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nanoparticles: an in vitro study for rheumatoid
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Ketoprofen (KN) is one of the most commonly used non-steroidal anti-inflammatory drugs (NSAIDs). Low

aqueous solubility and adverse gastrointestinal effects following oral dosing are the main challenges.

Biodegradable polymers like PLGA (poly-(lactic-co-glycolic acid)) were utilized to develop nanoparticles

for the controlled delivery of ketoprofen. Ketoprofen-loaded PLGA nanoparticles were made using the

double emulsion solvent evaporation technique. We utilized Fourier transform infrared (FTIR) spec-

troscopy to determine the drug–excipient interactions. Particle size, zeta potential, encapsulation effec-

tiveness, and drug-release patterns were also assessed for the produced nanoparticles. The nanoparticles

exhibited average size ranges of 380–396 nm with negative zeta potentials, ensuring suspension stability.

The encapsulation efficiency of formulation 3 (KN3) was observed to be over 95%, indicating effective

drug loading. In vitro studies demonstrated a prolonged release of ketoprofen over a 120-hour period

from the ketoprofen-loaded nanoparticles. The findings suggest that ketoprofen-loaded polymeric nano-

particles may serve as a viable method for tackling the associated challenges of conventional ketoprofen

therapy. This study aimed to develop and characterize polymeric nanoparticles as an innovative drug

delivery system for ketoprofen to achieve sustained drug release.

Introduction

Arthritis is a devastating disease that occurs worldwide, and
patients suffer from various systemic side effects from the
treatment components, with debilitating adverse effects associ-
ated with the drugs used.1,2 Osteoarthritis (OA) and rheuma-
toid arthritis (RA) are treated with a variety of non-steroidal
anti-inflammatory drugs (NSAIDs), such as diclofenac,
naproxen, meloxicam, piroxicam and ketoprofen.3,4 Among
them, ketoprofen is widely used for pain relief in arthritis, but
because of its low water solubility and short half-life, about
1.5–2 h after oral administration,5 it requires frequent oral
administration which causes gastrointestinal ulceration and
bleeding.1,6 Ketoprofen is often formulated into nanoparticles
to enhance its solubility, bioavailability, and therapeutic
efficacy. Ketoprofen causes inhibition of the synthesis of pros-

taglandins (PGs) from arachidonic acid and reversible inhi-
bition of cyclooxygenase (COX) enzyme.3,7,8

Since the 1970s, drug-loaded nanoparticles have been used
to decrease unwanted side effects and boost drug usage. These
submicron-sized particles are more advantageous than conven-
tional dosage forms. The main advantages of nanoparticles
are enhanced solubility, reduced toxicity, improved efficacy,
and increased ability to control drug delivery.5,9

Various studies have been conducted on nanoparticles for
the delivery of macromolecules like proteins, nucleic acids,
peptides, small molecules and hormones.10 Polymeric nano-
particles have been extensively developed and offer a compel-
ling substitute for the progressive and long-term delivery of
therapeutic agents.11 These nanoparticles prevent rapid drug
release and provide sustained drug delivery, reducing the need
for frequent administration. They also offer site-specific drug
delivery opportunities.12 Recently, polymeric nanoparticles
have gained interest in the field of biomedical sciences. The
size range of drug-loaded polymeric nanoparticles may be
from 10 to 1000 nm.13 Polymeric nanoparticles are submicron-
sized, solid drug-delivery systems with varying degrees of bio-
degradability. The formation of nanospheres or nanocapsules
depends on the technique used to produce the nano-
particles.14 The drug may be dissolved, encapsulated, and dis-
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persed to a nanoparticle matrix in nanospheres or nanocap-
sules. Nanoparticles have become an essential area of research
in drug delivery.15 PLGA is mainly used to prepare the nano-
particles due to its greater stability, exceptional biocompatibil-
ity, biodegradability, and minimal immunogenicity. PLGA has
been authorized by the US Food and Drug Administration
(US-FDA) as a safe polymer for use in pharmaceutical appli-
cations. This polymer is used for the passive targeting of nano-
particles for accumulation in solid tumors.16 Numerous
studies have been conducted on polymeric nanoparticles as
drug carriers for a wide variety of diseases. Because of the
process of “extravasation through leaky vasculature and sub-
sequent inflammatory cell-mediated sequestration” (ELVIS),
which is comparable to the enhanced permeability and reten-
tion (EPR) effect seen in tumors, NPs can also passively
accumulate at sites of inflammation in arthritic tissues due to
the increased permeability of vessels. Arthritis is a disease that
depends on angiogenesis. Through the leaky vasculature at the
site, polymeric NPs build up in the inflammatory
synovium.17–20 Ketoprofen-loaded PLGA nanoparticles are a
well-known formulation in drug delivery, largely because PLGA
offers excellent biocompatibility, natural degradability, and
flexible polymer characteristics.21

Our study aims to develop and evaluate polymeric nano-
particles of ketoprofen using various ratios of PLGA to
enhance the solubility and to provide a sustained and con-
trolled release, decreasing the required frequency of dosing
and enhancing patient adherence to treatment.

Materials and methods

Intas Pharmaceuticals Ltd, Ahmedabad, gifted ketoprofen.
Sigma-Aldrich Co. (Bengaluru, India) supplied PLGA (poly-D-L-
lactide-co-glycolide; ratio 75 : 25; MW 66 000–107 000), whereas
Hi-Media Pvt Ltd (West Bengal, India) supplied polyvinyl
alcohol (PVA; MW 125 000). The supplier of dichloromethane
(DCM) was Merck Life Science Private Limited. The remaining
chemicals and reagents utilized were of analytical grade
quality.

Formulation of nanoparticles containing ketoprofen

PLGA nanoparticles loaded with ketoprofen were made using a
double emulsion solvent evaporation technique.16,22 Although
ketoprofen is a hydrophobic drug and is generally well-suited
for the single emulsion (O/W) method, we use the double

emulsion (W/O/W) technique to achieve specific formulation
advantages, such as controlled release and improved encapsu-
lation. The double emulsion method can slow down the
diffusion of ketoprofen from the nanoparticles, as the
additional aqueous layer acts as a diffusion barrier. This can
be beneficial for prolonged or sustained-release formu-
lations.23 For this technique, two aqueous phases and one
organic phase were prepared. First, aqueous solutions contain-
ing 1.5% w/v and 2.5% w/v PVA were made. The drug, PLGA,
and dichloromethane (2 ml) were used to prepare the oil
phase. Table 1 shows the various quantities of ketoprofen and
PLGA used in the nanoparticle preparations. A 1.5% w/v PVA
solution (0.5 ml) was added to the drug polymer containing
the organic phase with continuous homogenization at high
speed, 20 000 rpm for 5 min (IKA Ultra Turrax T-10 Basic,
Staufen, Germany), to prepare the primary emulsion (w/o).24

The obtained primary emulsion was gradually incorporated
into 75 ml of 2.5% w/v aqueous PVA mixture and homogenized
at the same speed for 8 min. Higher PVA concentrations gener-
ally increase the viscosity of the aqueous phase, which can
reduce particle coalescence during emulsification and lead to
smaller and more uniform nanoparticles. The molecular
weight and degree of hydrolysis of PVA were 89 000–98 000 and
99+%, respectively. PVA with a higher molecular weight pro-
vides better steric stabilization by forming a thicker adsorbed
layer around the nanoparticles.25 This can enhance colloidal
stability and prevent aggregation. The degree of hydrolysis
determines the number of hydroxyl groups available on the
PVA chains. A higher degree of hydrolysis increases hydrogen
bonding with the particle surface, improving stabilization and
the zeta potential.26 The organic solvent was evaporated by
placing the formed mixture in a magnetic stirrer overnight.
After producing the double emulsion, the organic solvent
must be completely removed to harden the nanoparticles and
ensure safety. Although DCM is volatile (boiling point 39.6 °C),
its complete removal from an aqueous emulsion system is
slow, requiring prolonged, often overnight, stirring.27 The poly-
vinyl alcohol used in the formulation plays a vital role in pre-
venting nanoparticle agglomeration during overnight solvent
evaporation. PVA lowers the interfacial tension between the
organic and aqueous phases. Smaller, more stable droplets are
formed, which resist coalescence during solvent evaporation.
Processing for 3 hours at 37 °C will remove a lot of free DCM,
but it is insufficient to fully remove DCM that is emulsified,
trapped inside polymer droplets/particles, or absorbed into the
polymer matrix.28 After that, using a cold centrifuge (Z32HK,

Table 1 Quantity of the drug and polymer used, actual drug loading, and percentage of entrapment efficiency of formulations

Formulation code Quantity of ketoprofen (mg) Quantity of PLGA (mg) Actual drug loading (%) (±SD)a Entrapment efficiency (%) (±SD)a

KN1 50 100 17.69 ± 2.34 53.07 ± 7.88
KN2 100 100 39.19 ± 4.85 78.38 ± 6.78
KN3 200 100 63.82 ± 5.14 95.74 ± 1.78

a SD means standard deviation, n = 3.
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Hermle Labortechnik GmbH, Germany), the nanoparticles
were separated and washed.29 At first, the target temperature
was set to 4 °C. Centrifuge tubes should be loaded symmetri-
cally to ensure balance. The nanoparticles were separated at
15 000 rpm for 45 min and washed three times at 15 000 rpm
for 10 min with double-distilled water to eliminate unbound
drug and PVA.30 The separated nanoparticles were placed at
−40 °C in a Petri dish overnight. The next day, the cold formu-
lations were dried using a freeze dryer (Laboratory Freeze
Dryer, Labogene Scandinavian by Design, Assam, India) for
eight hours.31 The dried nanoparticles were ultimately gath-
ered and stored in a refrigerator at 4 °C for future use. We also
prepared a blank nanoparticle formulation without adding the
drug using a method similar to the one mentioned.32,33

FTIR (Fourier transform infrared) spectroscopy

FTIR spectroscopy is a vital analytical technique used to ident-
ify and analyze the chemical bonds and functional groups
present in sample materials. The infrared spectra were
observed using an FTIR spectrophotometer (Bruker Alpha-II,
Labindia Analytical Instrument Pvt. Ltd India) by the KBr
pellet approach, operating in the wavelength range between
4000 and 400 cm−1. The spectra obtained for ketoprofen, PVA,
PLGA, their physical mixtures, and the nanoparticle formu-
lation (KN3) were compared to observe the compatibility of the
drug with polymers.34,35

Physicochemical characterization of nanoparticles

Percentage entrapment efficiency. First, the required quan-
tity of ketoprofen-loaded nanoparticles was accurately weighed
and placed into a 2 ml Eppendorf tube. A prepared aceto-
nitrile–water mixture (50 : 50) was added to that tube. Then, it
was sonicated for a few hours and centrifuged at 10 000 rpm
for 10 min. The supernatant was collected, and the absorbance
of the sample was measured using a UV spectrophotometer.36

The absorbance of the blank formulation was also measured
using the same procedure. All analyses were performed in
triplicate.37 The following formulas were used to determine
the percentage entrapment efficiency:

Percentage of actual drug loading

¼ amount of drug present in nanoparticles
weight of nanoparticle sample analysed

� 100 ð1Þ

Percentage of loading efficiency

¼ actual drug loading
theoretical drug loading

� 100: ð2Þ

Size metrics, range of particle sizes, and surface charge.
Assessing the particle size distribution allows inference of the
nanoparticles’ mean size range. The zeta potential determines
the stability of the colloidal dispersion and quantifies the
surface charge of particles.38 Measurements of the zeta poten-
tial and particle size spread were carried out with the help of a
zetasizer (Litesizer Series 500, Anton Paar India Pvt. Ltd,
India). Before analysis, a small amount of material was dis-

solved in deionized (DI) water. A plastic cuvette was used for
particle size distribution, and an omega cuvette was used for
zeta potential determination.39

Surface morphology of nanoparticles. Surface morphology
refers to the study and description of the surface structure and
topography of nanoparticles, including their texture, rough-
ness, and overall shape. The surface morphology of the gener-
ated nanoparticles was ascertained by scanning electron
microscopy (SEM) (model-JSM-IT100, JEOL Ltd, Tokyo, Japan).
Before observation, a gold layer was applied to the nano-
particles using vacuum coating.40,41 A small amount of dried
nanoparticles was mounted onto an aluminum stub using con-
ductive carbon tape to secure the particles. To prevent char-
ging effects during imaging, the samples were sputter-coated
with a thin layer of gold under vacuum. This coating enhances
the electrical conductivity of the sample surface and improves
image resolution and contrast. SEM analysis requires a
vacuum value of 10−2 Pa and a duration of around
3–5 minutes under optimal conditions.42

In vitro release studies. For the in vitro release studies, phos-
phate-buffered saline (PBS) with a pH of 7.4 was used. The
required amount (2 mg) of the prepared nanoparticles was
placed in an Eppendorf tube containing PBS. An incubator
shaker held the container and agitated it at 37 ± 0.5 °C. The
tubes were taken out of the incubator shaker at scheduled
times (e.g., 0.5, 1, 2, 3, 4, 5, 6, 12, 24, 48, 72, and 120 hours)
and centrifuged for 10 minutes at 10 000 rpm. A 1 ml sample
of the supernatant was removed from the tube, and the nano-
particles were re-suspended and incubated under the same
conditions as before.43 Immediately, a corresponding volume
of fresh PBS was used to replace the removed sample, main-
taining a consistent volume in the dissolution fluid. The
absorbance of the obtained sample’s supernatant was analyzed
using a UV-vis spectrophotometer at 260 nm against fresh PBS
(pH 7.4) as the blank. The concentration of released ketopro-
fen in each sample was determined by referencing the stan-
dard curve. The method was performed three times to confirm
the reproducibility.44,45

Results and discussion
FTIR study

To evaluate drug–excipient interactions, FTIR spectral analysis
was performed. Fig. 1 illustrates the drug–excipient interaction
study, comparing pure drug, the excipients used, the physical
mixture, and the nanoparticle formulation. The FTIR spectrum
of ketoprofen exhibited a characteristic peak at 2877 cm−1,
corresponding to C–H stretching. It also showed peaks at
1696 cm−1 and 1654 cm−1 due to the symmetric stretching
vibrations of the carboxyl and ketone groups. The FTIR spectra
of PLGA exhibited a characteristic peak around 3500 cm−1 for
O–H stretching and peaks at 2995.53 cm−1 and 2945.45 cm−1

for C–H stretching. A peak at 866 cm−1 is for C–C stretching.
The FTIR spectra of PVA showed peaks for O–H stretching at
3463.14 cm−1, C–H stretching at 2925 cm−1, and C–O stretch-
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ing vibrations at 1143 cm−1.46 It was found that the physical
mixture of the medication, PVA, and PLGA included all of their
characteristic peaks. In the formulation spectrum, character-
istic peaks at 3500–3000 cm−1 for hydroxyl groups of PVA and
possibly the carboxylic O–H of ketoprofen, a peak at
1758 cm−1 for PLGA’s ester carbonyl (–C(vO)–O–), a peak at
1697 cm−1 for CvO stretching of ketoprofen, peaks at
1655–1590 cm−1 for CvC stretching of the drug, peaks at
1454–1379 cm−1 for C–H bending of the drug and polymers,
peaks at 1283–1186 cm−1 for C–O–C stretching of ester lin-
kages in PLGA and PVA, peaks at 1130–1043 cm−1 for C–O
stretching from PVA and PLGA and peaks at 960–760 cm−1 for
C–H bending from ketoprofen aromatic structure were
observed.47 Double-headed bands were observed between 1758
and 1697 cm−1, which correspond to overlapping carbonyl
(CvO) stretching vibrations of both the polymer (ester CvO)
and ketoprofen (carboxylic CvO). The persistence of the keto-
profen carbonyl peak indicates that the drug remains intact in
the formulation. However, the broadening and partial merging
of these peaks suggest physical interactions.48 The character-
istic ketoprofen CvO stretching band at 1696 cm−1 is present
in the pure ketoprofen spectrum. In the formulation spectrum,
the corresponding band appears at 1697 cm−1 but with notice-
ably reduced intensity and some broadening. The wavenumber
difference (0.4 cm−1) is negligible and therefore not a mean-
ingful shift, but the reduction in intensity/increased band-
width is clear. The reduced intensity and broadening of the

CvO band in the formulation indicate that the ketoprofen car-
bonyl is interacting with the formulation matrix, which may be
due to hydrogen bonding.49 From this study, it can be con-
cluded that the drug and the excipients do not exhibit any
chemical interactions.50

Loaded drug content and corresponding efficiency

The study found that drug loading efficiency gradually
increased as the quantity increased. It was optimum at a drug :
polymer ratio of 2 : 1. The actual drug loading values of the
formulations KN1, KN2, and KN3 were 17.69 ± 2.34%, 39.19 ±
4.85%, and 63.82 ± 5.14%, respectively. The percentage values
of loaded drug effectiveness of the above formulations were
53.07 ± 7.88%, 78.38 ± 6.78, and 95.74 ± 1.78%, respectively, as
presented in Table 1. The highest percentage of drug loading
was seen in KN3. With increasing amount of drug, drug
loading and loading efficiency were increased.49 Maximizing
drug loading and loading efficiency in ketoprofen nano-
particles is essential for developing an effective system for
drug administration.51,52

Particle size and associated surface potential

The mean particle sizes of the prepared formulations were 396
± 13.5 nm, 383.9 ± 7.9 nm, and 380.4 ± 5.4 nm, respectively.
The polydispersity indexes of KN1, KN2 and KN3 were 0.253 ±
0.010, 0.248 ± 0.08 and 0.233 ± 0.04, and the zeta potentials of
the prepared formulations were −8.6 ± 1.52, −8.9 ± 0.88 and

Fig. 1 FTIR spectra of ketoprofen, PLGA, PVA, physical mixture, and nanoparticle.
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−9.3 ± 0.78, respectively, as shown in Table 2. The prepared
nanoparticle sizes were below 500 nm. Optimizing the particle
size of ketoprofen-loaded PLGA nanoparticles is crucial for
maximizing therapeutic efficacy. Smaller, uniformly sized
nanoparticles can provide a more consistent and controlled
release of ketoprofen, potentially reducing the dosing
frequency.53,54 The PDI specifies the homogeneity of the nano-
particles and describes the size distribution. The nanoparticles
showed a low PDI (close to 0), indicating a narrow size distri-

bution, which is often desirable for uniform drug release and
consistent biological behavior.55 The zeta potential values for
the ketoprofen nanoparticles suggest moderate stability and a
reasonably consistent formulation process. Such low zeta
potential values suggest that the nanoparticles are only mar-
ginally stable in suspension, so special care is needed to main-
tain their stability over time. Storing nanoparticles at lower
temperatures can slow down the kinetic energy of the particles,
reducing the likelihood of aggregation. Refrigeration can be an
effective way to prolong the stability of nanoparticles with low
zeta potential (Fig. 2 and 3).56,57

SEM study

The morphological study of the prepared formulations was
conducted using SEM. The developed nanoparticles exhibited
a spherical shape with a smooth surface (Fig. 4). Smooth sur-
faces may indicate a homogeneous distribution of the drug
and excipients. Uniform spherical particles are often desirable
for controlled release and predictable pharmacokinetics.58,59

Table 2 Mean particle size, polydispersity index, and zeta potential of
nanoparticles

Formulation
code

Mean particle
size (nm)a

Polydispersity
indexa

Zeta potential
(mV)a

KN1 389.4 ± 13.5 0.253 ± 0.010 −8.6 ± 1.52
KN2 383.9 ± 7.9 0.248 ± 0.08 −8.9 ± 0.88
KN3 380.4 ± 5.4 0.233 ± 0.04 −9.3 ± 0.78

aData are shown in mean ± standard deviation (n = 3).

Fig. 2 Particle size distribution of different formulations: (A) KN1, (B) KN2, and (C) KN3.
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Studies on in vitro drug release

Fig. 5 presents the results of the in vitro release study for the
formulations. The result shows a dual drug release pattern.
Initially, there are burst releases and then continuous sus-
tained drug release profiles. The first burst release could result
from the medication dissolving on the nanoparticle surface,
and the drug may continuously diffuse from the particle core,
causing a continual release. During nanoparticle formulation,
a portion of the drug may attach to or become confined
around the particle’s surface rather than being incorporated
into the core. When these nanoparticles are introduced into
the release medium, the drug located on the surface dissolves
rapidly, resulting in the burst release.60 After 120 hours of the
drug release study in KN1, KN2, and KN3, the cumulative per-
centages of drug released were 96.778 ± 5.02%, 56.545 ±
4.45%, and 38.26 ± 3.12%, respectively. The cumulative percen-
tage of drug release from KN3 was slower than that from KN2
and KN1.61 Ketoprofen has low solubility in water and phos-

phate buffer. PLGA (75 : 25) is also a highly non-polar polymer.
Hence, drug release from the formulation was very slow.

Although several studies have reported ketoprofen-loaded
PLGA nanoparticles,20,62–65 the present study is distinct in its
use of the double-emulsion solvent evaporation method with
PVA as a stabilizer, resulting in high encapsulation efficiency
(95%), a particle size of 380 nm, and sustained release for
120 h following Fickian diffusion (Korsmeyer–Peppas model, n
≤ 0.45). Compared with previous works, our formulation
achieved superior encapsulation and longer release (vs.
40–78% and shorter durations in earlier studies). Unlike Kluge
et al. (2009), who used SFEE,63 and Shah et al. (2011), who tar-
geted topical co-delivery systems, our study focused on sys-
temic, prolonged release.64 Similarly, Elmaskaya et al. (2019)
and Varga et al. (2023) obtained lower efficiency (14–78%) and
shorter release (≤7 h), while our optimized KN3 formulation
maintained controlled release for up to 120 h. Thus, this study
presents a notable advancement by combining double-emul-
sion processing and optimized PVA stabilization to achieve

Fig. 3 Zeta potential of different formulations: (A) KN1, (B) KN2, and (C) KN3.
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enhanced encapsulation and prolonged drug release suitable
for rheumatoid arthritis therapy.65,65

The release exponent “n” and correlation coefficient (R2)
were calculated using the different drug release kinetic models
examined for the experimental formulations (where appropri-
ate), as shown in Table 3. Data on drug release for the various
formulations were analyzed using multiple kinetic models.
KN1 demonstrated strong linearity in the first-order kinetic
model (R2 = 0.9406). At the same time, KN2 and KN3 exhibited
good linearity in the Korsmeyer–Peppas kinetic model, with R2

values of 0.9848 and 0.9901, respectively, compared to other
models.66

The term “release exponent” (denoted as n) is commonly
used in the context of mechanisms of drug release from con-
trolled-release formulations. Specifically, it appears in the
Korsmeyer–Peppas equation, which models the kinetics of
drug release from various pharmaceutical delivery systems. Mt/
M∞ = Ktn is the equation, where Mt/M∞ is the proportion of the
drug released at time t, and n is the release exponent, indicat-
ing the drug release method. An n value of ≤0.45 signifies
Fickian diffusion, where the concentration gradient between
the nanoparticle core and the surrounding environment pri-
marily drives the drug release.61,67 An “n” value ranging from
0.45 to 0.89 suggests non-Fickian or anomalous transport,

meaning that the drug’s diffusion and the nanoparticle
matrix’s relaxation (swelling or structural rearrangement) con-
tribute to the overall release. When n = 0.89, the drug release
is consistent with Case-II transport, which is associated with
polymer relaxation or erosion. In our formulations, n ≤
0.45.68,69 For spherical nanoparticles, drug diffusion through
the matrix follows Fick’s law, which is typical for small mole-

Fig. 4 SEM images of different formulations: (A) KN1, (B) KN2, and (C) KN3.

Fig. 5 In vitro release profiles of KN1, KN2, and KN3.
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cules that can quickly move through the nanoparticle matrix
without structural changes to the carrier. This mechanism is
common in non-swelling nanoparticles where the drug
diffuses without changing the nanoparticle structure.67,70

However, such a low exponent suggests that diffusion is extre-
mely restricted, possibly due to strong drug entrapment within
the PLGA matrix. In polymeric systems like PLGA, the release
process is typically governed by a combination of diffusion
through the polymer network and polymer degradation or
erosion.71 If the diffusion exponent is significantly below 0.45,
it could imply that drug mobility within the polymer is severely
hindered, perhaps due to dense polymer packing, high PLGA
molecular weight, or strong hydrogen bonding between keto-
profen and the polymer. Additionally, since PVA was used as a
stabilizer, residual PVA adsorption could form a barrier around
the nanoparticles, further slowing drug diffusion and leading
to an anomalously low n value.

Conclusion

The double-emulsion solvent evaporation method was
found to be an efficient technique for preparing PLGA nano-
particles containing ketoprofen, an NSAID used for pain
and inflammation in rheumatoid arthritis. The developed
nanoparticles were in the nanometer size range, exhibiting
uniform spherical morphology with smooth surfaces, desir-
able attributes for efficient drug delivery and cellular
uptake. KN3 demonstrated superior performance among
the formulations studied, exhibiting the highest entrap-
ment efficiency and a more precise and persistent drug
release profile in contrast to KN1 and KN2. This suggests
that optimizing formulation parameters can significantly
influence the nanoparticles’ release kinetics and thera-
peutic potential.

Our findings highlight the potential of ketoprofen-loaded
PLGA nanoparticles as a biodegradable and biocompatible
system for sustained drug delivery, aiming to reduce the
dosing interval and minimize systemic adverse reactions com-
monly associated with oral NSAIDs. However, while the in vitro
characterization results are encouraging, further comprehen-

sive studies are essential to realize this delivery system’s clini-
cal potential fully. Future research should emphasize detailed
in vivo evaluations to explore the pharmacokinetics, pharmaco-
dynamic behaviors, long-term safety, and therapeutic efficacy
in appropriate animal models. Additionally, scaling up the pro-
duction process while ensuring reproducibility, stability, and
regulatory compliance will be crucial for translation from
bench to bedside.
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Table 3 In vitro release kinetics, including R2 and “n” values for different preparations

In vitro release kinetics KN1 KN2 KN3

Zero-order kinetics y = 0.2929x + 39.653 y = 0.1833x + 19.667 y = 0.1263x + 13.688
R2 = 0.6364 R2 = 0.7519 02 = 0.6683

First-order kinetics y = −0.0052x + 1.8009 y = −0.0013x + 1.9047 y = −0.0007x + 1.9351
R2 = 0.9406 R2 = 0.8434 R2 = 0.7289

Higuchi kinetics y = 0.0494x + 1.3943 y = 0.052x + 1.1044 y = 0.0585x + 0.8866
R2 = 0.53 R2 = 0.6413 R2 = 0.558

Korsmeyer–Peppas kinetics y = 0.3521x + 1.2678 y = 0.0532x − 0.4204 y = 0.073x − 0.3486
R2 = 0.8497 R2 = 0.9848 R2 = 0.9901
n = 0.352 n = 0.0532 n = 0.073

Hixson–Crowell kinetics y = −0.0108x + 3.9336 y = −0.0038x + 4.3138 y = −0.0023x + 4.4171
R2 = 0.8699 R2 = 0.8144 R2 = 0.7089
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