surface experimental design,
and hyaluronic acid—coated liposomal formulation for the
repurposing of linagliptin in targeted PCOS management.
To the best of our knowledge, this is the first study to com-
bine these elements within a single formulation-driven and
pharmacodynamically validated framework.
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The aim of the current study is to build an Al model capa-
ble of predicting the EE% of linagliptin-loaded liposomes,
and to optimize HA-coated liposomes for effective deliv-
ery of linagliptin to be repurposed and targeted to manage
PCOS.

Materials and Methods
Materials

Daclatasvir dihydrochloride was supplied as a gift from
Marcyrl Pharmaceutical Industries (Cairo, Egypt). Rosuv-
astatin calcium was supplied as a generous gift from Global
Napi Pharmaceutical Company (Cairo, Egypt), while lina-
gliptin was supplied from EVA Pharmaceutical Company,
(Cairo, Egypt). Silymarin was supplied as a kind gift from
Sedico Company, (Cairo, Egypt). Hyaluronic acid was pur-
chased from CISME, Italy. Lecithin, soybean (90% purity)
was procured form Alfa Aeser (ThermoFisher (Kandal),
Germany). Cholesterol (>99% purity) was purchased from
Merck KGaA, Darmstadt, Germany). Methanol was pur-
chased from Merck, Germany. Methylene chloride, disodium
hydrogen phosphate, and hydrochloric acid were purchased
from EL mohandes company for modern chemicals, Egypt.

Methods

Al Models Building

Data Collection A pharmaceutical dataset comprising 57
liposome-encapsulated drugs was compiled from various
research studies retrieved from the Web of Science (WoS)
database, resulting in a total of 418 data entries. The pri-
mary input factors found to significantly affect the liposomal
entrapment efficiency included XLogP3, molecular weight
(Da), number of rotatable bonds, hydrogen bond donors
and acceptors, and topological polar surface area, reflect-
ing the drugs’ physicochemical characteristics. Additionally,
formulation-related variables such as drug quantity, lipid
type, lipid additives, lipid amount, cholesterol content, and
liposomal surface charge were considered. Furthermore,
process-related factors included preparation method, hydra-
tion medium, preparation temperature, sonication time and
mode, number of extrusion cycles, suction time, hydration
duration, organic solvent type, and the organic-to-aqueous
solvent ratio. The target variable for the built regression
model was the percentage entrapment efficiency of encap-
sulated drug (EE%).

Only experimentally validated formulation data obtained
under controlled and reproducible conditions were included.
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Table 1 Hyperparameters

Model Hyperparameter Values
Search Space for AI Models

SVR Cost (C) 3
Regression loss epsilon (€) 35
kernel Polynomial
Iteration limit 300

LR Regularization None

DT Minimum number of instances in leaves 2
Stop when majority reaches 95%

RF Number of attributes considered at each split 1
Replicable training Yes
Number of trees 6

Adaboost Learning rate 0.4
Fixed seed for random generator 3
Loss (regression) Exponential
Number of estimators 66

GB Learning rate 0.046
Number of trees 145
Replicable Training Yes
Lambda 0.5
Growth control 5

Neural Network Neurons in hidden layers 140
Activation function Logistic
Solver (optimization) L-BFGS-B
Regularization (ar) 0.7
Maximum number of iterations 360

Data Pre-processing To ensure data quality, and enhance
the model performance, the dataset was systematically
pre-processed through a series of structured steps. Key
predictive features were carefully selected to enhance
model performance, while categorical variables were
transformed using one-hot encoding method to ensure
compatibility with regression algorithms. Since most
machine learning algorithms require numerical inputs,
encoding categorical data to numerical data becomes
important. Proper encoding ensures that models can
interpret categorical variables effectively, leading to
improved predictive accuracy and reduced bias [32].
Incomplete or inconsistent records were removed to pre-
serve data quality and prevent bias, and outliers were
excluded. Prior to full preprocessing, the dataset was
normalized to a range of [—1, 1] to standardize the input
features. Following preprocessing, multiple regression
models were developed; namely Support Vector Regres-
sor (SVR), Linear Regression (LR), Decision Tree (DT),
Random Forest (RF), AdaBoost, Gradient Boosting
(GB), and Neural Network, and their predictive perfor-
mance was thoroughly assessed using standard statistical
metrics, including the coefficient of determination (Rz),
mean absolute error (MAE), and root mean square error
(RMSE) [33].

Data Splitting Strategy A strategic data splitting approach
was employed to enhance model generalizability and pre-
vent overfitting. The dataset was divided into training dataset
(70%), validation dataset (15%), and testing (15%) dataset.
Hyperparameter tuning was performed using the validation
set to optimize model architecture and performance. Final
model assessment was carried out on the test set, ensuring
unbiased evaluation and robust predictive capability [34].

Model Building EE% was designated as the target variable
for prediction. An initial comparative analysis was con-
ducted across seven machine learning algorithms, namely;
Support Vector Regressor (SVR), Linear Regression (LR),
Decision Tree (DT), Random Forest (RF), AdaBoost, Gra-
dient Boosting (GB), and Neural Network, which were
implemented using Orange Data Mining Software® (ver-
sion 3.38.1). Following model selection, extensive hyper-
parameter optimization was performed employing 20-fold
cross-validation to ensure robustness and generalizability.
The defined hyperparameter search space is as detailed in
Table 1. To assess the validity and predictive accuracy of the
developed model, experimental preparation of four distinct
liposomal formulations was conducted. Each formulation
encapsulated a different drug, specifically daclatasvir dihy-
drochloride, rosuvastatin calcium, linagliptin, and silymarin.
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Table 2 I-Optimal Design Formulation and Characterization Tests Results, Together with the Optimized Formula as Suggested, Along with the

Observed and the Expected Results

Formula code X X,: Drug Y ,: Particle Size Y,: Polydispersity Y;: Zeta Potential Y,: Entrap-
HA Coating % Concentration  (PS) (nm) Index (PDI) (ZP) (mV) ment Efficiency
(mg/mL) (EE%)
F, 0 6 137.6 +23.1 0.302+0.03 —-19.8+0.3 88.0+4.6
F, 5 2 232.8+15.0 0.439+0.02 -36.6+0.6 88.6+5.1
F; 5 6 1344+11.2 0.372+0.05 -22.2+0.3 88.9+7.3
F, 0 2 128.8+17.7 0.307+0.07 -31.6+0.4 76.7+2.8
Fs 0 6 1352+54 0.348 +0.02 —-17.5+0.8 86.0+4.7
F, 0 2 127.6+10.7 0.338+0.10 -327+1.0 75.8+2.8
F, 5 6 137.0+2.9 0.398 +0.02 -235+1.6 89.9+5.2
0N 5 2 232.7+184 0.450+0.03 -354+04 86.7+2.8
F, 1 2 167.7+1.9 0.330+0.04 -28.6+1.7 75.6+3.8
Fyo 1 6 150.5+4.8 0.365+0.02 —-13.2+09 85.6+3.9
Fi 1 2 159.3+5.7 0.347+0.09 -29.6+0.4 73.6+3.7
Fi, 1 6 151.3+7.9 0.361+0.10 -12.09+1.4 88.9+2.9
HA Coating (%) Drug Con- PS (nm) PDI ZP (mV) EE%
centration
(mg/mL)
Expected Result 292 6 143.1 0.369 -17.9 87.9
Observed Result 152.5+4.7 0.373+0.07 —-19.9+1.67 89.4+5.7
% prediction error* 6.6 1.1 11.3 1.8

* %Prediction error = (Predicted-Observed)/(Predicted) x 100

These drugs were intentionally selected to represent all four
Biopharmaceutics Classification System (BCS) classes:
daclatasvir dihydrochloride (Class I), rosuvastatin calcium
(Class II), linagliptin (Class III), and silymarin (Class IV),
respectively. This approach ensured that the model's per-
formance could be evaluated across a diverse range of drug
solubility and permeability characteristics.

Preparation of Liposomes

Liposomes were prepared by thin-film hydration method
according to Sweed et al., 2024. In brief, a mixture of soya
phosphatidylcholine and cholesterol (in a molar ratio of 4:1)
was dissolved in methylene chloride, where the drug was either
incorporated into this solution to obtain the drug-loaded formu-
lation or omitted to produce the blank formulation. The organic
solvent was then removed under reduced pressure using a rotary
evaporator (Heidolph 2, Schwabach, Germany) at 40°C for
30 min, resulting in the formation of a uniform lipid film. This
thin film was further hydrated with distilled water to yield the
liposomal dispersion; the latter was then sonicated for 5 min
to ensure homogeneity and to minimize the vesicle size [22].
For the preparation of hyaluronic acid (HA)-coated
liposomes, the respective aqueous HA solution (1% or 3%
w/v) was added drop by drop to the liposomal dispersion

@ Springer

under constant stirring by a magnetic stirrer (PM010
JOAN Laboratory Hotplate Magnetic Stirrer, Zhejiang,
China) for 5 min to facilitate homogeneous adsorption of
HA onto the surface of liposomes and thus to enhance
stability and biocompatibility [35].

Response Surface Design

An [-Optimal experimental design was employed to sys-
tematically investigate the effect of the studied formulation
variables on each of the particle size (PS) (Y,), polydisper-
sity index (PDI) (Y,), zeta potential (ZP) (Y5), and entrap-
ment efficiency (EE%) (Y,). The independent variables
explored were the hyaluronic acid (HA) coating percent-
age (Xi: 0-5%) and the drug concentration (X,: 2—6 mg/
mL) which were based as the lower and upper limits in the
current study based on previous studies [36, 37], as sum-
marized in Table 2, resulting in 12 formulae. This design
enabled the efficient modeling of complex formulation
behavior with minimal experimental runs [38]. Based on
the optimized predictive model with maximum desirabil-
ity, Design-Expert® software version 13.0.5.0 (Stat-Ease
Inc., USA) proposed an optimal formulation (O,), which
was subsequently prepared and experimentally validated.
The observed results could confirm the model's reliability
and the robustness of the design strategy.
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Characterization of Liposomes

Determination of Particle size (PS), Zeta Potential (ZP)
and Polydispersity Index (PDI)

Dynamic light scattering (DLS)was used for the determi-
nation of the particle size and polydispersity index of the
nanoparticles, in addition to the zeta potential. Samples
were diluted using distilled water, which were then meas-
ured using quartz cuvettes at ambient temperature [39].

Determination of Entrapment Efficiency (EE%) and Drug
Loading (DL%)

An indirect method was used for the measurement of
EE% of liposomes, where liposomes were centrifugated at
15,300 Xg for 30 min at 4°C using a cool centrifuge (Meg-
afuge 16R, Hanau, Germany). The drug-loaded liposomal
vesicles were separated from the free drug, where the free
drug was further measured spectrophotometrically, at its
predetermined £,,,,, at 296 nm, to calculate the EE% and
the drug loading, directly in the supernatant according to
Egs. 1 and 2, respectively [40].

EE% = (1-— weight Of drug in the supernatant\ 100
weight of added drug
(1)
DL % = <1 B weight of drug in the 'llposomes> « 100
supernatant weight

@

In-vitro Release Rate of Linagliptin

Dialysis bag method was used to evaluate the in-vitro
release rate of linagliptin. Three preparations were tested:
standard linagliptin (5 mg pure linagliptin in water), the
optimized hyaluronic acid- coated liposomal dispersion
of linagliptin (O,) (containing 5 mg linagliptin) and the
liposomal dispersion of linagliptin (O,), without HA coat-
ing (equivalent to 5 mg linagliptin), which were placed
in a dialysis bag (Spectrum Medical Inc., Los Angeles,
CA, USA, molecular weight cut off 12,000-14,000 Da).
The bags were then immersed in 0.1 N HCI at pH 1.2 for
the first two hours which was then replaced with Phos-
phate Buffer Saline (PBS) at pH 6.8 for the remaining
of the study in a thermostatically controlled mechanical
shaker at 37 +0.50°C at 50 rpm for 72 h. Different samples
were withdrawn at time intervals 0.25, 0.5,0.75, 1, 2, 3,
4,5,6, 24,48 and 72 h, and replaced with fresh release
medium to maintain sink conditions. The goal was to com-
pare the release profiles of linagliptin from the liposomal

dispersion and hyaluronic acid coated liposomal disper-
sion with the unformulated drug [41].

Transmission Electron Microscopy for Morphological
Examination

The morphology of the coated liposomes (O,) was exam-
ined using transmission electron microscopy (TEM, JEOL
JSM 6360). Sample preparation involved placing a drop of
the formulated dispersion onto a copper grid, followed by
negative staining with a 10 pL droplet of 2% phosphotung-
stic acid solution for 10 s. The grid was then air-dried and
subsequently observed under the microscope [42].

Stability Study

The stability of the HA-coated liposomal formulation was
assessed in accordance with standard evaluation protocols,
encompassing both storage conditions and physicochemi-
cal parameter monitoring. Samples were stored at 4 °C and
25°C under a relative humidity of 55-60% for a period of six
months. During this time, the formulations were periodically
examined for physical appearance, PS, PDI, ZP, and EE%, to
evaluate their stability over the storage duration [42].

Investigation of the Effect of Linagliptin
Formulation on Experimentally Induced PCOS in rats

Experimental Animals

Female Wistar albino rats (aged 10-12 weeks; initial weight
range 150-160 g) were obtained from the Teodor Bilharis
Institute, Cairo, Egypt. The animals were housed in plas-
tic cages at the animal facility of MSA University under
controlled conditions (temperature 25 +3 °C and humidity
50%). They were provided with standard pellet chows and
allowed ad libitum access to water. All procedures involving
the animals were performed under a protocol approved by
the Ethics Committee of MSA University (Approval No.:
PT88/REC88/2025P).

Animal Experimental Design

A total of 24 female rats were allocated into 4 groups at
random, using random number generation via the stand-
ard =RAND() function in Microsoft Excel, where each
group contained 6 animals. Sample size was calculated using
G*Power software based on anticipated differences in blood
glucose levels, with a statistical power of 80%. The first
group was the normal group, and the second group (PCOS-
control group) injected with letrozole (1 mg/kg; p.o.) daily
for 21 days for induction of polycystic ovarian syndrome
(PCOS) [43]. The third group, which was also induced with

@ Springer
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PCOS received linagliptin (10 mg/kg, p.o.) for 30 days start-
ing from the day of induction. The last group, was induced
with PCOS, were treated with linagliptin formulation (O,)
in the same dose and duration. All injections started on the
same day, and induction continued for 21 days. Treatments
lasted for 30 days (continued for one week after stopping
drug of induction). The dose and route of administration of
linagliptin were chosen based on previous literature [44]. At
the end of the experiment, rats were terminated by cervical
dislocation under ketamine anesthesia. The abdominal cav-
ity was opened, and ovaries were harvested and weighed to
be used for histopathological examination and biochemical
parameters investigations.

Biochemical Assays

The blood samples were used for assessment of the fol-
lowing parameters including serum levels of insulin using
standard ELISA kit (Cat no.: MBS724709), and colorimetric
assay kit for glucose (Cat. No.: E-BC-K234-S), total choles-
terol (Cat. No.: E-BC-K109-S) and total triglycerides (Cat.
No.: E-BC-K238) according to the manufacturer instructions
(Elabscience, TX, USA).

Moreover, homeostasis model assessment-insulin resist-
ance (HOMA-IR) was calculated to assess insulin resistance
from basal glucose and insulin levels according to Equa-
tion 3 [45].

HOMA — IR = Fasting Insulin (uIU/mL) X Fasting Glucos e (mmol/L) [ 22.5
3)

The glucose concentrations were converted from mg/
dL to mmol/L using the molecular weight value of glucose
18.018.

The isolated ovaries were used for investigating the lev-
els of nuclear factor erythroid 2-related factor 2 (Nrf2) and
its repressor, Kelch-like ECH-associated protein 1 (Keap-
1), using standard ELISA kits (Cat. No. MBS012148 and
MBS714561, respectively, MyBioSource, San Diego, CA,
USA).

Histopathological Examination of the Ovarian Tissue

Ovarian tissues from the different groups were washed and
fixed in neutral formalin solution. After being trimmed and
processed according to Culling., 2013 [46], tissue sections
were cut with a rotatory microtome and stained with H&E
stain and examined under light microscope. The Full HD
microscopic imaging system (Leica Microsystems GmbH,
Germany) with Leica Application software for tissue section
analysis was used to collect the data.

@ Springer

Statistical Analysis

Optimization analysis was carried out using Design-Expert
software (version 13.0.5.0®, Stat-Ease Inc., Minneapolis,
USA). Model performance was evaluated by comparing the
multiple correlation coefficient (R?), as well as the adjusted
and predicted R? values. Statistical significance was defined
ata p<0.05.

Data obtained from the stability, and in-vivo pharmaco-
dynamic studies were expressed as mean + SEM. The Sha-
piro—Wilk test was used to check the data normality. The
Tukey—Kramer multiple comparisons test was used after
the one-way ANOVA test to compare the means of the dif-
ferent groups. The significance threshold was established
at p<0.05. All statistical analyses were performed using
GraphPad Prism version 8 (GraphPad® Software, Inc.,
USA).

Results and Discussion

Al Models

Al, specifically machine learning models were developed
to predict the EE% of the drug within liposomes, using
the previously described input variables. A range of algo-
rithms with varying modelling approaches were explored
and compared to identify the most effective one for EE%
prediction. Following hyperparameter tuning, all regression
models were evaluated using coefficient of determination
(R2), MAE, and RMSE, as summarized in Table 3. As can be
observed, the Decision Tree Regressor (DT) demonstrated
the highest predictive accuracy, achieving the best R? along
with the lowest MAE and RMSE.

The performance of the selected AI model was further
evaluated by comparing the coefficient of determination
(Rz) across the training, validation, and test datasets. The
Al model exhibited R? values of 0.903, 0.790, and 0.898
for the training, validation, and test datasets, respectively,
indicating consistent predictive performance across all data
partitions. The relatively close agreement between the train-
ing and external dataset R? values suggests effective model
learning without excessive memorization, thereby minimiz-
ing the risk of overfitting [47]. Importantly, the comparable
validation and test R? values demonstrate good generaliz-
ability of the model when applied to unseen data [48]. Such
performance consistency is considered a hallmark of robust
regression models, particularly in pharmaceutical formula-
tion studies where dataset sizes are often limited and experi-
mental variability is unavoidable [49].
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Table 3 Evaluation

Performance of ML Algorithms, Model
with the Predicted and Expected SVR
Results from the Built ML LR
Models DT
RF
Adaboost
GB

Neural Network

EE% of Daclatasvir
Dihydrochloride

Predicted Results 82.50%
Observed Results 90.37%
% Prediction error*  9.50%

*%Prediction error =

R? RMSE MAE
0.765 12.997 9.328
—1.261 40.290 27.572
0.898 8.574 4.163
0.840 10.711 7.442
0.830 11.044 6.985
0.878 9.352 6.318
0.761 13.100 8.477
EE% of EE% of Linagliptin ~ EE% of Silymarin

Rosuvastatin

Calcium
79.33% 68.73% 60.20%
70.20% 73.77% 66.21%
11.50% 7.33% 9.98%

Predicted—Observed
Predicted x 100

The model's performance was further validated experi-
mentally by formulating liposomes with four different drugs
and measuring their EE%. The predicted values were then
compared to the actual results to calculate the prediction
error, thereby confirming the model's reliability as shown
in Table 3.

The experimental results demonstrated a high level
of agreement with the entrapment efficiency values pre-
dicted by the Al-based model for the liposomal formu-
lation. This successful alignment highlights the robust
predictive capability of the AI approach and reinforces
its value in accurately predicting entrapment efficiency
across different drug candidates within optimized lipo-
somal systems.

Preparation of Liposomes

Liposomes prepared by thin film hydration technique are
characterized by high encapsulation of poorly-water solu-
ble drugs, and is simple, flexible and scalable process that
protects the drug from degradation [50].

HA-coated liposomes enhance the drug encapsulation
and have a wide application in targeted delivery. HA
coating enhances adhesion and uptake of the liposomes
by specific cells and hence is ideal for targeted delivery.
Since the overexpression of the CD44 receptors occurs
in the ovaries of females with PCOS, the high bind-
ing affinity of HA to its receptors provides a strategic
approach for increasing the drug targeting specifically to
PCOS-affected ovarian tissue by coating the liposomes
with HA [4]. Furthermore, the anti-inflammatory and
antioxidant properties of HA may be beneficial in
addressing inflammation within the ovarian tissues of
women with PCOS. By suppressing cytokines, HA can
reduce inflammation and provide protection against oxi-
dative stress [51].

Response Surface Optimization using I-Optimal
Experimental Design

The results of the prepared formulae in terms of PS, PDI, ZP
and EE% are shown in Table 2.

Particle Size Analysis

The particle size was found to be in the range from
127.6 £ 10.7 to 232.8+15.0 nm as can be deduced from
Table 2. Effective targeting of ovarian tissue in PCOS
requires overcoming biological barriers and ensuring
adequate tissue penetration. Although nanoparticles sized
between 50-100 nm typically exhibit superior tissue pen-
etration due to their efficient transcellular transport [13],
larger particles in the range of 200250 nm may enhance
the bioavailability of linagliptin formulations. This can be
attributed to the relationship between particle size, surface
coating, and biological interaction. The presence of the HA
layer improves mucoadhesion and receptor-mediated inter-
actions with CD44 receptors, which is highly expressed in
PCOS [52]. Additionally, the increase in size due to HA
coating could enhance the uptake of the nanoparticles by
the CD44 receptors in the ovaries of females [4], and it also
demonstrates prolonged residence time at the absorption site
and reduced systemic clearance, which allows for sustained
drug release and improved local drug concentration gradi-
ents; as they are less susceptible to rapid renal clearance
[53]. Furthermore, the HA coating enhances the stability
of the liposomal bilayer and reduces premature drug leak-
age, maintaining the structural integrity required for efficient
delivery [54]. Also, PCOS is associated with chronic low-
grade inflammation and changes in vascular permeability,
thus larger nanoparticles may benefit from the enhanced per-
meability and retention (EPR) effect in the altered ovarian
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microenvironment, allowing better drug accumulation in the
affected tissue [55].

In case of linagliptin, whose oral absorption is limited by
efflux and enzymatic degradation [56], the optimized parti-
cle size of 200-250 nm ensures a balance between sufficient
tissue interaction and extended retention, ultimately con-
tributing to higher bioavailability and improved therapeutic
performance.

Further analysis of I-Optimal design (ANOVA) as pre-
sented in Table 4, shows a significant 2-factor interaction
model. The observed increase in the PS with higher levels
of HA coating (X,) as observed from Equation 4, can be
attributed to the deposition of an additional HA layer on the
liposomal surface, which increases the overall hydrodynamic
diameter. HA, being a high-molecular-weight and hydro-
philic polysaccharide, forms a dense, hydrated shell around
the liposomes through electrostatic and hydrogen-bonding
interactions. This coating not only enlarges the particle size
but also enhances colloidal stability by providing steric hin-
drance and surface charge modification [57]. Conversely,
the decrease in the PS with increasing the drug concentra-
tion (X,) may be due to the influence of drug loading on
liposomal membrane packing. At higher linagliptin con-
centrations, drug molecules may integrate within the lipid
bilayer, leading to tighter molecular packing and reduced
vesicle diameter. Additionally, higher drug content can alter
the interfacial tension between the lipid and aqueous phases
during formulation, resulting in the formation of smaller,
more compact vesicles [58].

The correlation coefficient (R?) was 0.9974, and the dif-
ference between the adjusted R? (0.9963) and predicted R?
(0.9933) values less than 0.2, while the adequate precision
was 68.1744, confirming the reliability and validity of the
experimental design.

It is worth mentioning that a difference of less than 0.2
between the adjusted R? and predicted R? values is widely
accepted as evidence of adequate model predictability and
validation, indicating that the developed model is neither
overfitted nor lacking predictive reliability [59-62].

The coefficient of determination (R?) was employed to
assess the overall goodness of fit of the regression model,
while the adjusted R? was used to account for the number
of predictors and reduce the risk of overfitting. In addition,
the predicted R? was utilized to evaluate the model’s predic-
tive performance on unseen data, providing an estimate of
its generalizability. The combined use of these metrics ena-
bles a more reliable and interpretable assessment of model
robustness [59-61, 63].

As can be observed from the 3-D response surface plot
(Fig. 1a) showing the interaction effect of the studied factors
on the particle size, that increasing the HA coating together
with slightly increasing in drug concentration resulted in a
significant increase in the PS.
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Polydispersity Index Analysis

As shown in Table 2, the PDI values ranged from
0.302+0.03 to 0.450 +0.03, indicating a relatively homo-
geneous particle size distribution within the formulation. A
lower PDI reflects a more uniform population of liposomes,
which is critical for ensuring consistent drug delivery,
enhanced formulation stability, and improved therapeutic
efficacy [64].

Further analysis of the I-Optimal design (ANOVA)
(Table 4), together with Equation 5, showing a 2-factor inter-
action model, demonstrated that an increase in HA coating
was associated with a significant rise in PDI. This could be
due to the formation of a thicker and more heterogeneous
surface layer on the liposomes by adding more HA. As HA
is adsorbed more onto the lipid bilayer, it physically expands
the particle size and creates variability in coating thickness,
resulting in a broader size distribution of vesicles. This het-
erogeneity is often attributed to the nanoscale effect of HA,
which forms an additional external layer through physical
adsorption, leading to more aggregates or less uniformity
across the population [65]. Notably, a significant interac-
tion between X, and X, was observed, indicating that an
optimal balance between these variables enhances liposomal
homogeneity.

The correlation coefficient (R?) was 0.8775, with the dif-
ference between the adjusted R? (0.8249) and predicted R?
(0.6456) below 0.2, and an adequate precision of 9.9368,
indicates the robustness and validity of the experimental
design.

As can be observed from the 3-D response surface plot
in Fig. 1b, that increasing the HA coating together with
increasing in drug concentration resulted in a significant
increase in the PDL.

Zeta Potential Analysis

Zeta potential is a marker for stability, time in circulation,
interactions with proteins and permeability and thus bio-
compatibility [66]. As can be deduced from Table 2, the
zeta potential ranged from —12.09 + 1.4 to —36.6+0.4 mV.

ANOVA as presented in Table 4, shows a linear sig-
nificant model. As can be deduced from Equation 6, that
the increase in HA coating (X) resulted in an increase in
ZP, while the increase in drug concentration (X,) leads to
decrease in ZP.

The increase in ZP with higher levels of HA coating (X,)
can be explained by the presence of negatively charged car-
boxyl and hydroxyl groups on the HA chains. As the HA
concentration increases, more of these ionizable groups are
exposed over the liposomal surface, enhancing the negative
surface charge and thus increasing the magnitude of the ZP
[28]. This stronger surface charge contributes to an improved
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electrostatic repulsion between particles, which in turn
enhances colloidal stability and reduces the likelihood of
aggregation [67]. On the other hand, the observed decrease
in ZP with increasing drug concentration (X,) may be attrib-
uted to the interaction of the drug molecules with the lipid
bilayer and the HA coating. Linagliptin carries functional
groups that can partially neutralize surface charges or mask
the ionizable groups of HA, leading to a reduction in overall
surface potential [68].

The correlation coefficient was found to be 0.9811 and
the difference between the adjusted R? (0.9764) and pre-
dicted R? (0.9576) was less than 0.2 and adequate precision
of 31.7301, indicating the validity of the design.

As can be observed from the 3-D response surface plot
(Fig. 1c), that increasing the HA coating, together with
decreasing the drug concentration causes an increase in ZP.

Entrapment Efficiency Analysis

It can be observed from Table 2 that the EE% of the dif-
ferent liposomal formulations ranged from 73.56 +3.7%
to 89.87 +5.2%, and the drug loading was found to be
18+1.67%.

Further ANOVA as depicted in Table 4, shows that there
is a significant 2-factor interaction model. As can be deduced
from Equation 7, that when either HA% or the drug concen-
tration increases the EE% increases. Indeed, concomitant
increase in EE% with greater HA coating can be explained
by several complementary mechanisms. First, a HA shell
forms a physical barrier around the liposome that hinders
drug diffusion out of the vesicle, reducing leakage during
both preparation and subsequent handling [69]. Second, HA
increases the effective viscosity of the microenvironment
around vesicles and/or promotes tighter packing of the outer
leaflet, both of which slow drug leakage [70]. Third, specific
interactions between HA functional groups, for example,
hydrogen bonding or ionic interactions, with polar groups
of linagliptin, may stabilize drug association with the lipo-
some surface or near-surface regions, thereby effectively
increasing apparent entrapment [68]. Finally, HA coating
often improves the colloidal stability, due to electrosteric
stabilization, thereby reducing the likelihood of fusion or
rupture events that release encapsulated drug [71].

Whereas the trend of increasing EE% with increasing
the drug amount may simply reflect simple mass-action
and partitioning effects: the more linagliptin available in
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df Mean

Y ,: Particle Size

Sum of
Square

Table 4 ANOVA of I-Optimal Design

Source
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Square
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1
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1
1
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1100.34
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0.0021
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6
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11
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11

778.33

11

0.0237

11
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+84.96 + 2.80X, + 2.78X,

EE% =
- 1.93X,X,
Equation 7

+22.95 + 2.01X, — 5.39X,

Equation 6

ZP

PDI = +0.3714 + 0.0409X, — 0.0068X,

—0.0139X, X,

Equation 5

+159.75 + 19.38X, — 16.62X,

~19.76X,X,

Equation 4

PS=

sion

equa-

tion

solution during the liposome formation process, the greater
the proportion of the compound will partition into the form-
ing bilayer or aqueous core before the vesicles close, so more
drug is physically entrapped, rather than lost to the exter-
nal phase [72]. Increasing the drug feed also increases the
chemical potential driving encapsulation and can decrease
the relative proportion of free drug remaining in the dis-
persion, until the loading capacity of the bilayer or core is
approached [73].

The correlation coefficient (R?) was found to be 0.9470
and the difference between the adjusted R?(0.9470) and the
Predicted R? (0.8583) was less than 0.2 with an adequate
precision of 12.9168, meeting established design-validation
thresholds as reported in the literature [72].

3-D response surface plot, representing the interaction
between the HA% and the drug concentration on the EE%
(Fig. 1d), shows that increasing the HA coating together
with increasing in drug concentration resulted in a signifi-
cant increase in the EE%.

Response Surface Optimization

The optimized formulation (O,), as proposed by the soft-
ware, was subsequently prepared and evaluated using the
previously described characterization tests. The experimen-
tal results were then compared with the model’s predicted
values to assess the accuracy of the optimization process.
Prediction errors were calculated accordingly (Table 1).
A high degree of agreement between the predicted and
experimental results was observed, which substantiates the
strength and reliability of the experimental design.

A nanoparticle system exhibiting a moderate particle size
(152.5 nm), narrow size distribution (PDI=0.373), and a
relatively high negative zeta potential (—19.9 mV) suggests
a strong potential to evade the reticuloendothelial system
(RES) while facilitating enhanced targeted delivery [74].
The optimized formulation (O;) underwent further charac-
terization to assess its stability and therapeutic efficacy.

In-vitro Release Rate of Linagliptin

The comparison of drug release profiles among standard
linagliptin, liposomal linagliptin, and HA-coated liposomal
linagliptin demonstrates the substantial impact of carrier
systems and surface modifications on drug delivery perfor-
mance (Fig. 2a). Standard linagliptin showed limited and
incomplete release (only 40% release within 3 h, with mini-
mal increase up to 72 h), likely due to its low solubility and
the lack of a delivery matrix, which causes release to be
dictated primarily by simple diffusion across the dialysis
membrane [41].
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In contrast, encapsulating linagliptin in liposomes
increases the extent and duration of release (approximately
65% release within 4 h, followed by sustained delivery
(about 65% at 24 h and 71% at 72 h)), with the lipid bilayer
acting as a physical barrier that retards drug diffusion, result-
ing in a more controlled and sustained profile over 72 h.
This aligns with findings from other vesicle-based formula-
tions, where the bilayer structure modulates drug perme-
ability and helps maintain prolonged therapeutic levels [75].
Notably, when liposomes are coated with hyaluronic acid,
an even faster initial drug release is observed, followed by
enhanced and sustained release at later time points. The HA
coating, being hydrophilic and highly dispersible, likely
improves the interaction between liposomes and the aque-
ous medium, resulting in accelerated drug release from the
liposomal matrix, reaching 80% of the drug diffusing from
the dialysis bag within 3 h, and sustained release thereafter
(approximately 89% at 24 h and 94% at 72 h). This synergis-
tic effect highlights HA’s dual role: it provides both targeted
delivery potential; through interactions with CD44 recep-
tors, and physicochemical enhancement of release kinetics,
as reported in similar studies on surface-modified carriers
[18]. These modifications may be particularly advantageous
when rapid onset and extended maintenance of drug lev-
els are desired, thus supporting further exploration of HA-
coated liposomal systems for linagliptin in the management
of PCOS.

Morphological Evaluation of HA-coated Liposomes

Morphological examination of the HA-coated liposomes
(Fig. 2b), showed vesicles’ diameters ranging from 81.4 to

110 nm. The liposome core displayed a lighter appearance
and maintained a spherical shape due to the uniform coating
of the surrounding black HA shell. Notably, particle sizes
determined via DLS were larger than those obtained by
TEM, as DLS assesses the hydrodynamic diameters of the
nanovesicles, whereas TEM measures the particle diameter
in its dried state [41].

Stability Study Analysis

The optimized formulation (O,) maintained robust stabil-
ity during refrigerated storage at 4 °C, with no observable
physical changes such as precipitation or aggregation over
the course of six months. In contrast, at 25°C, O, showed
visible aggregation, indicating compromised stability under
elevated temperatures. As shown in Table 5, the physico-
chemical parameters, including PS, PDI, ZP, and EE%,
remained relatively stable at 4 °C with no statistically sig-
nificant changes over 6 months. However, storage at 25°C
induced statistically significant variations in PS, PDI, ZP
and EE%. These observations underscore the importance
of low temperature conditions for long-term preservation of
liposomal formulations, consistent with established phar-
maceutical guidance for maintaining colloidal stability and
drug retention.

It is worth mentioning that although solid lipid nano-
particles (SLNs) and nanostructured lipid carriers (NLCs)
offer higher physical stability and simpler scale-up processes
compared to conventional liposomes due to their solid lipid
core, providing sustained release and potentially enhanced
oral bioavailability; however, surface functionalization for
specific tissue targeting remains an ongoing challenge [76].
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Table 5 Stability Study Results at the 2 Storage Temperatures

4°C 25°C

0 month 1 month 3 months 6 months 0 month 1 month 3 months 6 months
PS (nm) 152.5+4.7 1599+122 161.5+11.5 178.7+12.1 152.5+4.7 179.07+11.7% 209.34+10.4* 321.71 +12.6*
PDI 0.373+0.07 0.389+0.08 0.385+0.07 0.401+0.03 0.373+0.07 0.403+0.08 0.423+0.06 0.545+0.03*
ZP (mV) -199+1.67 -1890+1.6 -17.76+2.6 -1690+08 —-199+1.67 -16.82+2.4 1476 2.7 —-10.62+1.7*
EE% 89.4+5.7 87.78+2.9 86.09 +3.7 85.75+4.6 89.4+5.7 84.99 +7.9% 69.98 +2.6* 57.67+2.2%

*Statistically significant at p <0.05. Results are presented as mean +SD

Importantly, composite and hybrid strategies (e.g., liposome-
hydrogel composites) have been investigated to combine the
controlled release of hydrogels with liposomal encapsulation
benefits, particularly for localized and sustained delivery in
chronic conditions, but often at the cost of increased formu-
lation complexity and regulatory hurdles [77].

The Effect of Linagliptin Formulation
on Experimentally Induced PCOS in Rats

The Effect on Serum Glucose, Insulin and Insulin Resistance

The PCOS control group exhibited a significant elevation
in the blood glucose levels compared to the normal group
(»<0.01), underscoring the hyperglycemic state charac-
teristic of insulin resistance in the PCOS model. Further-
more, there was a significant elevation in serum insulin
levels in the PCOS control group compared to the normal
group (p <0.001). Treatment with formulated linagliptin
(O,) resulted in a notable reduction in glucose concentra-
tions relative to the PCOS group (p <0.05). These findings
highlight the potential of linagliptin, particularly in its for-
mulated form, to ameliorate hyperglycemia and improve
glycemic control in the context of PCOS-associated meta-
bolic disturbances. Moreover, treatment with linagliptin
significantly attenuated hyperinsulinemia relative to the
PCOS group (p <0.01). Linagliptin formulation (O,) further
reduced insulin concentrations, approaching near-normal
levels and exhibiting significant improvement over the PCOS
(»<0.0001) (Fig. 3a and b).

PCOS control group demonstrated substantial insulin
resistance, where PCOS-induced rats showed a marked
elevation in HOMA-IR values (mean = 8.66), affirming
significant insulin resistance in the model. This reflects the
compounded effect of hyperinsulinemia and hyperglycemia,
typical of PCOS-related metabolic disruption. This validates
the model and aligns with prior studies linking hyperinsu-
linemia and elevated glucose levels to PCOS pathophysi-
ology. The normal group showed stable glucose-insulin
homeostasis, where the baseline HOMA-IR values were low
(mean = 1.81), consistent with normal insulin sensitivity.
These serve as a reliable benchmark for assessing therapeutic
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reversal. Treatment with unformulated linagliptin signifi-
cantly reduced HOMA-IR to a mean of 4.88. This partial
normalization suggests beneficial glycemic and insuline-
mic modulation, likely through DPP-4 inhibition, enhanced
GLP-1 activity, and improved insulin sensitivity [44]. The
most striking recovery appears in the formulated linaglip-
tin group (O,) (mean HOMA-IR = 2.44). This suggests a
profound enhancement in efficacy possibly due to improved
bioavailability that augment glycemic control and insulin
responsiveness (Fig. 3C). The HA coating of the liposomal
carrier played a pivotal role in enhancing the pharmacologi-
cal efficiency of linagliptin. HA, a naturally occurring gly-
cosaminoglycan, binds selectively to CD44 receptors, which
are overexpressed in inflamed ovarian and hepatic tissues
commonly associated with PCOS. This receptor-mediated
interaction facilitates site-specific drug delivery, improving
local drug accumulation and minimizing systemic exposure
[26, 78]. Furthermore, HA provides mucoadhesive and sta-
bilizing properties, protecting the liposomes from enzymatic
degradation in the gastrointestinal environment and promot-
ing sustained drug release [26]. The result is an improved
pharmacokinetic profile, characterized by enhanced oral bio-
availability and prolonged DPP-4 inhibition. Additionally,
HA contributes intrinsic anti-inflammatory and antioxidative
effects, which may further restore insulin signaling path-
ways disrupted in PCOS. By mitigating oxidative stress and
inflammatory cytokine expression, HA supports the reacti-
vation of downstream insulin receptor substrates, thus com-
plementing the pharmacological action of linagliptin [79].
These combined mechanisms likely explain the pronounced
normalization of insulin levels observed with the HA-coated
formulation.

While liposomal systems are well-established for enhanc-
ing the delivery of poorly bioavailable drugs, various other
nanocarrier platforms have been explored and, in some con-
texts, offer distinct advantages or present different challenges
compared to HA-coated liposomes. Liposomes, particularly
when surface-modified with targeting ligands such as hya-
luronic acid, improve drug solubility, protect the payload
from premature degradation, and facilitate targeted uptake
via receptor-mediated endocytosis (e.g., CD44) in tissues
expressing the cognate receptor, enhancing therapeutic
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efficacy while reducing systemic side effects. HA-based
nanocarriers have demonstrated increased accumulation in
target tissues and improved therapeutic outcomes in can-
cer models, attributed to active targeting and enhanced cel-
lular internalization relative to non-targeted counterparts
[80]. Alternative vesicular systems like niosomes provide
enhanced storage stability and may show better shelf-life
characteristics than phospholipid liposomes, yet they may
be less efficient in passive targeting without surface ligands

[76].

The Effect on Serum Total Triglycerides and Cholesterol
Levels

The PCOS control group exhibited a significant elevation
in triglyceride and cholesterol levels relative to the nor-
mal group (p <0.0001), reflecting the dyslipidemic profile

associated with PCOS. The observed elevation in serum tri-
glyceride and cholesterol levels in the PCOS control group
corroborates the metabolic disturbances commonly associ-
ated with PCOS, including insulin resistance and altered
lipid metabolism. Both linagliptin-treated groups showed
a marked reduction in serum triglycerides and cholesterol
compared to the PCOS control. While the linagliptin for-
mulation group (O,) demonstrated a numerically lower tri-
glyceride level than the linagliptin standard group, without
significant difference from the normal group (Fig. 4a and b).
Treatment with linagliptin, a DPP-4 inhibitor, significantly
ameliorated hypertriglyceridemia and hypercholesterolemia
potentially through enhancement of incretin action and
downstream modulation of lipid homeostasis. Linagliptin
was reported for its potential in lowering total cholesterol
and LDL levels in patients with type 2 diabetes [81]. Nota-
bly, the linagliptin formulation group showed a trend toward
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improved lipid-lowering efficacy compared to standard
linagliptin solution. These findings support the therapeutic
potential of linagliptin in mitigating PCOS-induced dyslipi-
demia and suggest that formulation optimization may further
enhance its clinical utility. This observation aligns with the
hypothesis that encapsulation within HA-coated liposomes
enhances not only glucose regulation but also lipid metabo-
lism. The improved lipid profile may be attributed to several
interrelated mechanisms.

First, linagliptin’s DPP-4 inhibitory action indirectly
influences lipid metabolism through incretin-mediated
pathways. Prolonged GLP-1 activity enhances hepatic lipid
oxidation, reduces de novo lipogenesis, and promotes lipo-
protein clearance. In PCOS and insulin-resistant states, this
mechanism contributes to the correction of dyslipidemia,
often characterized by elevated triglycerides and low HDL-C
levels [44].
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Kelch-like ECH associated protein 1 (Keapl) in PCOS-Induced Rats.
Data are presented as mean + SEM (n = 6). Levels of significance
include ns: non-significant, * p<0.05, ** p<0.01, *** p<0.001,
*HH%p<0.0001

Second, the HA-coated liposomal carrier likely aug-
mented linagliptin’s tissue-specific bioavailability, particu-
larly in the liver and adipose tissue, where CD44 receptors
are expressed and metabolic regulation occurs. This targeted
delivery can modulate hepatic DPP-4 expression and reduce
lipid accumulation through improved insulin signaling and
downregulation of inflammatory mediators involved in
hepatic steatosis [78].

Additionally, the sustained-release behavior of the liposo-
mal system may have maintained steady therapeutic levels of
linagliptin, avoiding the pharmacokinetic fluctuations asso-
ciated with conventional formulations. This steady DPP-4
inhibition could provide continuous metabolic modulation,
translating into improved lipid parameters. The intrinsic
anti-inflammatory and antioxidative effects of HA may fur-
ther attenuate cytokine-induced hepatic lipid synthesis and
improve systemic lipid homeostasis [27].
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Taken together, these findings suggest that the HA-coated
linagliptin liposomal formulation exerts a dual pharmaco-
logical benefit: improved glycemic control and concurrent
amelioration of dyslipidemia. This dual effect highlights the
potential of HA-based nanocarriers as multifunctional plat-
forms capable of addressing both metabolic and inflamma-
tory components of PCOS-associated metabolic syndrome.

It should be noted that polymeric nanoparticles such as
PLGA or chitosan systems can achieve controlled release
and biodegradability with lesser susceptibility to oxidation
or hydrolysis compared to traditional liposomes, but may
require more complex fabrication and often lack the intrin-
sic biocompatibility and membrane-like structure of lipid
vesicles [82].

The Effect on Ovarian Levels of Nrf2 and Keap1 Levels

In the present study, ovarian Nrf2 levels were significantly
reduced in the PCOS control group compared to the Nor-
mal group (p <0.0001), reflecting compromised antioxidant
defense mechanisms typically associated with PCOS patho-
physiology. Treatment with Linagliptin in both standard and
formulation forms resulted in a notable upregulation of ovar-
ian Nrf2 levels, with the formulation group exhibiting a sig-
nificantly greater increase than the standard linagliptin solu-
tion (p <0.001). Although neither treatment fully restored
Nrf2 levels to normal values, the Linagliptin formulation
demonstrated superior efficacy, suggesting its potential for
enhancing oxidative stress modulation and restoring redox
balance in PCOS-afflicted ovarian tissue (Fig. 4c).
Moreover, Keapl expression was significantly elevated in
the PCOS group relative to the normal group (p <0.0001),
consistent with impaired Nrf2 signaling and heightened
oxidative stress in PCOS pathology. Notably, there was no
significant difference between the PCOS control and lina-
gliptin standard groups, indicating limited efficacy of the
standard treatment in downregulating Keap1. In contrast, the
linagliptin formulation group exhibited a significant reduc-
tion in Keapl expression compared to the standard treat-
ment (p <0.01), suggesting superior modulation of redox
regulatory pathways. These results highlight the enhanced
potential of the formulation in restoring antioxidant defense
via Keap1-Nrf2 axis correction in PCOS (Fig. 4d).
Previous research has established that the regulation of
oxidative stress is critically dependent on the Keap1/Nrf2
signaling pathway [83]. Under physiological conditions,
Nrf2 is predominantly bound to its cytoplasmic inhibitor,
Keapl, maintaining Nrf2 in an inactive state. In response
to elevated levels of reactive oxygen species (ROS), Nrf2
dissociates from Keapl and translocate into the nucleus,
where it binds to antioxidant response elements (AREs)
within the promoter regions of target genes. This interac-
tion induces the transcription of key antioxidant enzymes,

such as superoxide dismutase (SOD) and heme oxyge-
nase-1 (HO-1), thereby enhancing the cellular antioxi-
dant defense mechanisms [84]. The Keapl/NRF2 signal-
ing pathway initially responds to the heightened oxidative
stress characteristic of PCOS. However, chronic oxidative
stress exposure, a persistent feature of the PCOS microen-
vironment, eventually leads to dysfunctional or exhausted
antioxidant capacity, resulting in impaired Nrf2 expres-
sion and activity. This failure of the primary cytoprotec-
tive mechanism significantly contributes to the systemic
and ovarian redox imbalance observed in PCOS. Conse-
quently, the compromised Keap1/Nrf2 axis exacerbates
cellular damage, particularly within the ovarian follicles
and granulosa cells, which is hypothesized to be a key
molecular mechanism underlying ovarian dysfunction and
subfertility in women with PCOS [85]. On the other hand,
linagliptin was reported as a potent activator of the Nrf2
antioxidant signaling pathway, leading to the subsequent
downregulation of its cytosolic repressor, Keapl, across a
spectrum of in vitro and in vivo models including vascu-
lar injury, and neurotoxicity [86, 87]. Consequently, lina-
gliptin's therapeutic potential for PCOS is fundamentally
linked to re-establishment of redox homeostasis via the
Keap1/NRF2 pathway playing a pivotal role in the ame-
lioration of core PCOS symptoms.

Encapsulation of linagliptin within HA-coated
liposomes enhanced its bioavailability, stability, and tis-
sue distribution, likely facilitating greater exposure to
ovarian tissue. HA’s affinity for CD44 receptors, over-
expressed in inflamed ovarian environments, promotes
receptor-mediated uptake, while its intrinsic antioxidant
and anti-inflammatory properties synergize with linaglip-
tin’s activity. Moreover, the sustained-release profile of
the liposomal system ensures continuous DPP-4 inhibi-
tion and prolonged stimulation of antioxidant signaling
cascades [27, 78].

The Effect on Histopathological Examination of the Ovaries

Microscopic examination of different ovarian samples
revealed the following observations. Control samples
exhibited typical histological characteristics of ovarian
parenchyma, including an ovarian cortical zone with grow-
ing follicles at various stages of development and matura-
tion. These follicles showed intact oocytes and surrounding
granulosa cells (Fig. 5a). Few corpora lutae, intact intersti-
tial tissue as well as ovarian medulla. Model PCOS samples
(Fig. 5b) showed significant damage of ovarian follicles’
integrity with multiple figures of large cystic follicles (star)
with marked degenerative changes, nuclear pyknosis and
apoptotic bodies’ remnants of granulosa cells with lost
oocytes integrity.
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Fig.5 Histopathological
examination of ovarian tissue
from all the groups a Normal
group, b PCOS control group, ¢
Linagliptin treated group, and d
Linagliptin formulation treated
group. The stars represent the
cystic follicles

Samples of the linagliptin standard treatment (Fig. 5c)
showed minimal protective efficacy with persistent records
of multiple large cystic follicles (star) with degenerated
granulosa cells. Samples of linagliptin formulation (Fig. 5d)
showed significant reduction of ovarian cysts and degen-
erative changes with many viable oocytes and apparent
intact morphological features of growing follicles granu-
losa cells and occasional apoptotic bodies figures in some
follicles with intact interstitial tissue and vasculatures were
demonstrated.

Conclusion

The present study successfully demonstrates the develop-
ment of a targeted, hyaluronic acid-coated liposomes sys-
tem for linagliptin, to enhance bioavailability and enable
selective ovarian targeting for the treatment of polycystic
ovary syndrome. The integration of artificial intelligence
models into the formulation optimization process intro-
duced a novel and efficient approach to predict entrapment
efficiency, thereby reducing the experimental burden and
enhancing the precision of formulation design, which is
considered a forward-looking paradigm in pharmaceuti-
cal sciences, particularly in the development of disease-
specific therapies. The current preclinical data confirm
that linagliptin has a promising therapeutic potential
for treating PCOS via achieving a significant ameliora-
tion of the insulin-resistant state as evidenced by nearly
normalization of HOMA-IR, lipids, Nrf2 and Keap-1 lev-
els, establishing its superior potential for clinical trans-
lation. Crucially, the optimized linagliptin formulation
demonstrated a statistically marked advantage, deliver-
ing the greatest therapeutic effect across all measured

@ Springer

metabolic and molecular parameters. Future directions
should include comprehensive pharmacokinetic and bio-
distribution studies to confirm the targeting efficiency of
the formulation, as well as long-term safety evaluations.
While HA modification enhances targeting specificity, it
can introduce challenges in large-scale manufacturing,
including reproducibility of ligand density and consist-
ency of surface coverage, which are critical for predictable
in-vivo performance. Surface functionalization techniques
must be tightly controlled to ensure batch-to-batch uni-
formity, a factor that merits further process optimization.
Additionally, long-term stability, particularly under varied
storage conditions, remains an inherent challenge for lipid-
based carriers due to susceptibility to lipid oxidation and
vesicle fusion; incorporation of stabilizing excipients or
lyophilization protocols could help address this concern
and should be systematically evaluated in future work.
Moreover, clinical translation will require validation in
larger animal models and eventually in human clinical tri-
als. Overall, this work contributes to the growing body of
evidence supporting the role of intelligent drug delivery
systems and Al-driven formulation strategies in enhancing
the therapeutic landscape for complex endocrine disorders
such as PCOS.
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