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ABSTRACT

Objective: The chronic autoimmune illness known as rheumatoid arthritis (RA) is typified by joint destruction, oxidative stress, and ongoing
inflammation. The selective COX-2 inhibitor celecoxib is useful in the treatment of RA, although its lack of disease-specific targeting, low oral
bioavailability, and poor solubility restrict its effectiveness. In order to increase absorption, offer inflammation-triggered release, and boost
treatment effectiveness in RA, this study set out to create a sophorolipid-stabilized, ROS-labile nanostructured lipid carrier (NLC) system for oral
celecoxib administration.

Methods: Using microfluidic ethanol injection, NLCs were created with thioketal (TK)-PEG-cholesterol integrated at the interface and sophorolipid
acting as a biosurfactant. Mucus penetration, epithelial transport, hemocompatibility, ROS-triggered release, and in vitro pharmacological activity in
LPS-stimulated macrophages were all assessed, along with the formulation's physicochemical and interfacial characteristics.

Results: Optimized NLCs displayed a size of 138+6 nm, PDI<0.2, zeta potential -21 mV, and encapsulation efficiency>90%. Under ROS exposure,
drug release reached ~83% at 12 h versus ~21% in controls. SL-NLCs showed 3-fold higher mucus diffusivity and significantly improved Caco-2
permeability (P_app 5.7x107® cm/s). In vitro studies demonstrated superior cytokine suppression (TNF-a 168%, IL-6 162%) and COX-2
downregulation. Hemolysis was<3%, indicating excellent biocompatibility.

Conclusion: With improved absorption, inflammation-specific release, and strong anti-inflammatory action, ROS-labile, sophorolipid-stabilized
NLCs offer a secure and efficient oral delivery system for celecoxib that may find therapeutic use in RA.
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INTRODUCTION

The chronic, systemic autoimmune disease known as rheumatoid
arthritis (RA) is typified by increasing joint damage, increased pro-
inflammatory cytokine production, and ongoing synovial
inflammation. In addition to reducing mobility and quality of life, the
illness significantly increases the risk of systemic consequences,
such as metabolic and cardiovascular diseases [1, 2]. Non-steroidal
anti-inflammatory drugs (NSAIDs), corticosteroids, disease-
modifying antirheumatic drugs (DMARDs), and biologics are the
mainstays of current pharmacotherapy [3, 4]. While they all reduce
symptoms and slow the progression of the condition, they are all
constrained by gastrointestinal toxicity, systemic side effects, high
dosage requirements, and occasionally poor patient adherence [5-7].
A selective cyclooxygenase-2 (COX-2) inhibitor, celecoxib, is used
extensively in the treatment of RA because of its strong anti-
inflammatory properties and better gastrointestinal safety profile
when compared to other NSAIDs. However, its low aqueous
solubility, poor oral bioavailability, and extensive first-pass
metabolism limit therapeutic efficiency, necessitating innovative
drug delivery approaches to maximize efficacy while minimizing
adverse effects [8-10].

For hydrophobic medications like celecoxib, nanostructured lipid
carriers (NLCs) have become a desirable platform for enhancing
their solubility, stability, and controlled administration. NLCs offer
high drug loading, prolonged release, and defence against early
degradation by fusing liquid and solid lipids [11-13]. Additionally,
because they are lipidic, lymphatic transport is facilitated, possibly
avoiding first-pass metabolism. Despite these benefits, traditional
NLCs usually depend on artificial surfactants like Poloxamers or
Tween for stabilisation, which can lead to haemolysis, cytotoxicity,
and issues with long-term biocompatibility. Suboptimal medication
targeting results from the majority of documented NLC systems for
anti-inflammatory therapy's lack of disease-specific response and
inability to distinguish between inflammatory and healthy tissues.
Thus, there remains a critical need for safer and smarter

nanocarriers that combine improved oral absorption with
inflammation-specific release mechanisms [14, 15].

Stimulus-responsive delivery devices that may release their payload
in response to pathogenic cues like pH, enzymes, or reactive oxygen
species (ROS) have been the focus of recent developments in "smart"
nanomedicine [16-18]. Of them, ROS-responsiveness is especially
promising for RA, as oxidative stress is significantly higher in
inflammatory joints than in healthy tissues. Particularly, thioketal
linkers have been extensively studied as ROS-labile moieties that
cleave when exposed to hydrogen peroxide and related species,
causing drug release only in sick microenvironments. Concurrently,
sophorolipids and other biosurfactants have drawn interest as
organic, biocompatible stabilisers for lipid-based nanocarriers [19].
Glycolipids produced by yeast fermentation, known as
sophorolipids, are preferable than synthetic surfactants because of
their inherent antibacterial and anti-inflammatory properties,
amphiphilicity, and biodegradability. Despite their potential, there is
limited research integrating biosurfactant stabilization with
interfacial ROS-triggered design in lipid nanocarriers for oral anti-
inflammatory therapy [20].

The current study builds on these discoveries by presenting a novel
sophorolipid-stabilized NLC system that is engineered with
thioketal-PEG-cholesterol at the oil-water interface to achieve dual
functionality: improved epithelial transport and mucus penetration,
along with ROS-triggered celecoxib release during inflammatory
conditions [21-23]. The shortcomings of the present celecoxib
therapy-poor solubility, low oral bioavailability, and lack of disease-
specific responsiveness-are immediately addressed by this dual
design. Additionally, it is anticipated that using a natural
biosurfactant in place of synthetic surfactants will increase safety
and hemocompatibility, bolstering translational feasibility [24-26].

This work's main goal was to create and describe an oral nanocarrier
platform that might deliver celecoxib to rheumatoid arthritis patients’
inflammatory tissues in a targeted manner. In particular, the goals were
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to optimise the physicochemical characteristics of sophorolipid-
stabilized NLCs, synthesise and integrate a thioketal-based interfacial
linker for ROS-responsive gating, and assess the products' performance
in terms of colloidal stability, drug release kinetics, mucus penetration,
epithelial transport, hemocompatibility, and in vitro anti-inflammatory
efficacy [27]. In order to bridge the gap between traditional lipid-based
delivery and next-generation smart nanomedicine for rheumatoid
arthritis, these studies collectively aimed to produce proof-of-concept for
an environmentally friendly, safe, and inflammation-triggered
nanocarrier system [28, 29].

MATERIALS AND METHODS
Study design

The goal of this work was to create and describe a ROS-labile,
sophorolipid-stabilized nanostructured lipid carrier (NLC) system for
celecoxib. In vitro pharmacological evaluations, release behaviour
under oxidative circumstances, mucus and epithelial transport,
hemocompatibility, optimisation and physicochemical
characterisation, NLC manufacture, interfacial analytics, and the
synthesis of a ROS-cleavable interfacial linker were all included in the
paper. Future views are expected to include in vivo validation [30, 31].

Materials and reagents

Celecoxib (298%) was employed as the model anti-inflammatory
medication. The biosurfactant used was sophorolipid, a blend of
lactonic and acidic forms. As solid and liquid lipids, glyceryl
behenate (Compritol® 888 ATO) and medium-chain triglyceride
(Miglyol® 812) were selected [32]. For linker synthesis, acetone, 2-
mercaptoethanol, methoxy-poly(ethylene glycol)-amine (mPEG-NH,,
1-2 kDa), cholesterol chloroformate, and HPLC-grade solvents were
employed. Caco-2 cells, pig intestinal mucus, Dulbecco's phosphate-
buffered saline (DPBS), foetal bovine serum (FBS), MTT reagent, LAL
endotoxin kit, and cytokine ELISA kits were all acquired from
conventional vendors. Hypochlorous acid and hydrogen peroxide
were used as donors of reactive oxygen species (ROS) [33].

Synthesis of ROS-Labile Interfacial Linker (TK-PEG-Chol)

To add ROS sensitivity at the oil-water interface, the thioketal (TK)-
PEG-cholesterol linker was created. Acetone and 2-mercaptoethanol
were condensed by an acid to create TK diol. This was combined
with mPEG-NH,; to create TK-PEG-OH. Choleryl chloroformate was
then added to create TK-PEG-Chol. Using dialysis and
chromatography, purification was accomplished. To verify the
product's structure and purity (>95% by HPLC), it was characterised
using ~'H NMR, FT-IR, and ESI-MS [34, 35].

Preparation of sophorolipid-stabilized ROS-labile NLCs

Using a microfluidic ethanol-injection technique, NLCs were created. At
60 °C, ethanol was used to dissolve the organic phase, which included
TK-PEG-Chol, celecoxib, Miglyol®, and glyceryl behenate. Sophorolipid
was present in the aqueous phase in different amounts. In a micromixer,
both phases were introduced at a regulated flow ratio (1:10, organic:
aqueous). Formulations were quickly chilled, suspensions were filtered
(0.22 pum), and ethanol was extracted under low pressure. As controls,
Tween-stabilized NLCs, non-ROS-gated NLCs (without TK-PEG-Chol),
and placebo NLCs (without medication) were made [36].

Optimization strategy

The impact of lipid ratio, sophorolipid concentration, TK-PEG-Chol
mol-fraction, and mixing energy on particle size, polydispersity, zeta
potential, encapsulation efficiency, mucus penetration, and ROS-
triggered release was investigated using a central composite design.
Desirability functions were used to choose the optimal formulation
[37-39].

For improved clarity, a schematic representation of the TK-PEG-Chol
synthesis steps has been included in the Supporting Information (fig.
§1), illustrating the sequential condensation and conjugation
reactions leading to the final interfacial linker. During NLC
fabrication, a microfluidic T-junction mixer (Dolomite Microfluidics
3200357) was employed at a controlled total flow rate of 2 ml min™
with an organic-to-aqueous ratio of 1:10, ensuring uniform
nucleation and narrow size distribution.
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The central composite design (CCD) employed for optimization is
summarized in table S1 (Supporting Information), listing the
independent variables (lipid ratio, sophorolipid concentration, TK-
PEG-Chol mol fraction, and mixing energy), their coded levels, and
key response parameters (particle size, PDI, EE%, {-potential, ROS-
triggered release).

Physicochemical characterization

Dynamic light scattering was used to measure the particle size, PDI,
and zeta potential. Cryo-TEM was used to visualise the morphology.
Following ultrafiltration, drug encapsulation loads and efficiency
were measured using HPLC. Using DSC and PXRD, the physical state
of celecoxib inside the lipid matrix was investigated. Colloidal
stability was evaluated in a serum-containing media and while being
stored at 4, 25, and 40 °C [40]. Further details of linker
characterization and formulation stability are provided in the
Supporting Information (fig. S1-S3, table S3). The captions for the
NMR and HPLC spectra now specify the respective solvent (CDCl3,
TMS reference) and mobile phase (acetonitrile: water, 70:30 v/v),
ensuring reproducibility. The DLS profiles in fig. S3 have been
annotated to differentiate intensity-, volume-, and number-weighted
distributions. Additionally, the complement and coagulation data in
table S3 have been updated to present quantitative values
(mean#SD) instead of qualitative indicators (“1” or “Mild 1),
providing a clearer representation of the biosafety findings.

Analysis of interfacial layers

The oil-water interfacial tension of formulations with and without
TK-PEG-Chol was measured using pendant drop tensiometry.
Viscoelastic moduli (G’ and G") were analysed using interfacial
rheology. To verify ROS-induced interfacial disruption, time-
resolved alterations under oxidative conditions (H,0, addition)
were documented [41-43].

In vitro drug release and ROS responsiveness

Dialysis was used to examine celecoxib release at 37 °C in PBS with
0.5% Tween 80. ROS responsiveness was assessed by adding
hypochlorous acid (50-200 pM) or hydrogen peroxide (0-10 mmol)
to release medium. Kinetic models were fitted to cumulative release
profiles. Triggerability was measured by comparing the release rate
constants under ROS and control circumstances. To verify ROS
specificity, catalase was added [44-46].

Studies on mucus penetration

Multiple particle tracking was used to examine the transport
behaviour of recently obtained pig intestinal mucus. Effective
diffusivity was determined by analysing mean-squared displacement
values from fluorescently labelled NLCs that were captured at 100
frames per second. Sophorolipid-stabilized NLCs' increased
diffusivity as compared to Tween-based controls was seen as proof
of decreased mucoadhesion [47-49].

Epithelial transport and cytocompatibility

TEER>500 Q-cm?® was utilised to assess transepithelial transport in
Caco-2 monolayers. The apical side was treated with formulations
corresponding to 10-50 uM celecoxib. Celecoxib was measured using
HPLC to determine P_app after basolateral samples were gathered
during a 4-hour period. TEER and Lucifer yellow permeability were
used to track the integrity of the barrier. After a 24-hour incubation
period, cytocompatibility was evaluated using the MTT test, and a
vitality of 280% was deemed satisfactory. Cell viability of SL-NLC (TK)
was 92.4+3.1%, marginally lower than the free drug (95.2+2.6%). This
difference was not statistically significant (p>0.05) and lies within
acceptable biological variation, confirming that sophorolipid-based
systems maintain excellent cytocompatibility.

Testing for endotoxins and hemocompatibility

Fresh rat erythrocytes exposed to formulations for one hour at 37 °C
were used to measure haemolysis; positive and negative controls
were Triton X-100 and isotonic saline. It was decided that
haemolysis < 5% was compatible. The LAL test, which has an
acceptability threshold of <0.25 EU-ml™, was used to quantify the
endotoxin level [50].
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In vitro pharmacological evaluation

Formulations' ability to reduce inflammation was evaluated using
RAW 264.7 macrophages activated by lipopolysaccharide (LPS). Prior
to the LPS challenge, cells were pre-treated with celecoxib
formulations at concentrations corresponding to 5-25 uM celecoxib
for two hours. After 24 h, supernatants were collected, and ELISA was
used to measure the amounts of cytokines (TNF-q, IL-6). DCFH-DA
fluorescence was used to detect ROS levels, and Western blotting was
used to examine COX-2 expression. Tween-NLCs and free celecoxib
were used as controls. The data were expressed in relation to LPS-
stimulated untreated cells and normalised to protein content [51].

Analysis of statistics

At least three separate batches were used for each experiment,
which was carried out in triplicate. The mean+SD is used to express
the data. To improve statistical transparency, that one-way ANOVA
followed by Holm-Sidak post-hoc test was used for multi-group
comparisons (n = 3), with significance considered at p<0.05.

Future perspectives

Future research will focus on in vivo pharmacokinetics,
biodistribution, and therapeutic effectiveness in rheumatoid
arthritis models in order to move the platform towards clinical use,
even though this study concentrated on formulation creation and in
vitro pharmacological characterisation.
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RESULTS AND DISCUSSION
Formulation optimization and particle characteristics

Using thioketal-PEG-cholesterol (TK-PEG-Chol) as the ROS-cleavable
interfacial linker and sophorolipid as the stabilising biosurfactant,
the nanostructured lipid carriers (NLCs) were effectively created. A
central composite design based on hydrodynamic size,
polydispersity, encapsulation efficiency, mucus diffusivity, and ROS-
triggered release was used to choose the optimal formulation.

Dynamic light scattering showed a mean hydrodynamic diameter of
138.4+5.6 nm, with a narrow polydispersity index (0.18+0.03) and a
moderately negative zeta potential (-21.6+1.8 mV) (table 1A and table
1B). Celecoxib encapsulation efficiency reached 91.2+2.1%, with a drug
loading of 4.8+0.4% w/w. The size remained stable (<10% increase)
over 90 d at 4 and 25 °C, while accelerated storage at 40 °C showed a
~15% increase after 60 d, indicating satisfactory stability.

The fig. 1 cryo-TEM imaging provides direct visualization of the
morphology and nanoscale organization of lipid carriers. The SL-NLCs
demonstrated a consistent spherical geometry and narrow size
distribution, in agreement with DLS results, confirming the effectiveness
of sophorolipids in stabilizing the lipid matrix. In contrast, Tween-
stabilized NLCs lacked uniformity and showed morphological instability,
which correlates with reduced physical stability and higher aggregation
tendency. These findings highlight the superior interfacial organization
and stabilization conferred by biosurfactant-based systems.

Table 1A: Physicochemical characteristics of optimized NLCs compared with controls

Formulation Size (nm)+SD PDI+SD ¢ (mV)SD EE%SD DL%=*SD Stability (A size %
at90d, 25 °C)

SL-NLC (TK-PEG-Chol) 138.4%5.6 0.18+0.03 -21.6+1.8 91.2+2.1 4.8+0.4 +7%

SL-NLC (no TK) 131.7+7.3 0.21£0.05 -23.4%2.0 88.3+2.7 4.5£0.5 +6%

Tween-NLC (with TK) 142.5+6.4 0.20+0.04 -15.1+1.2 87.6+3.1 4.6+0.4 +12%

Tween-NLC (no TK) 135.248.1 0.23+0.06 -14.8+1.5 85.2+2.9 4.2+0.3 +11%

Data expressed as mean=SD (n = 3)

Table 1B: Critical response variables monitored

Response parameter Unit Optimization goal Observed range Predicted optimum
(Experimental) (Desirability>0.92)

Particle size (Y,) nm Minimize 120-180 nm 138.4 nm

Polydispersity index (Y5) - Minimize 0.15-0.28 0.18

Zeta potential (Y3) mV Moderate negative ~ -15 to =25 mV -21.6 mV

Encapsulation efficiency (Y,) % Maximize 85-93 % 91.2%

ROS-triggered release ratio - Maximize 2.5-39 3.8

(k_ROS/k_CTRL) (Y5s)

Mucus diffusivity (Ye) D_eff,1s (um?s™) Maximize 0.32-0.85 0.85

Data expressed as mean+SD (n = 3)

SL-NLC (Optimized)

200 nm ~120-150 nm

Tween-NLC (Irregular)

Irregular morphology

particle fusion
Y

200 nm

Fig. 1: Cryo-TEM micrographs of nanostructured lipid carriers (NLCs). (A) Optimized sophorolipid-stabilized NLCs (SL-NLC) show
spherical morphology with a distinct core-shell structure, uniform particle size (~120-150 nm), and homogeneous distribution without
signs of aggregation, indicating a stable biosurfactant-based interface. (B) Tween-stabilized NLCs exhibit irregular shapes, heterogeneous
size distribution, occasional particle fusion, and partial aggregation, suggesting weaker interfacial stabilization compared with
sophorolipid-stabilized systems. Scale bars represent 200 nm. Arrows indicate regions of particle fusion and irregular morphology
observed in Tween-NLCs (B)
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In addition to the morphological and size analyses, thermal and
structural characterization (DSC and PXRD) confirmed that celecoxib
existed predominantly in an amorphous or molecularly dispersed
state within the lipid matrix of the optimized SL-NLC (TK)
formulation. The disappearance of characteristic crystalline peaks of
pure celecoxib and the absence of sharp melting endotherms in DSC
thermograms (fig. S5, Supporting Information) indicate successful
encapsulation and amorphization. This transition is critical to the
enhanced solubility and controlled release observed in subsequent
experiments.

Moreover, stability testing in FeSSIF (fed-state simulated intestinal
fluid) revealed only a marginal (~7-9%) increase in particle size
over 4 h, suggesting limited aggregation and strong colloidal
integrity under physiologically relevant bile salt and lipid
concentrations. Such minor fluctuations reflect transient interfacial
rearrangements rather than structural breakdown, implying that the
formulation is resilient in gastrointestinal conditions and likely to
retain its nanoscale stability and drug-loading efficiency during
intestinal transit. This behavior further supports its suitability for
oral delivery and consistent in vivo performance.

Interfacial properties and ROS responsiveness

Pendant drop tensiometry revealed that sophorolipid reduced
interfacial tension to 18.7+1.1 mN/m, which further decreased to
14.3#0.9 mN/m in the presence of TK-PEG-Chol, confirming
improved interfacial packing. Interfacial rheology showed increased
elasticity (G'/G" ratio 1.8) for TK-modified systems compared to 1.2
for non-modified controls. Upon addition of 5 mmol H;0,, a marked
drop in interfacial elasticity was observed (G'/G" ratio ! to 0.9),
confirming ROS-triggered interface disruption.

ROS-triggered release of celecoxib
from sophorolipid-stabilized NLCs
100
80
——SL-NLC (TK)
60 Control
40 — L
NLC(TK)+R
20 os
0
0 2 5 10 24

A
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In addition to interfacial rheology and release kinetics, direct
visualization of the nanocarrier morphology before and after oxidative
exposure would further substantiate the ROS-triggered mechanism.
Future studies employing Cryo-TEM or SEM imaging of SL-NLC (TK)
before and after incubation with H,0, are planned to confirm the
hypothesized thioketal cleavage-mediated disintegration at the
nanoscale. The concentration of ROS donors used (5 mmol H,0;) aligns
with widely accepted in vitro standards for oxidative stress simulation
but may exceed physiological ROS levels in the synovial
microenvironment, which are typically reported in the 0.1-1 mmol
range. This consideration has been acknowledged to improve
translational relevance. Furthermore, the inclusion of HOCl in
supplementary data (fig. S4) provides an important confirmation, as
HOCI represents a more reactive oxidant implicated in rheumatoid
inflammation. The corresponding results have now been cross-
referenced and discussed in the main text to emphasize the robustness
of the ROS-responsive design.

Drug release studies demonstrated negligible burst effect in the
absence of ROS, with only 21.4+2.3% release at 12 h under control
conditions. In the presence of 5 mmol H,0,, celecoxib release
reached 82.5+4.1% at 12 h (fig. 2A). The calculated k_ROS/k_CTRL
ratio was ~3.8, confirming robust trigger ability. The kinetic
constants (k) for release under oxidative and control conditions
have now been quantified and presented in table S2 (Supporting
Information). The release exponent (n) derived from Korsmeyer-
Peppas fitting (n = 0.43%£0.05) indicates a Fickian diffusion-
controlled mechanism, consistent with matrix-controlled diffusion
through the swollen lipid interface following thioketal cleavage.
Non-gated SL-NLCs showed no significant difference in release
under ROS, and Tween-NLCs showed only modest responsiveness.
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Fig. 2: ROS-triggered release of celecoxib from sophorolipid-stabilized NLCs. (A) Cumulative release profile of celecoxib from SL-NLC (TK-
PEG-Chol) under oxidative (5 mmol H,0) and non-oxidative conditions. ROS exposure induced a significantly faster release, reaching
~83% at 12 h, compared to ~21% under control conditions (***p<0.001). Error bars represent meanSD (n = 3). (B) Comparative release
of celecoxib at 12 h across different formulations. SL-NLC (TK-PEG-Chol) under ROS conditions showed the highest release, followed by
Tween-NLC (TK-PEG-Chol), while non-gated systems (SL-NLC without TK, Tween-NLC without TK) demonstrated minimal responsiveness,
value are mean+SD (n = 3)

The fig. 2 shown on these findings, confirms that incorporating a
thioketal-PEG-cholesterol linker into sophorolipid-stabilized NLCs
enables ROS-specific gating, providing inflammation-triggered drug
release. Compared with Tween-based systems, sophorolipid-
stabilized nanocarriers showed more robust responsiveness and
improved baseline stability, highlighting their suitability for targeted
oral delivery in rheumatoid arthritis.

Mucus penetration and epithelial transport

Multiple particle tracking demonstrated that TK-modified
sophorolipid NLCs diffused efficiently through intestinal mucus, with
a median D_eff, 1s of 0.85+0.09 pm?/s, significantly higher than
Tween-NLCs (0.32£0.05 um?/s, p<0.01). Trajectory analysis

revealed>65% of SL-NLC particles exhibited unrestricted Brownian
motion, compared to only 25% for Tween-NLCs (fig. 3).

The fig. 3A, 3B and fig. 4 shown on the results, highlighting the
critical role of sophorolipid stabilization in reducing mucoadhesion
and promoting efficient nanoparticle diffusion through the intestinal
mucus layer. Improved mucus penetration is expected to enhance
oral absorption and bioavailability of celecoxib in the developed
ROS-responsive nanocarrier system.

Caco-2 transport studies confirmed higher epithelial permeation for
sophorolipid-stabilized NLCs. The P_app of celecoxib was 5.7x10 ~® cm/s
for SL-NLC (TK) compared to 2.9x10® cm/s for Tween-NLCs and
1.1x10 ~6 cm/sfor free drug (p<0.001) (table 2). Monolayer integrity was
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preserved, with no significant drop in TEER and<5% Lucifer yellow
leakage.

The fig. 5 shown on findings, demonstrates that sophorolipid
stabilization enhances epithelial transport, likely by reducing
mucoadhesion and promoting favorable interactions with cell

A. SL-NLC (TK) in Mucus

y displacement (pm)

x displacement (um)

displacement (um)

Y
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membranes. Incorporation of the ROS-cleavable linker further
improved permeability, suggesting that the combined design not
only enables inflammation-triggered release but also improves
intestinal absorption. Collectively, this indicates strong potential for
enhanced oral bioavailability of celecoxib in rheumatoid arthritis
therapy.

B. Tween-NLC in Mucus

05¢

0.0p

—0.5+

_1.0 L

-0.5 0.0 0.5
x displacement (um)

Fig. 3: Mucus penetration of nanostructured lipid carriers (NLCs): (A) Trajectories of SL-NLCs (TK-PEG-Chol) in porcine intestinal mucus
demonstrated long, unimpeded displacements characteristic of high diffusivity. (B) In contrast, Tween-stabilized NLCs showed confined,
short-range trajectories, indicating hindered penetration, Data are mean+SD from three independent measurements (n = 3)

1.2

0.8
0.6
0.4
0.2

(1‘6\

5\"“\'0

= SL-NLC (TK)

= Tween-NLC (TK)

Fig. 4: Mucus penetration of nanostructured lipid carriers (NLCs): Quantitative analysis of effective diffusivity (D_eff, 1s) confirmed
significantly greater mobility for SL-NLCs (0.850.09 um?/s) compared to Tween-NLCs (0.32+0.05 pm?/s, ***p<0.001), Data are mean=SD
from three independent measurements (n = 3)
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Fig. 5: Transepithelial transport of celecoxib across Caco-2 monolayers. The apparent permeability coefficient (P_app) of celecoxib was
significantly higher in sophorolipid-stabilized nanostructured lipid carriers (SL-NLCs) compared to free drug and Tween-based NLCs. SL-
NLC (TK-PEG-Chol) achieved the greatest permeability (5.7x10~° cm/s) followed by SL-NLC (no TK) (4.9x10~¢ cm/s), while Tween-NLCs
and free celecoxib displayed considerably lower values (2.9x10°¢ cm/s and 1.1x107° cm/s, respectively). Error bars represent mean+SD
(n = 3), Data represent mean+SD (n = 3)
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While the use of porcine intestinal mucus and multiple particle
tracking provides strong evidence for enhanced diffusivity, further
clarification has been added regarding the source and nature of the
mucus used. Freshly collected, minimally processed porcine intestinal
mucus was employed to preserve native viscoelastic properties,
though detailed rheological profiling was not conducted and will be
incorporated in future studies. To improve physiological relevance,
future work will integrate a sequential mucus-penetration and
cellular-uptake model using Caco-2 or co-cultured Caco-2/HT29-MTX

Int ] App Pharm, Vol 18, Issue 2, 2026, 126-135

monolayers to better mimic the intestinal barrier and quantify the
transition of nanocarriers from the mucus layer into epithelial cells.
Furthermore, although the current anti-inflammatory evaluation in
RAW 264.7 macrophages establishes strong mechanistic efficacy,
follow-up studies using synovial fibroblast-like cell lines (e. g, MH7A,
HFLS-RA) are planned to more accurately represent rheumatoid joint
microenvironments. These models would help verify whether the
observed COX-2 downregulation and cytokine suppression translate
directly to disease-specific cellular targets.

Table 2: Transepithelial transport of celecoxib across Caco-2 monolayers

Formulation P_app (cm/s)x10~°+SD TEER change (%) Viability (%)
Free celecoxib 1.1+0.2 -2.3+0.8 98.5+2.1
SL-NLC (TK-PEG-Chol) 5.7+0.6 -3.0%£1.0 92.4+3.3
SL-NLC (no TK) 4.9+0.5 -2.7+1.2 93.6%2.7
Tween-NLC 2.9+0.4 -3.5+1.5 90.7+3.5

Data expressed as mean+SD (n = 3).
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Fig. 6: Hemocompatibility assessment of nanostructured lipid carriers (NLCs). Hemolysis assay results for Tween-stabilized NLCs and
sophorolipid-stabilized, ROS-labile NLCs (SL-NLC, TK-PEG-Chol). Tween-NLCs induced a hemolysis rate of 6.1+1.2%, exceeding the
generally accepted safety threshold (5%), whereas SL-NLC (TK) caused only 2.4+0.7%, well within the safe limit. Data are expressed as
mean#SD (n = 3), Data are meanSD (n = 3)
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Fig. 7: Multifunctional characterization of sophorolipid-stabilized, ROS-labile nanostructured lipid carriers (NLCs) for oral celecoxib
delivery. (A) Schematic of the ROS-triggered release mechanism: thioketal-PEG-cholesterol incorporated at the lipid-water interface
undergoes cleavage under oxidative stress, disrupting the interfacial barrier and promoting celecoxib release. (B) In vitro release Kinetics
of celecoxib from SL-NLC (TK-PEG-Chol) under physiological buffer (control) and oxidative stress (5 mmol H,0;). The gated formulation
exhibited ~3.8-fold faster release in ROS conditions, confirming triggerability. (C) Anti-inflammatory efficacy in LPS-stimulated RAW
264.7 macrophages, showing significantly greater suppression of TNF-a and IL-6 secretion by SL-NLC (TK-PEG-Chol) compared with free
celecoxib and Tween-NLC controls (***p<0.001). (D) Western blot analysis demonstrating COX-2 downregulation by SL-NLC (TK-PEG-
Chol) in activated macrophages, with -actin as the loading control. The ROS-labile biosurfactant nanocarrier provided superior
inhibition of inflammatory signaling compared with free drug and conventional formulations, Data represent meanSD (n = 3) for
independent cell culture experiments
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Hemocompatibility and endotoxin content

Hemolysis assays indicated excellent compatibility, with hemolysis
rates of 2.4+0.7% for sophorolipid NLCs (TK), compared to
6.1+1.2% for Tween-based systems (p<0.01). Endotoxin levels were
below 0.15 EU/ml, meeting the acceptance threshold.

The fig. 6 shown on markedly lower hemolysis observed with
sophorolipid-based carriers, highlighting their superior blood
compatibility compared with synthetic surfactant-stabilized
systems. This demonstrates the dual advantage of biosurfactant
stabilization: improved safety alongside functional responsiveness
to ROS. Ensuring hemocompatibility is crucial for any oral
nanocarrier that may interact with systemic circulation following
intestinal absorption.

In vitro pharmacological studies

LPS-stimulated RAW 264.7 macrophages were used to assess anti-
inflammatory efficacy. Treatment with celecoxib-loaded SL-NLC
(TK) significantly reduced pro-inflammatory cytokine release. TNF-a
levels decreased by 68.3+4.5%, and IL-6 levels by 61.7+5.1%,
compared with LPS control (p<0.001). Free celecoxib reduced TNF-a
and IL-6 by ~35-40%, while Tween-NLCs achieved ~45-50%
reduction (fig. 4A).

Intracellular ROS (DCFH-DA assay) was markedly suppressed by SL-
NLC (TK), with a 53.6%4.2% decrease relative to untreated LPS
control (p<0.001). Western blot analysis showed downregulation of
COX-2 expression in macrophages treated with SL-NLC (TK),
confirming targeted anti-inflammatory activity (fig. 4B).

The fig. 7 shown on, Together, these data establish the
multifunctional advantages of the developed oral nanocarrier: (i)
nanoscale uniformity and stability, (ii) enhanced mucus penetration
for improved oral absorption, (iii) inflammation-specific release
triggered by elevated ROS levels, and (iv) potent in vitro
pharmacological efficacy through cytokine suppression and COX-2
downregulation. This integrated evidence highlights the potential of
smart biosurfactant nanocarriers as a green and responsive oral
delivery system for rheumatoid arthritis therapy.

The results demonstrate that integrating a ROS-labile interfacial linker
(TK-PEG-Chol) with sophorolipid stabilization produces NLCs that are
stable, mucus-penetrating, and triggerable under oxidative stress
conditions typical of inflamed joints. Enhanced transepithelial
transport, excellent hemocompatibility, and superior suppression of
pro-inflammatory cytokines and ROS in macrophages support their
potential as smart biosurfactant nanocarriers for oral celecoxib
therapy in RA. While the present findings demonstrate the superior
anti-inflammatory efficacy of celecoxib-loaded SL-NLC (TK) compared
with free drug and Tween-stabilized formulations, it should be
acknowledged that sophorolipids themselves possess reported anti-
inflammatory and immunomodulatory activity. Therefore, the
observed cytokine suppression could partially derive from intrinsic
biosurfactant effects in addition to celecoxib release. Future studies
should include a placebo SL-NLC (TK) group (without celecoxib) in the
in vitro assays to delineate the independent contribution of the carrier
system. Such an inclusion would enable clear differentiation between
drug-mediated and carrier-mediated responses, confirming whether
the sophorolipid-based nanocarrier functions merely as a passive
stabilizer or also as an active therapeutic component enhancing the
overall anti-inflammatory outcome.

DISCUSSION

The present study demonstrated that sophorolipid-stabilized, ROS-
labile nanostructured lipid carriers (SL-NLCs) significantly enhance
celecoxib’s stability, oral absorption, and inflammation-specific
therapeutic action. These findings collectively validate the dual-
functional nanocarrier concept-biosurfactant stabilization and
thioketal-mediated triggerability-as an innovative and green
nanotherapeutic strategy for rheumatoid arthritis (RA).

The optimized SL-NLC (TK-PEG-Chol) exhibited nanoscale
uniformity (138+6 nm, PDI 0.18+0.03), high encapsulation efficiency
(>90%), and stable colloidal behavior over 90 d. These values align
with previous microfluidic NLC systems designed for hydrophobic
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drugs, where particle sizes between 100-200 nm ensured enhanced
solubility and intestinal uptake [52, 53]. The incorporation of
biosurfactant sophorolipid significantly improved interfacial
stabilization, reducing the {-potential to -21 mV and minimizing
aggregation, in agreement with recent studies emphasizing the
amphiphilic and self-assembling behavior of sophorolipids at lipid-
water interfaces [54, 55]. Compared to synthetic surfactants such as
Tween 80, which often cause hemolytic or cytotoxic effects,
sophorolipids provided superior biocompatibility, confirmed by
hemolysis<3% and>90% cell viability in Caco-2 and RAW 264.7
models [56, 57].

The integration of the thioketal-PEG-cholesterol (TK-PEG-Chol)
linker successfully introduced ROS sensitivity at the oil-water
interface, facilitating drug release only under oxidative stress
(k_ROS/k_CTRL = 3.8) [58, 59]. This is consistent with prior reports
where thioketal or peroxalate linkers enabled oxidation-dependent
disintegration of nanocarriers for targeted drug release. In the
current study, celecoxib release increased from ~ 21% (control) to
~ 83% (ROS 5 mmol H;0,, 12 h), supporting a strong inflammation-
triggered effect. Comparable ROS-responsive NLCs have
demonstrated ~ 2-3-fold differences in release under oxidative
environments, confirming that interfacial linker design can provide
fine control over release kinetics. Furthermore, the Korsmeyer-
Peppas exponent (n = 0.43) suggested Fickian diffusion consistent
with matrix erosion and linker cleavage, corroborating the
mechanistic integrity of the thioketal interface [60, 61].

Multiple particle tracking revealed that sophorolipid modification
tripled the mucus diffusivity (0.85+0.09 um? s™* vs 0.32+0.05 pm? s™*
for Tween-NLCs, p<0.001). Similar results were reported by Ahn Jet al.
[62] and Jia F et al [63], who found that surface-engineered
nanoparticles with reduced hydrophobicity and neutral charge exhibit
enhanced diffusion through intestinal mucus. The amphiphilic nature
of sophorolipids likely minimizes mucoadhesion by reducing van der
Waals and electrostatic interactions with mucin fibers [64, 65].
Consequently, SL-NLCs achieved higher transepithelial permeability
(P_app = 5.7x107® cm/s), surpassing previously reported values for
hyaluronic-acid-or PEG-modified celecoxib nanocarriers (P_app = 3.0-
3.4x107° cm/s) [68, 69]. Preservation of TEER integrity and>90% cell
viability confirm that sophorolipid NLCs enhance permeability without
compromising epithelial safety [66, 67].

In LPS-stimulated macrophages, the SL-NLC (TK-PEG-Chol)
produced significant suppression of TNF-a (! 68%) and IL-6 (I 62%)
secretion compared with the free drug (I 35-40%). These
reductions exceed those reported for hyaluronic-acid-coated or
chitosan-modified celecoxib NLCs, which achieved only 40-50%
cytokine inhibition. The enhanced effect can be attributed to both
improved intracellular delivery and ROS-triggered localized release
of celecoxib, which increases drug concentration at inflammatory
sites. Additionally, sophorolipids themselves possess inherent anti-
inflammatory and antioxidant properties, potentially acting
synergistically with celecoxib [68, 69]. Western blot analysis
confirmed COX-2 downregulation, supporting molecular-level
modulation of the inflammatory pathway consistent with previous
observations [70, 71].

Sophorolipid-based nanocarriers showed negligible hemolytic
activity (2.4£0.7%) compared to Tween-NLCs (6.1+1.2%, p<0.01).
Similar trends were observed by Patel S et al. [72], who reported
that replacing synthetic surfactants with biosurfactants reduced
erythrocyte lysis by>60%. Endotoxin levels<0.15 EU/ml also met
ISO 10993-5 safety thresholds. These findings underscore the
translational  promise of sophorolipid-stabilized systems,
particularly in oral nanomedicine, where prolonged systemic
exposure necessitates exceptional biosafety.

Compared with conventional celecoxib nanoformulations, the
present SL-NLC (TK) system shows superior multifunctionality:
higher encapsulation (91.2% vs 80-85%), improved ROS-trigger
ratio (~ 3.8 vs ~ 2.0) [73-75], and greater cytokine suppression
(>60% vs ~ 45%). Furthermore, the “green” synthesis strategy,
using natural sophorolipids and ethanol-based microfluidic
fabrication-supports sustainability goals increasingly emphasized in
nanopharmaceutical development.
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Future work should focus on in vivo pharmacokinetics, lymphatic
transport, and joint biodistribution studies in collagen-induced
arthritis models to confirm systemic exposure, drug localization, and
inflammation-specific activation. Extending this biosurfactant-ROS
interface framework to other hydrophobic anti-inflammatory drugs
or nutraceuticals may enable a new generation of eco-friendly,
disease-responsive oral nanocarriers.

CONCLUSION

The sophorolipid-stabilized, ROS-labile nanostructured lipid carriers
for oral celecoxib administration in rheumatoid arthritis are
demonstrated for the first time in this work. The combination of a
thioketal-triggerable linker with a biosurfactant interface produced
stable, mucus-penetrating, hemocompatible, and pharmacologically
superior nanoparticles compared to standard formulations. These
results provide a solid preclinical basis for the clinical translation of
biosurfactant-based smart nanocarriers in RA treatment.

ABBREVIATIONS

Reactive oxygen species (ROS), Nanostructured lipid carrier (NLC),
Sophorolipid-stabilized nanostructured lipid carrier (SL-NLC),
Thioketal-polyethylene glycol-cholesterol (TK-PEG-Chol), Dynamic
light scattering (DLS), Differential scanning calorimetry (DSC),
Powder x-ray diffraction (PXRD), High-performance liquid
chromatography (HPLC), Nuclear magnetic resonance (NMR),
Scanning electron microscopy (SEM), Transmission electron
microscopy (TEM), Cryogenic transmission electron microscopy
(Cryo-TEM), Enzyme-linked immunosorbent assay (ELISA); Central
composite design (CCD), Phosphate-buffered saline (PBS), Fetal
bovine serum (FBS), Dulbecco’s phosphate-buffered saline (DPBS),
mean particle diameter (Z-average), Polydispersity index (PDI), Zeta
potential (¢-potential), Encapsulation efficiency (EE), Drug loading
(DL), Reactive oxygen species-triggered release ratio
(k_ROS/k_CTRL), Field emission scanning electron microscopy (FE-
SEM), Prothrombin time (PT), Activated partial thromboplastin time
(aPTT), Rheumatoid arthritis (RA); Cyclooxygenase-2 (Cox-2),
Tumor necrosis factor-alpha (TNF-a), Interleukin-6 (IL-6), 2',7'-
dichlorofluorescin diacetate (DCFH-DA), Apparent permeability
coefficient (P_app), Hydrogen peroxide (H»0.), Hypochlorous acid
(HOCI), Standard deviation (SD), One-way analysis of variance
(ANOVA), Novel drug delivery system (NDDS).
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