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ABSTRACT

Objective(s): The primary objective of this study was to develop a sustained-release formulation of cefpodoxime
proxetil (CP) using the polymer Eudragit RS 100 (ERS100).

Materials and Methods: Pluronic F127 (PF127) was incorporated as an amphiphilic surfactant to enhance product
stability. Preformulation evaluations, including UV-visible spectroscopy and Fourier-transform infrared spectroscopy
(FTIR), were performed to assess the compatibility of the drug, polymer, and their 1:1 mixture. Nanoparticles were
formulated using the solvent evaporation technique, followed by continuous stirring of the emulsion during the removal
of the organic solvent.

Results: The optimized formulation exhibited a particle size of less than 200 nm and an entrapment efficiency of 81.45
+0.891% for CP. In vitro drug release studies revealed sustained-release behavior, with the release kinetics best fitting
the Higuchi (R2 = 0.9757) and Hixson—Crowell (R2 = 0.9707) models. Stability studies confirmed compliance with
ICH guidelines regarding temperature and humidity conditions. These findings underscore the potential of CP-loaded
nanoparticles as efficient carriers for sustained drug delivery, particularlytargeting lung tissues.

Conclusion: The developed ERS100-based CP nanoparticles offer promising therapeutic benefits, including improved
patient adherence through extended drug release intervals.

Keywords: Cefpodoxime proxetil; Drug delivery systems; Drug stability; Eudragit RS100; Nanoparticles; Pluronate
F127.
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INTRODUCTION

The primary challenge in treating pneumonia
lies in the global rise of antibiotic resistance.
Prolonged antibiotic use may also contribute to
systemic toxicity. Cefpodoxime proxetil (CP), a
Biopharmaceutics Classification System (BCS) Class
IV drug, is characterized by poor solubility and low
permeability. It faces multiple limitations, including
limited bioavailability (~50%), increased risk of
toxicity, antibiotic resistance, and multidrug
resistance (MDR). A promising advancement in CP
delivery involves its encapsulation within Eudragit
RS 100 (ERS100) nanoparticles— a biocompatible
polymer system designed to enhance the drug’s
pharmacokinetic profile. This novel formulation
offers a controlled release mechanism, allowing for
sustained and consistent therapeutic drug
concentrations at the infection site. Such targeted
and prolonged delivery is especially crucial for
effectively managing lung infections, where
conventional administration routes often fail to
deliver optimal results.

In recent years, nanoparticles have garnered
considerable attention due to their efficient,
precise, and targeted delivery of therapeutic agents
across a wide range of applications, including
disease treatment and diagnostics [1]. These
colloidal, nano-sized particles can modify the
physicochemical  properties of therapeutic
compounds by reducing particle size to the
nanoscale and enhancing stability in both in vitro
and in vivo environments. The choice of polymer
plays a pivotal role in the development of effective
drug delivery systems [2]. A variety of polymers
have been employed in nanoparticle fabrication.
Among them, Eudragit. RS100 (ERS100) is a
biocompatible, non-biodegradable, and time-
dependent synthetic polymer that enables
sustained drug release through its permeability,
which is regulated by quaternary ammonium
groups [3]. Eudragit RS100 is a copolymer
composed of ethyl acrylate and methyl
methacrylate, with a low proportion of methacrylic
acid ester containing quaternary ammonium
groups. This polymer can be strategically
engineered for targeted lung therapy. Due to its
cationic nature, it exhibits strong electrostatic
interactions with negatively charged lung epithelial
cells, thereby enhancing adhesion to the mucosal
surfaces of the respiratory tract. These cationic
groups further facilitate cellular uptake through
electrostatic attraction, thereby prolonging the
drug’s residence time at the target site [4,5].
However, the gastrointestinal (Gl) tract and
intestines impose several physiological barriers that

hinder effective therapeutic delivery via the oral
route, often resulting in reduced bioavailability and
suboptimal clinical outcomes. To address these
challenges, various amphiphilic surfactants have
been employed in the development of polymeric
nanoparticles. Among them, Pluronic F127 (PF127)
has gained significant attention in biomedical and
pharmaceutical applications due to its distinctive
amphiphilic structure, which allows it to serve
effectively as a drug delivery vehicle. Recent
advancements include the formulation of PF127-
based mixed polymeric nanoparticles, where it is
combined with other polymers to enhance
nanoparticle stability and extend circulation time.
Another promising strategy involves conjugating
PF127 with different types of nanoparticles to
improve targeting efficiency and reduce systemic
clearance rates [6]. Based on these properties, it is
hypothesized that the combination of ERS100 and
PF127 in nanoparticle formulation may enable
sustained- release of CP, potentially leading to
improved clinical outcomes. It is hypothesized that
ERS100 would offer a high surface area for efficient
encapsulation of CP within the nanoparticle core.
At the same time, PF127 would aid in overcoming
the physiological barriers of the intestinal tract by
enhancing the drug’s solubility and permeability
across the intestinal membrane [7].

Cefpodoxime proxetil (CP) is a third-generation
cephalosporin antibiotic known for its broad-
spectrum antimicrobial activity, particularly against
Enterobacteriaceae, Streptococci, and
Staphylococcus aureus. These pathogens are
commonly associated with a wide range of
infections, from mild skin conditions to severe
diseases such as pneumonia and meningitis [8].
Following administration, CP is metabolized into its
active form, cefpodoxime, which exhibits high
affinity for penicillin-binding protein 3 (PBP3)—a
key enzyme involved in the terminal stages of
peptidoglycan synthesis in the bacterial cell wall. By
binding to PBP3, cefpodoxime disrupts the cross-
linking of peptidoglycan strands, an essential
process for maintaining cell wall integrity [9]. This
disruption compromises the bacterial cell wall,
ultimately leading to cell lysis and death [10].

In this study, we report the development of CP-
loaded Eudragit RS100 (ERS100) nanoparticles,
engineered for sustained drug delivery to lung
tissue, offering a potential breakthrough in the
treatment of pneumonia by overcoming
conventional drug delivery barriers [11,12]. It is
hypothesized that the sustained release of CP from
these nanoparticles can significantly enhance drug
accumulation in lung tissues, thereby improving
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therapeutic outcomes. To assess the compatibility
between the drug and polymer, Fourier-transform
infrared spectroscopy (FTIR) was employed for
detailed chemical analysis of molecular interactions
and bonding. The nanoparticle formulations were
thoroughly characterized in terms of average
particle size, polydispersity index (PDI), zeta
potential, encapsulation efficiency, and in vitro
drug release behavior. Additionally, transmission
electron microscopy (TEM) was used to examine
the surface morphology and structural integrity of
the optimized nanoparticles. Stability studies were
conducted in accordance with ICH guidelines to
evaluate the long-term physicochemical stability of
the developed formulations.

MATERIALS AND METHODS
Materials

Cefpodoxime proxetil (CP) was kindly provided
as a gift sample by Sun Pharmaceutical Industries,
Gurugram, Haryana, India. Eudragit RS100 was
procured from Evonik Nutrition & Care GmbH,
Germany. Pluronic F127 (PF127) was obtained from
Sigma-Aldrich Chemical Pvt. Ltd., Burlington, MA,
USA. Methanol, potassium dihydrogen phosphate,
disodium hydrogen phosphate, and sodium
chloride were purchased from Sisco Research
Laboratories (SRL) Pvt. Ltd., Mumbai, India. All
other chemicals and reagents used in the study
were of analytical grade.

Methods
FTIR spectroscopy

Fourier-transform infrared (FTIR) spectroscopy
was performed to evaluate potential ‘interactions
between CP and ERS100. The spectra of pure CP,
pure ERS100, and their physical mixture were
recorded using a Bruker  Alpha FTIR
spectrophotometer (Bruker, Germany).
Measurements were carried out over a wavelength
range of 3500-690 cm™', with each sample
subjected to 10 scans within this range [13,14].

Preparation of calibration curve

To construct the calibration curve for CP, 10 mg
of the drug was initially dissolved in a small volume
of methanol (used as a cosolvent), with complete
dissolution achieved through 1 minute of
sonication. The resulting solution was then diluted
with phosphate-buffer saline (PBS) (pH 7.4) to
prepare a stock solution with a concentration of
100 pg/mL. Subsequently, 1 mL of this stock
solution was further diluted with phosphate buffer
(pH 7.4) to a final volume of 10 mL. Serial dilutions
were then prepared to obtain concentrations of 10,
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15, 20, 25, and 30 pg/mL. The absorbance of each
solution was measured at 232 nm using a UV-visible
spectrophotometer, and the corresponding
calibration curve was plotted [15]. A separate
calibration curve was also prepared using distilled
water as the diluent instead of PBS.

Drug solubility determination

The solubility of CP was determined in distilled
water, methanol, and PBS (pH 7.4) at 25 °C using
the shake-flask method [16]. Saturated solutions
were prepared by adding an excess amount of the
drug to each solvent individually, followed by
shaking in a water bath shaker for 24 hours to
ensure complete dissolution and equilibrium. After
the incubation period, the mixtures were filtered
through a 0.45 um membrane. filter to remove
undissolved  particles. " The  filtrates were
appropriately diluted, “and drug concentrations
were quantified using a UV-visible
spectrophotometer.

Partition coefficient

The partition coefficient (LogP) of CP was
determined to evaluate the drug’s distribution
between a hydrophobic (n-octanol) and a
hydrophilic (aqueous) phase. Equal volumes (50 mL
each) of n-octanol and distilled water were mixed
with a known concentration of CP. The mixture was
vigorously shaken and then allowed to reach
equilibrium at room temperature [17]. Following
phase separation, the concentration of CP in each
phase was quantified wusing a UV-visible
spectrophotometer. The partition coefficient
(Log P) was calculated using the following formula:

Drug conc. in octanol

Log P =
9 Drug conc.in water

Preparation of nanoparticles

CP-loaded nanoparticles were prepared using
the solvent evaporation method (Table 1). Briefly,
25 mg of CP and Eudragit RS100 (ERS100) were
dissolved in 7 mL of methanol. This organic phase
was then added dropwise to 15 mL of an aqueous
Pluronic F127 (PF127) solution, stirred continuously
at 600 rpm, to form an oil-in-water (O/W) emulsion
[18]. The organic-to-aqueous phase ratio was
maintained at approximately 1:2. After initial
mixing, the emulsion was stirred at a reduced speed
of 250 rpm for 10 minutes. Subsequently, the
emulsion was subjected to ultrasonication using an
ultrasonic probe (Ultrasonic Processor UP200Ht,
Hielscher Ultrasonics, Germany) at 60% amplitude
for 8 minutes to reduce droplet size and promote
nanoparticle formation [19]. Methanol was then
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removed using a rotary evaporator (Rotavapor®
R100, Buchi, Switzerland). The resulting dispersion
was filtered through a 0.45 um PVDF syringe filter
and then centrifuged at 7000 rpm for 40 minutes at
4°C using a Remi C23 Plus Refrigerated Centrifuge
(Mumbai, India). The collected pellet was washed
two to three times with double-distilled water. To
ensure uniform redispersion, 5 mL of freshly
prepared 0.1 M PBS (pH 7.4) was added. Residual
solvent was further removed using rotary
evaporation under a pressure of 72 mbar at a
boiling point of 100 °C. Finally, the purified
nanoparticles were stored in PBS (pH 7.4) until
further use to maintain their stability [20].

Table 1. Formulae of eudragit RS 100 nanoparticle preparations

F1 to F14: Eudragit RS100 nanoparticles formulations with
different conc. of polymer and surfactant compositions

Formulation . F ERS100 PF127
(in mg) (in mg) (in mg)
F1 25 86.4 0.100
F2 25 64.5 0.050
F3 25 64.5 0.050
F4 25 50.0 0.080
F5 25 150.0 0.050
F6 25 150.0 0.092
F7 25 84.0 0.071
F8 25 50.0 0.071
F9 25 107.0 0.083
F10 25 50.0 0.065
F11 25 107.0 0.050
F12 25 107.0 0.071
F13 25 86.6 0.100
F14 25 150.0 0.092

Nanoparticle characterization
Particle size, polydispersity index (PDI), and zeta
potential ({) measurements

The mean particle size, polydispersity index
(PDI), and zeta potential ({) of the developed
nanoparticles were determined using Photon
Correlation Spectroscopy (PCS) with a Litesizer™
500 analyzer (Anton Paar GmbH, Graz, Austria) [21].

Transmission electron microscopy (TEM)

The surface morphology of the developed
nanoparticles was examined using a transmission
electron microscope (Talos F200X G2 TEM, Thermo
Fisher Scientific, USA). A drop of the nanoparticle
suspension was placed onto a 200-mesh carbon-
coated copper grid (3 mm in diameter) and air-
dried for 30 minutes to allow solvent evaporation.
After drying, the sample was imaged using the TEM
system to observe the shape and surface
characteristics of the nanoparticles [22,23].

Drug entrapment efficiency determination

The drug entrapment efficiency of the
formulated CP-loaded ERS100 nanoparticles
highlights their significant capacity to encapsulate
and retain the drug within the polymeric matrix
[24,25]. Briefly, a 0.5 mL aliquot of CP-loaded
ERS100 nanoparticles was transferred to a round-
bottom flask and subjected to solvent evaporation
until dryness using a rotary evaporator operated at
a pressure of 72 mbar and a temperature of 70 °C.
The dried residue was then reconstituted in 5 mL of
PBS (pH 7.4) and sonicated to disrupt the
nanoparticles. Following sonication, the sample
was centrifuged at 7000 rpm for 10 minutes at 4 °C.
The resulting supernatant was collected and diluted
to a final volume of 5 mL with PBS (pH 7.4). The
absorbance was measured at 234 nm using a UV-
visible spectrophotometer [26]. The percentage of
CP entrapment efficiency was calculated using the
following formula:

Total drug amount
in nanoparticles fabrication
Total drug amount added
during nanoparticles fabrication

% Drug encapsulation ef ficinecy =

*100

In-vitro drug release studies

The in vitro drug release profile of CP-loaded
ERS100 nanoparticle formulations was evaluated
using the dialysis bag diffusion technique. To
compare release behavior, free CP suspension in
PBS(Ph 7.4) was used as a control [27]. Briefly,
250 pg of CP—either in nanoparticle form or as a
free suspension—was separately placed into
dialysis bags with a molecular weight cut-off
(MWCO) of 1 kDa. The sealed bags were immersed
in 100 mL of PBS (pH 7.4) and incubated in a water
bath shaker maintained at 37+0.5°C with
continuous agitation at 100 rpm for up to 72 hours.
To maintain sink conditions, 5mL of release
medium was withdrawn at predetermined intervals
and immediately replaced with an equal volume of
fresh PBS. The withdrawn samples were filtered
through a 0.45 um syringe filter before analysis. The
drug concentration in each sample was quantified
by measuring the absorbance at 234 nm using a UV-
visible spectrophotometer. All measurements were
performed in triplicate, and results were reported
as mean values with standard deviations [28].

Then, the cumulative drug release data were
calculated and fitted to various release kinetic
models, i.e., zero order (Q=Qo+kot), first order
(dC/dt=-kit), Higuchi's model (Q=kt°°), Korsmeyer—
Peppas (F=Mi/Mw=ki") and Hixson—Crowell model
(Wo Y3 - Wy /3 = Kyct) [29]. Where are Q represents
the amount of drug released from the
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nanoparticles, Qo shows the amount of drug initially
present in the solution, ko denotes the rate constant
for zero order expressed in conc./time, and t is time,
ki represents the first-order rate constant expressed
in time™, F is the fraction of drug release at time ‘t/,
Mt shows the amount of drug released at time ‘t’ M
mentions the total amount of drug in dosage form, K
denotes the Korsmeyer—Peppas constant, n is the
diffusion or release exponent, WO presents the initial
amount of drug, Wt shows the amount of drug at any
time t, and Knc expresses the Hixson-Crowell
constant [30].

Stability studies

To assess product stability, the developed
nanoparticles were stored under controlled
environmental conditions, including refrigerated (5 +
2°C, 60% + 5% RH), room temperature (25 + 2°C, 35%
+ 5% RH), and accelerated storage conditions (40
2°C, 75 £ 5% RH) under ICH guidelines. The effect of
these storage conditions on particle size,
polydispersity index (PDI), and encapsulation
efficiency was evaluated at three time points: initially
(0 months), after 1 month, and after 3 months of
storage [31,32].

Statistical analysis

All experimental results are presented as mean
standard deviation (SD) of three independent
measurements, analyzed using GraphPad Prism
software. Statistical significance was assessed using
the unpaired t-test and one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparison
test where appropriate.
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RESULTS AND DISCUSSION
FTIR spectroscopy

The FTIR spectra presented in Figure 1(A-C)
display the characteristic functional groups of the
drug, polymer, and their physical mixture at a 1:1
ratio. In Figure 1(A), distinctive peaks CP are
observed, particularly within the 2800-3000 cm™
range, indicating the C—H stretching vibrations. Peaks
in the region of 1700-1750 cm™ suggest the
presence of carbonyl (C=0) groups, while those
between 1000-1300 c¢cm™ correspond to C-O
stretching vibrations, typically associated with
ethers, alcohols, or esters [33].

Figure 1(B) shows peaks.indicative of residual
double bonds, particularly“in the 1600-1650 cm™
region, suggesting the presence of carbon—carbon
double bonds within the polymer structure.
Additionally, peaks observed in the 2800-3000 cm™’
range correspond to C=H stretching vibrations in the
polymer’s alkyl chains. In the FTIR spectrum of the
physical mixture, characteristic peaks around 1000-
1300 cm™! represent ester functional groups of the
polymer, while a distinct peak at 1754 cm™ indicates
the presence of carbonyl (C=0) groups. Analysis
confirms the presence of distinctive peaks from both
the drug and the polymer (Eudragit RS100) across all
spectra [34]. Furthermore, the absence of significant
shifts or disappearance of functional group peaks
suggests that only physical interactions occurred
between the drug and excipients, with no evidence
of chemical interaction
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Fig. 1. FTIR spectrum graphs for (A) CP, (B) ERS100, and (C) a mixture of CP and ERS100 at ratio 1:1.
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Fig. 2. CP calibration curves in different solvents, i.e., A) phosphate buffer saline at pH 7.4, B) distilled water, at drug concentrations
ranging from 10 to 30 pg/ml, and C) drug solubility in phosphate buffer saline pH 7.4 and distilled water.
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Preparation of calibration curve

Figures 2A and 2B illustrate the calibration
curves of CP in freshly prepared PBS pH 7.4) and
distilled water, respectively. Methanol was
selected as the solvent for reference due to its
high solubility for CP and the sharp, symmetric
peak profiles it produced, which facilitated
accurate quantification. The UV-visible
absorbance maxima of CP were examined in
various solvents, including water and PBS,
confirming that the absorption peaks and overall
spectral profiles were comparable across media.
Although methanol provided superior
qguantification at lower concentrations, the
consistency in peak shape across methanol,
water, and octanol validated the calibration
approach in different environments. The linear
relationship between absorbance and
concentration for CP in PBS and distilled water
was established using the Beer—Lambert law. The
calibration curves showed good linearity in the
concentration range of 10-30 pg/mL.
Concentration values were determined from
triplicate  measurements, confirming the
method's reproducibility. These findings support
the suitability of UV-visible spectrophotometry
as a simple and reliable technique for
constructing CP calibration curves.

Drug solubility determination

Cefpodoxime proxetil (CP) is a poorly water-
soluble drug classified under the
Biopharmaceutics Classification System (BCS)
Class IV. Such compounds pose significant
challenges in pharmaceutical formulation due to
their low aqueous solubility, which is typically
associated with poor dissolution behavior and
limited oral bioavailability. The solubility of CP in
PBS (pH 7.4) was found to be 0.290 + 0.015
mg/mL, which is lower than its solubility in
distilled water (0.345 = 0.003 mg/mL). This
difference can be attributed to the ionic strength
and specific ion—solute interactions present in
the PBS. However, a significant enhancement in
solubility was achieved through ultraprobe
sonication. This technique improves solubility by
facilitating the complete adsorption or co-
precipitation of polymers onto drug particles,
thereby acting as solubilizing agents and
enhancing particle dispersion and wettability.
Furthermore, sonication exerts mechanical shear
and attrition forces, leading to particle size
reduction. Smaller particles possess a greater
surface area-to-volume ratio, which enhances
the dissolution rate by increasing the contact
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area between the drug and solvent and lowering
the energy barrier to dissolution [35]. To better
replicate physiological conditions, no surfactants
or solubility enhancers were employed during
solubility testing. Although surfactants such as
Tween 80 or sodium dodecyl sulfate (SDS) are
commonly used to increase solubility, their
presence can artificially accelerate the
dissolution rate, potentially skewing the in vitro
release profile.

Partition coefficient

The partition coefficient (log P) of CP, defined
as the ratio of its concentration in a hydrophobic
phase (n-octanol) to that'in a hydrophilic phase
(aqueous buffer), serves as an indicator of the
drug’s lipophilicity and potential bioavailability.
In this study, the concentration of CP in the
octanol phase was determined to be 1.61 mg,
while.its concentration in the aqueous phase was
0.389 mg.
The partition coefficient (log P) is given by:

Concentration in octanol

Partition coefficient (log P) -
Concentration in water

Substituting the values given:

161
0389

Partition coef ficient (log P) =

The higher concentration of CP in the octanol
phase indicates its greater affinity for lipophilic
environments, which aligns with its known
physicochemical properties. This lipophilic
tendency suggests enhanced potential for
membrane permeability, a critical factor
influencing oral absorption and systemic
bioavailability [36]. The experimentally
determined log P value of CP was 4.17, further
confirming its lipophilic nature and potential for
passive diffusion across lipid bilayers.

Preparation of nanoparticles

Among all tested formulations, F4 exhibited
the smallest mean particle size (203.35 + 15 nm),
which is advantageous for drug delivery
applications. Smaller particle sizes are generally
associated with enhanced dissolution rates and
improved oral bioavailability. In contrast, other
formulations demonstrated significantly larger
particle sizes, such as F14 (798.22 + 48 nm) and
F6 (584.47 + 22 nm), which may negatively
impact dissolution and subsequent drug
absorption. The polydispersity index (PDI) of F4
was 0.410 + 0.02, indicating a relatively narrow
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particle size distribution and suggesting
uniformity in particle morphology. A lower PDI is
preferred, as it reflects greater stability and
consistency of the formulation. By comparison,
several other formulations displayed higher PDls,
including F5 (0.632 £ 0.03) and F14 (0.619 + 0.03),
which may contribute to formulation instability
and variability in performance. Formulation F4
demonstrated the highest drug encapsulation
efficiency (EE) at 81.65 +0.812%, indicating a
greater proportion of the drug was successfully
incorporated into the delivery system, which is
favorable for enhancing therapeutic efficacy [37].
In contrast, other formulations such as F5
(71.09 £ 0.810%) and F14 (70.76 £ 0.866%)
exhibited significantly lower %EE values,
suggesting reduced drug loading and potentially
less effective delivery. Larger particle sizes in
specific formulations also resulted in a cloudy
appearance, which is generally undesirable in
pharmaceutical preparations due to aesthetic and
stability concerns. Moreover, high polydispersity
index (PDI) values are associated with inconsistent
drug release profiles, which may lead to
unpredictable therapeutic outcomes. In summary,
formulation F4 outperformed the remaining
thirteen formulations due to its smaller particle
size, narrower particle size distribution, and
superior  encapsulation  efficiency.~  These
attributes collectively contribute to' enhanced
formulation stability, improved drug
bioavailability, and more efficient drug delivery
performance.

Characterization of ERS100 nanoparticles

The particle size of nanoparticles plays a
critical role in determining their biological
distribution, cellular uptake, and drug release
kinetics. Smaller nanoparticles typically exhibit
enhanced tissue penetration, whereas larger
particles tend to remain in systemic circulation for
extended periods. The zeta potential reflects the
surface charge of nanoparticles and serves as an
indicator of colloidal stability; higher absolute
values indicate better suspension stability. The
polydispersity index (PDI) represents the
uniformity of particle size distribution, with lower
values indicating a more homogeneous
population—an essential factor for consistent
drug delivery and reproducible release behavior.
Among the tested formulations, F4 exhibited the
smallest particle size and the highest negative zeta
potential, suggesting superior stability and a more
controlled release profile compared to F3 and F8.

Particle size, polydispersity index (PDI), and zeta
potential ({) measurements

The particle size, polydispersity index (PDI),
and zeta potential (7) of the ERS100 nanoparticles
were evaluated, as presented in Table 2 and
Figure 3 (A-C). The optimized formulation, F4,
demonstrated favorable physicochemical
properties, including a mean particle size of
205 + 0.628 nm, a zeta potential of -38.5 mV, and
a PDI of 0.410 + 0.076, indicating good colloidal
stability and a moderately uniform particle
distribution.

Transmission electron microscopy (TEM)

Figure 3D illustrates the spherical shape and
smooth surface morphology of the nanoparticles,
as observed through Transmission Electron
Microscopy (TEM) analysis using the TALOS
model. TEM  provided both qualitative and
guantitative insights into the nanoparticle
structure, including particle size distribution,
aspect ratio, and surface characteristics [38]. The
images ‘revealed a distinct dark core,
corresponding to the drug, surrounded by a
lighter polymeric matrix, indicating successful
encapsulation. The average particle size
observed via TEM was consistent with the results
from dynamic light scattering, falling within the
~200 nm range.

Drug entrapment efficiency determination

Table 2 and Figure 3C present the
encapsulation  efficiency of the ERS100
nanoparticle formulations. The encapsulation
efficiencies for formulations F3, F4, and F8 were
found to be 77.03 £+ 0.712%, 81.65 + 0.812%, and
81.74 £ 0.612%, respectively. These results
indicate that the concentrations of ERS100 and
PF127 were precisely optimized to achieve
maximal drug entrapment. The high
encapsulation efficiency observed in these
formulations underscores their potential for the
sustained delivery of CP, which is essential for
effective management of various infectious
diseases [39]. In particular, the elevated
efficiencies confirm that the formulation
parameters were appropriately fine-tuned,
enabling the nanoparticles to effectively
encapsulate and deliver the therapeutic agent.
Such efficient encapsulation is crucial for
ensuring an adequate drug concentration at the
target site, thereby enhancing therapeutic
efficacy while minimizing systemic side effects.
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Fig. 3. (A) Particle size, (B) polydispersity, (C) drug encapsulation efficiency of developed eudragit RS 100 nanoparticles, and (D) TEM
image of F4 nanoparticle formulation at scale bar 200nm

Table 2. Particle size, polydispersity index, and drug encapsulation efficiency of eudragit RS100 nanoparticles

Particle size (length;

Polydispersity index

Formulation nm) (mean £ S.D.")? (mean £S.D.")? (mean £S.D.")?
F1 546.77 £ 20 0.498 £ 0.01 77.22 £0.701
F2 394.42 £ 60 0.417 £0.02 76.87 £ 0.805
F3 223.76 + 18 0.414 +0.002 77.03+0.712
F4 203.35+15 0.410+£0.02 81.65 £ 0.812
F5 483.98 + 13 0.632+0.03 71.09 £ 0.810
F6 584.47 £ 22 0.598 +0.02 73.89 £0.811
F7 253.82+17 0.465 +0.06 80.54 £ 0.712
F8 221.11+09 0.432+£0.01 81.74 £ 0.612
F9 263.62£19 0.511+0.04 78.33+£0.781
F10 234.19+11 0.413 +0.00 80.19 £ 0.705
F11 461.37 £22 0.509 £0.01 71.85+0.683
F12 277.51+07 0.511 +0.05 73.83£0.708
F13 24193 +18 0.498 +0.02 77.45 £ 0.604
F14 798.22 +£48 0.619 +0.03 70.76 £ 0.866

*n=4 2S.D.: Standard deviation (P<0.05).
F1 to F14: Eudragit RS100 nanoparticles formulations with different conc. of polymer and surfactant compositions

In-vitro drug release studies

During the drug release studies, experimental
conditions were designed to approximate sink
conditions by maintaining a sufficiently high buffer
volume-to-drug ratio. The PBS volume was selected
based on preliminary solubility assessments, which
confirmed that drug solubility did not impose a
significant limitation on release. Specifically, the
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drug was dispersed in 100 mL of PBS at a
concentration well below its saturation solubility
(0.290 pg/mL), with approximately 190 ug of CP
used per 100 mL, thereby ensuring that sink
conditions were initially maintained. However, it is
acknowledged that ideal sink conditions may not
have been sustained throughout the entire
duration of the experiment. Figure 4 illustrates the

Drug Encapsulation efficiency (%)
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in vitro release profiles of CP from ERS100
nanoparticle formulations. During formulation
optimization, the drug release kinetics of several
CP-loaded nanoparticles—specifically F3, F4, and
F8—were evaluated in comparison with both the
pure active pharmaceutical ingredient (API) and a
marketed formulation. Notably, the cumulative
release of the marketed product reached
91+0.586% within 8 h. In contrast, the
nanoparticle formulations (F3, F4, and F8) exhibited
sustained-release behavior, with cumulative drug
release  ranging from 89.42+0.481% to
92.86 + 0.406% over 48 h. These findings are
graphically represented and highlight the
prolonged release capacity of the developed
formulations.

equations. The primary aim was to determine the
model that best described the drug release kinetics
from the developed formulations. The optimized
formulations (F3, F4, and F8) demonstrated
sustained-release behavior. Among the tested
models, the Higuchi and Hixson—Crowell equations
provided the best fit, suggesting that drug release
occurred via a combined mechanism of diffusion
and matrix erosion. Additionally, favorable
adjusted R? values and suitable exponential release
coefficients (n values) were observed, further
supporting the applicability of these models to the
release profiles. The selection of the most
appropriate  model was based on statistical
parameters, primarily the -adjusted R2?, which
reflects the model’s ability to explain variability in

The in vitro release data were fitted to various the experimental data. These results are
kinetic models, including zero-order, first-order, summarized in Table 3.
Higuchi, Hixson—Crowell, and Korsmeyer—Peppas
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Fig.4. The in-vitro drug release profiles of the CP suspension, and optimized CP-loaded ESR100 nanoparticles (F3, F4, and F8)

Table 3. Kinetic modelling of drug release from the CP formulations

. . . . Korsmeyer Peppas Hixson
Formulation Zero-order Model First-Order Model Higuchi Model Model Crowell Model
F3 0.890 0.874 0.9755 0.4938 0.9682
F4 0.887 0.905 0.9753 0.4917 0.9709
F8 0.893 0.873 0.9759 0.4936 0.969

Free CP 0.805 0.996 0.8053 0.3975 0.9812

Free CP: Conventional CP suspension formulation
F3, F4 and F87: CP loaded ERS100 nanoparticles containing different concentrations of ERS100 and PF127

The linearity of the applied kinetic models
outperformed that of alternative models,
emphasizing the sustained and diffusion-controlled
drug release from matrix-based systems. This
release pattern indicates that CP-loaded
nanoparticles provide consistent drug release over
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an extended period, thereby supporting prolonged
pharmacological action while minimizing potential
side effects [40]. Notably, the Higuchi model
provided an excellent fit to the release data, with
an exponent value (n) exceeding 0.89, indicative of
a super case Il transport mechanism. This suggests

Nanomed J. 12: 1-, 2025
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that both diffusion and relaxation of the polymer
matrix govern the release of CP from ERS100
nanoparticles. The release kinetics are effectively
described by a combination of Fickian (diffusion-
driven) and non-Fickian (erosion- or swelling-
related) mechanisms [41]. While the Higuchi model
emphasizes diffusion as the dominant mechanism,
the Hixson—Crowell and Korsmeyer—Peppas models
provide further support for the involvement of
matrix erosion processes. The high adjusted R?
values and consistent n values across formulations
confirm that these models reliably capture the
sustained-release characteristics of the system,
indicating a dual mechanism of diffusion and
erosion for effective and controlled drug delivery.

In contrast, the zero-order and first-order
models were found to be less suitable for describing
the drug release behavior, as they failed to capture
the complexity of the observed release
mechanisms [42]. The zero-order model assumes a
constant rate of drug release. In contrast, the first-
order model is based on concentration-dependent
kinetics, neither of which adequately reflects the
sustained and controlled release profile exhibited
by the formulations. Therefore, the Higuchi and
Hixson—Crowell models offered a more accurate
and comprehensive understanding of the drug
release kinetics from the ERS100 nanoparticles.
Among all the tested formulations, F4 emerged as
the optimized formulation, exhibiting. the best
goodness of fit to the kinetic models. Specifically,
the Higuchi model demonstrated a high correlation
coefficient (R? = 0.977), an exponential value (n =
0.894), and an adjusted R? of 0.9757 for F4. These
results indicate that the F4 formulation aligns most
closely with the predicted release behavior,
confirming its suitability as'the lead candidate for
sustained drug delivery.

Stability studies

The stability evaluation primarily focused on
assessing both the physical integrity of the
nanoparticles and the chemical stability of the
encapsulated drug. Although drug release rate is a
key determinant of therapeutic efficacy, it was not
included in the stability analysis, as the primary
objective was to determine whether the
nanoparticle formulations maintained their
structural and chemical integrity over time. Drug
release profiles are significantly influenced by
external physiological conditions such as pH,
enzymatic activity, and solubility in biological
fluids—factors that differ substantially from the
controlled environmental = parameters (e.g.,
temperature and humidity) employed in stability
testing. Therefore, stability studies are designed to
confirm the chemical  integrity and physical
robustness of the formulation. At the same time,
drug release profiles are more appropriate for
evaluating © pharmacokinetic  behavior and
bioavailability under biological conditions. Stability
studies, as detailed in Table 4, provide essential
insights- into the behavior of the nanoparticles
under different storage conditions. Under
refrigerated conditions (5+2 °C, 60 £ 5% RH) and
room temperature (25+2°C, 60+ 5% RH), both
particle size and entrapment efficiency (EE)
remained relatively stable throughout the study
period. In contrast, when exposed to more
stringent storage conditions—elevated
temperature (40+2°C) and humidity (75%5%
RH)—a noticeable increase in particle size was
observed. This change is likely attributable to
particle aggregation or clustering, possibly due to
enhanced molecular mobility and increased
interparticle interactions under these conditions.

Table 4. Stability study of F4: CP loaded ERS100 nanoparticles

Temp (°C)/RH (%)

Time (months)

Particle size (nm) Entrapment efficiency (EE)%

Refrigerated temp.
(5+2°C, 60% + 5% RH)

Room temp.
(25% 2° C, 35% + 5% RH)

Accelerated temp.
40 +2°C/75 £ 5%

- =]

= O

205:0.628 81:0.812
208:0.608 81:0.802
211:0.618 80:0.822
209:0.622 80:0.813
215:0.610 79£0.811
215:0.618 790.792
225:0.628 800.789
231:0.628 770.782
245:0.628 720.792

Notably, despite the increase in particle size
under accelerated conditions, the entrapment
efficiency exhibited only minor variation, indicating
that the chemical stability of the encapsulated drug
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was mainly preserved [43]. These findings suggest
that although storage conditions may mildly
influence the physical characteristics of the
nanoparticles, the encapsulation efficiency of the
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active pharmaceutical ingredient remains broadly
stable. Minor changes in particle size did not
significantly impact the drug's retention within the
nanoparticle  matrix, indicating satisfactory
formulation stability over the evaluation period.
Future studies will aim to assess drug release
profiles in conjunction with stability testing to gain
a more comprehensive understanding of
formulation performance over time. Preliminary
observations also demonstrated that the
nanoparticles maintained their structural integrity
under various conditions, supporting the
expectation that the drug release rate would
remain consistent, provided structural stability is
preserved.

CONCLUSION

Nanoparticles developed for therapeutic
applications offer several advantageous properties
that significantly improve drug delivery systems.
These formulations exhibit precisely controlled
particle sizes below 200 nm, a critical factor for
enhancing colloidal stability, primarily achieved
through optimized zeta potential values [44-45].
Transmission Electron Microscopy (TEM) analysis
confirmed their consistently spherical morphology,
indicating robust structural integrity, which is
essential for efficient drug delivery. The optimized
formulations—F3, F4, and F8—demonstrated
sustained release profiles. Among the various
kinetic models evaluated, the Higuchi and Hixson—
Crowell models provided the best fit, suggesting
that a combination of diffusion and matrix erosion
mechanisms governs drug release. The selected
kinetic models indicate that drug release from the
nanoparticles follows a combined diffusion- and
erosion-controlled mechanism, which is essential
for maintaining a sustained therapeutic effect. In
addition, comprehensive stability assessments
confirmed the long-term physical and chemical
stability of the formulations, further supporting
their suitability for extended shelf-life. Taken
together, these findings highlight the potential of
nanoparticle-based systems as a promising
therapeutic platform. Compared to conventional
drug formulations, these nanoparticles offer
enhanced efficacy, prolonged drug release, and
reduced side effects. Their ability to improve
targeted delivery and ensure more consistent
therapeutic outcomes underscores their value in
advancing modern drug delivery strategies [46].
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