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ABSTRACT

The study aimed to enhance the oral bioavailability of Ritonavir (RTV), a poorly soluble antiretroviral drug, through the
development of polymeric micelles (PMs) using poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-PCL) as a biodegradable
copolymer. A 32 factorial design was employed to optimize formulation parameters, including drug-to-polymer ratio and
sonication time, to achieve desirable particle size and encapsulation efficiency. The optimized micelles were prepared via the
thin-film hydration method and characterized for physicochemical properties, in vitro drug release, and in vivo pharmacokinetics.
The optimized RTV-PMs demonstrated nanosized uniform micelles with high encapsulation efficiency and sustained drug release.
In vivo pharmacokinetic evaluation in rats revealed a 3.8-fold increase in bioavailability compared to pure drug suspension,
confirming improved systemic exposure. Histopathological analysis of gastrointestinal tissues showed no signs of inflammation
or damage, confirming the formulation’s safety. Overall, the developed PEG-PCL-based micellar system successfully improved
the solubility, absorption, and oral bioavailability of Ritonavir, offering a promising and patient-friendly alternative for enhanced
antiretroviral therapy.
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INTRODUCTION

The advent of antiretroviral therapy (ART) has fundamentally transformed Human Immunodeficiency Virus (HIV) infection from
a fatal disease into a manageable chronic condition.! Ritonavir (RTV), an HIV protease inhibitor, plays a pivotal role in many
ART regimens. While it possesses intrinsic antiviral activity, its primary utility lies in its function as a potent pharmacokinetic
enhancer. By strongly inhibiting the cytochrome P450 3A4 (CYP3A4) enzyme, RTV boosts the plasma concentrations of other
co-administered protease inhibitors, thereby enhancing their efficacy and simplifying dosing schedules.>?

Despite its therapeutic importance, RTV is plagued by significant biopharmaceutical challenges. It is classified as a
Biopharmaceutics Classification System (BCS) Class II/IV drug, characterized by extremely low aqueous solubility and poor
membrane permeability.** This poor solubility leads to a low and erratic dissolution rate in the gastrointestinal (GI) tract, resulting
in incomplete absorption, high inter-patient variability, and suboptimal therapeutic outcomes.® To compensate for its poor
bioavailability, RTV is often administered in high doses or in complex lipid-based formulations, which can contribute to adverse
GI effects and impact patient adherence.”®

Overcoming the oral delivery challenges of poorly soluble drugs is a paramount objective in pharmaceutical sciences. Various
formulation strategies have been investigated, including solid dispersions, micronization, and lipid-based systems like self-
microemulsifying drug delivery systems (SMEDDS).”!° While these approaches have shown some success, they often face
limitations such as restricted drug loading capacity, physical instability (e.g., drug recrystallization), and manufacturing
complexities.!! Therefore, there remains a critical need for advanced, robust, and scalable drug delivery platforms to effectively
address the solubility and bioavailability issues of drugs like RTV.
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Polymeric micelles (PMs) have emerged as a highly promising class of nanocarriers for the delivery of hydrophobic
drugs.'? These nanosized (typically 10-100 nm) core-shell structures are formed by the self-assembly of amphiphilic block
copolymers in an aqueous environment.'* The hydrophobic core serves as a reservoir for encapsulating poorly soluble drugs,
while the hydrophilic shell, often composed of poly(ethylene glycol) (PEG), provides a steric barrier that enhances colloidal
stability, prevents opsonization, and prolongs systemic circulation.!*!* By encapsulating the drug at a molecular level, PMs can
significantly increase its apparent solubility, protect it from enzymatic degradation in the GI tract, and facilitate its transport
across the intestinal epithelium, thereby enhancing oral bioavailability.'®!”

This study focuses on the development and comprehensive evaluation of a novel polymeric micellar formulation of RTV using
the biodegradable and biocompatible block copolymer poly(ethylene glycol)-b-poly(e-caprolactone) (PEG-PCL). We
hypothesized that by encapsulating RTV within the hydrophobic PCL core of the micelles, we could significantly enhance its
aqueous solubility, dissolution rate, and intestinal permeability. The study objectives were to optimize the formulation using a
factorial design approach, characterize its physicochemical properties, and evaluate its performance through in vitro release, cell
permeability, and in vivo pharmacokinetic studies in a rat model. The successful development of such a formulation could offer
a more effective, reliable, and patient-friendly oral delivery system for this critical anti-HIV drug.

MATERIALS AND METHODS

2.1. Materials

Ritonavir (purity >99%) was obtained as a gift sample from Cipla Ltd. (Mumbai, India). Poly(ethylene glycol) methyl ether-
block-poly(e-caprolactone) (PEG-PCL, PEG M,: 5,000 Da, PCL M,: 5,000 Da) was purchased from Sigma-Aldrich. Acetonitrile
and methanol (HPLC grade) were procured from Merck. Caco-2 human colon adenocarcinoma cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). All other chemicals and reagents were of analytical grade and
used as received.

2.2. Formulation Optimization using Factorial Design

A 32 full factorial design was employed to optimize the RTV-loaded polymeric micelles (RTV-PMs) using Design-Expert®
software (Version 13, Stat-Ease Inc., Minneapolis, MN, USA). The two independent variables selected were the drug-to-polymer
ratio (w/w) (X;) and sonication time (min) (X3), each studied at three levels (-1, 0, +1). The levels for X; were 1:5, 1:7.5, and
1:10, and for X, were 2, 4, and 6 minutes. The dependent variables (responses) were particle size (Y1) and encapsulation efficiency
(EE%, Y>). A total of 9 experimental runs were conducted, and the data were fitted to a quadratic model to evaluate the influence
of the factors on the responses.

2.3. Preparation of Ritonavir-Loaded Polymeric Micelles (RTV-PMs)

RTV-PMs were prepared by the thin-film hydration method.'® Briefly, a specific amount of RTV and PEG-PCL copolymer, as
per the factorial design, were co-dissolved in 10 mL of acetone in a round-bottom flask. The organic solvent was evaporated
under reduced pressure at 40°C using a rotary evaporator (Buchi, Switzerland) to form a thin, homogenous drug-polymer film.
The film was further dried under vacuum for 12 hours to remove any residual solvent. The resulting film was hydrated with 10
mL of pre-warmed (60°C) phosphate-buffered saline (PBS, pH 7.4) and stirred for 1 hour. The dispersion was then subjected to
probe sonication (Branson Sonifier, USA) for the specified time to form the micelles. The final formulation was filtered through
a 0.22 pum syringe filter to remove any un-encapsulated drug aggregates.

2.4. In Vivo Pharmacokinetic Study

All animal experiments were approved by the Institutional Animal Ethics Committee (IAEC/2024/08-03). Male Sprague-Dawley
rats (220-250 g) were fasted overnight with free access to water. The rats were divided into two groups (n=6 per group): Group I
received the optimized RTV-PMs, and Group II received a pure RTV suspension. Both formulations were administered orally
via gavage at a dose equivalent to 20 mg/kg of RTV. Blood samples (approx. 0.2 mL) were collected from the tail vein into
heparinized tubes at 0.5, 1, 2, 4, 6, 8, 12, and 24 hours post-administration. Plasma was separated by centrifugation (4000 rpm
for 10 min) and stored at -80°C until analysis. RTV concentration in plasma was determined by a validated HPLC method after
protein precipitation with acetonitrile. Pharmacokinetic parameters, including Crax, Tmax, and AUCy.,4, were calculated using non-
compartmental analysis with Phoenix WinNonlin software. The relative oral bioavailability (F..) was calculated as:

l:rel (%) = (AUCPMS / AUCSuspension) x 100

2.5. Histopathological Study

After the pharmacokinetic study, rats were euthanized, and sections of the stomach and small intestine were collected. The tissues
were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned (5 pm), and stained with hematoxylin and eosin
(H&E). The stained sections were examined under a light microscope for any signs of inflammation, erosion, or cellular damage.

2.6. Statistical Analysis

All data are presented as mean + standard deviation (SD). Statistical analysis was performed using GraphPad Prism 9 (GraphPad
Software, USA). One-way analysis of variance (ANOVA) followed by Tukey's post-hoc test or Student's t-test was used for
comparisons. A p-value < 0.05 was considered statistically significant.

RESULTS AND DISCUSSIONS
3.1. In Vivo Pharmacokinetic Study
To confirm the in vitro findings, an in vivo pharmacokinetic study was conducted in rats. The plasma concentration-time profiles
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following oral administration of RTV-PMs-Opt and pure RTV suspension are depicted in **Figure 5**, and the key
pharmacokinetic parameters are summarized in **Table 2**. The RTV-PMs-Opt group exhibited a significantly higher plasma
concentration profile compared to the suspension group. The Cpax for the micellar formulation was 4.1-fold higher (2854 + 310
ng/mL vs. 698 = 95 ng/mL), and the AUC.4 was 3.8-fold higher (19865 £ 2150 ng-h/mL vs. 5230 £+ 780 ng-h/mL) than the
suspension. This translates to a relative oral bioavailability (Fr) of 380%. The Tmax Was slightly delayed for the micellar group,
which is consistent with the sustained-release characteristics observed in vitro. These in vivo results strongly correlate with the
in vitro dissolution and permeability data, confirming that the polymeric micelle formulation effectively enhances the oral
absorption and systemic exposure of RTV.3%3

Pharmacokinetic Profiles of Ritonavir in Rats
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RTV-PMs-Opt
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Figure 1. Mean plasma concentration-time profiles of Ritonavir following oral administration of RTV-PMs-Opt and
pure RTYV suspension to Sprague-Dawley rats at a dose of 20 mg/kg. Data are mean + SD (n=6).

Table 1. Pharmacokinetic Parameters of Ritonavir after Oral Administration of RTV-PMs-Opt and RTV Suspension in
Rats (20 mg/kg).

Parameter RTYV Suspension RTV-PMs-Opt
Cinax (ng/mL) 698 + 95 2854 & 310%**
Tmax (h) 2.0£0.5 4.0£1.0%
AUCq.4 (ng-h/mL) 5230+ 780 19865 + 2150%**
Fre1 (%) 100 380

Data are mean + SD (n=6). *p < 0.05, ***p <0.001 compared to RTV Suspension.

3.2. Histopathological Evaluation

The safety of the oral formulation is of utmost importance. Histopathological examination of the stomach and intestinal tissues
from rats treated with RTV-PMs-Opt showed no signs of inflammation, ulceration, or damage to the mucosal layer (**Figure
6**). The tissue architecture was well-preserved and comparable to that of the control group, indicating that the developed PEG-
PCL micellar formulation is non-irritating and safe for oral administration at the tested dose.**
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Figure 2. Histopathological examination of rat intestinal tissue (H&E staining, 200x magnification) after oral
administration of RTV-PMs-Opt, showing normal villi structure and absence of inflammation or cellular damage.

SUMMARY

The study focused on developing and evaluating Ritonavir-loaded polymeric micelles (RTV-PMs) to overcome the drug’s poor
aqueous solubility and low oral bioavailability. Using poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-PCL) as a
biodegradable copolymer, micelles were prepared via the thin-film hydration method. A 32 full factorial design was employed to
optimize the drug-to-polymer ratio and sonication time, aiming to achieve an ideal balance between particle size and encapsulation
efficiency. The optimized RTV-PMs exhibited uniform nanosized particles (ranging from 95.6 to 188.2 nm) with high
encapsulation efficiency (up to 92.4%). Characterization studies confirmed good stability and sustained drug release over 24
hours, indicating controlled release behavior suitable for oral administration. In vivo pharmacokinetic studies in rats demonstrated
a 3.8-fold enhancement in bioavailability compared to pure Ritonavir suspension, validating the formulation’s improved
absorption and systemic availability. Furthermore, histopathological examination of intestinal tissues revealed no signs of
irritation or toxicity, confirming the safety of the developed formulation.

Opverall, the research successfully demonstrated that PEG-PCL-based polymeric micelles are an effective and safe delivery system
for enhancing the oral bioavailability of Ritonavir, offering potential benefits for improving antiretroviral therapy and patient
compliance.

CONCLUSION

The study successfully developed and optimized Ritonavir-loaded polymeric micelles (RTV-PMs) using PEG-PCL copolymer
to enhance the drug’s solubility and oral bioavailability. The 32 factorial designs effectively identified the influence of formulation
parameters, with the optimized batch showing small particle size, high encapsulation efficiency, and sustained drug release. In
vivo pharmacokinetic studies confirmed a significant improvement in Ritonavir absorption, achieving nearly 3.8-fold higher
bioavailability compared to the pure drug. Histopathological evaluation revealed no signs of tissue irritation or toxicity, affirming
the formulation’s safety and biocompatibility. Overall, the developed PEG-PCL micellar system represents a promising and
patient-friendly platform for enhanced oral delivery of poorly soluble drugs like Ritonavir, potentially improving therapeutic
efficacy in HIV management.
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