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Tofacitinib, a Janus kinase (JAK) inhibitor clinically approved for rheumatoid arthritis, holds significant

potential for repurposing in breast cancer therapy due to its ability to suppress the oncogenic STAT3 sig-

naling pathway; however, its therapeutic application is hindered by poor aqueous solubility, rapid systemic

clearance, and non-specific distribution. To address these limitations, this study aimed to develop hya-

luronic acid (HA)-decorated Pluronic F127 (PF127) micelles to enhance the solubility, bioavailability, and

targeted delivery of Tofacitinib to CD44-overexpressing breast cancer cells. A Quality by Design (QbD)

approach utilizing a Box–Behnken design (BBD) was employed to systematically optimize critical process

parameters—drug-to-polymer ratio, polymer concentration, and stirring temperature—to minimize par-

ticle size and polydispersity index (PDI) while maximizing entrapment efficiency. The optimized micelles

exhibited a uniform particle size of 159.2 ± 3.8 nm, a narrow PDI of 0.221, a high entrapment efficiency of

91.14%, and a negative zeta potential of −24.6 mV, ensuring colloidal stability. In vitro evaluation demon-

strated a sustained, diffusion-controlled drug release profile and significantly enhanced cytotoxicity

against MCF-7 breast cancer cells (IC50 14.2 µg mL−1) compared to the free drug (IC50 46.8 µg mL−1),

attributed to CD44-mediated cellular uptake. Furthermore, in vivo pharmacokinetic analysis in Wistar rats

revealed a 4.3-fold increase in oral bioavailability and a prolonged elimination half-life compared to free

Tofacitinib, while histopathological studies confirmed the formulation’s biocompatibility and safety in

major organs. These findings collectively support the viability of the QbD-optimized HA–PF127 micellar

system as a promising nanocarrier platform for the effective oral repurposing of Tofacitinib in breast

cancer treatment.

1. Introduction

It is considered that breast cancer is the most frequently diag-
nosed malignancy and a leading cause of cancer-related mor-
tality among women worldwide, accounting for an estimated
2.3 million new cases and 670 000 deaths in 2022.1 Although
much progress has been made in molecular diagnostics and
targeted therapies, systemic toxicity, multidrug resistance, and
poor solubility of anticancer drugs remain major obstacles to
the therapeutic management of breast cancer. The challenges
mentioned above necessitate nanotechnology-based delivery
systems that can improve solubility and pharmacokinetic pro-

files while achieving tumor-specific targeting with reduced
adverse effects.2

Among the nanocarrier systems, PMs have emerged as one
of the versatile platforms for delivering anticancer drugs owing
to their amphiphilic structure, biocompatibility, and high
drug-loading ability. They self-assemble in aqueous media,
forming a hydrophobic core that allows the encapsulation of
poorly water-soluble drugs and a hydrophilic corona that pro-
vides colloidal stability.3 Pluronic F127, an FDA-approved tri-
block copolymer of PEO and PPO, has been widely used for
the delivery of drugs because it is considered safe and pro-
motes the formation of stable micellar systems. However,
passive delivery only is usually not sufficient for selective
tumor targeting.4

To overcome this limitation, hyaluronic acid (HA), a natu-
rally occurring glycosaminoglycan, has been broadly introduced
into nanocarriers with the purpose of increasing their biologi-
cal recognition and cellular internalization via CD44 receptor-
mediated endocytosis.5 CD44 is overexpressed on many breast
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cancer cells, and HA-based nanocarriers have demonstrated
superior tumor penetration and accumulation when compared
with non-targeted systems.6 As an example, HA-decorated doxo-
rubicin nanoplatforms significantly enhanced cytotoxicity and
reduced resistance in models of breast carcinoma, confirming
the potential of HA-assisted targeting in nanomedicine.7 Along
the same line, HA-functionalized polymeric micelles increased
the therapeutic index of paclitaxel through an improved biodis-
tribution and sustained drug release.8

The JAK/STAT pathway, especially STAT3, is considered a
key oncogenic driver in the progression of breast cancer, regu-
lating cell survival, proliferation, and metastasis. Poor progno-
sis and chemoresistance have been associated with sustained
activation of STAT3. Targeting this pathway thus represents an
effective therapeutic approach.9 Tofacitinib, a selective JAK
inhibitor approved for rheumatoid arthritis, has recently
received attention because of its ability to suppress STAT3
phosphorylation and its downstream oncogenic signaling.10

Several recent studies have proposed its repurposing for solid
tumors, including breast and pancreatic cancers, given its dual
action on the inflammatory and proliferative signaling path-
ways. However, poor aqueous solubility and low bioavailability
of the drug require a nanocarrier-based approach to achieve
efficient tumor-specific delivery.11

In the present study, hyaluronic acid (HA)–assisted Pluronic
F127 micelles were rationally developed and optimized for the
encapsulation and delivery of tofacitinib as a repurposed
STAT3 inhibitor for breast cancer therapy. A Quality by Design
(QbD)–based optimization strategy employing a Box–Behnken
experimental design was implemented to systematically inves-
tigate the influence of critical formulation and process vari-
ables, including drug-to-polymer ratio, polymer concentration,
and stirring temperature, on key quality attributes such as par-
ticle size and entrapment efficiency. This statistically driven
approach enables predictive control of formulation perform-
ance, ensures batch-to-batch reproducibility, and aligns the
development process with ICH Q8–Q11 regulatory guidelines.

The optimized micellar system was comprehensively charac-
terized for physicochemical properties, morphology, and in vitro
drug release behaviour, followed by evaluation of its cytotoxic
potential against breast cancer cell lines and in vivo pharmaco-
kinetic performance. Importantly, the selection of the oral route
was guided by the clinically established oral administration of
tofacitinib and the increasing reliance on chronic oral targeted
therapies in breast cancer management. However, the appli-
cation of tofacitinib in oncology is limited by poor aqueous
solubility, low oral bioavailability, and rapid systemic clearance,
which necessitate a nanocarrier-based delivery strategy.

Although HA-decorated Pluronic micellar systems have
been reported previously, most studies rely on empirical for-
mulation approaches, focus on conventional cytotoxic agents,
and are primarily designed for parenteral administration. In
contrast, the present work uniquely integrates a regulatory-
aligned QbD framework, HA-mediated active targeting, and
oral nanodelivery to enable the repurposing of tofacitinib, a
clinically approved JAK inhibitor, for breast cancer therapy. By

establishing a validated design space and control strategy and
demonstrating enhanced oral bioavailability and sustained sys-
temic exposure, this study advances HA–Pluronic micelles
from a proof-of-concept nanocarrier toward a rational, scal-
able, and translational oral nanomedicine platform for tar-
geted breast cancer treatment.

2. Materials

Hyaluronic acid (molecular weight 1.5–1.8 × 106 Da) was pro-
cured from BLD Pharma Pvt. Ltd, India. Pluronic F127 (poloxa-
mer 407) was obtained from Himedia Laboratories Pvt. Ltd,
Mumbai, India. Tofacitinib was provided as a gift sample by
Dr Reddy’s Laboratories, Hyderabad, India. Analytical-grade
dimethyl sulfoxide (DMSO) and N,N-dimethylaminopyridine
(DMAP) were purchased from Merck Specialties Pvt. Ltd, India,
while carbonyldiimidazole (CDI) was obtained from SRL
Pharma, Mumbai, India. All other solvents and reagents used
in this study were of analytical grade and used without further
purification. Milli-Q ultrapure water was used for all experi-
mental procedures.

3. Materials and methods
3.1. Preformulation studies

These studies were conducted to understand the physical and
chemical properties of Tofacitinib, its interaction with HA, and
the properties of Pluronic F127 excipients. Such studies form
an important part of ensuring chemical stability, identifying
potential interactions, and screening for suitable polymers
toward micellar formulation.11

3.1.1. Differential scanning calorimetry (DSC). The
thermal behavior of tofacitinib (TF), each excipient, and their
respective physical mixtures was analyzed by Mettler Toledo
DSC 3+. Accurately weighted 2–5 mg samples were sealed in
aluminum pans and heated from 30 °C to 300 °C under a
nitrogen purge of 50 mL min−1 at a heating rate of 10 °C
min−1. Thermograms were interrogated for shifts in melting
endotherms/peaks to infer potential interactions between the
drug and excipients.12

3.1.2. Fourier transform infrared spectroscopy (FTIR).
Chemical compatibility of TF with HA and with Pluronic F127
was evaluated by means of FTIR spectroscopy using a
Shimadzu IR Affinity-1S spectrophotometer. Spectra of pure
components and their physical mixtures were recorded
between 4000 and 400 cm−1, utilizing the KBr pellet method.
The spectra thus obtained were compared with each other in
order to observe any change in the characteristic peaks of func-
tional groups, which could indicate chemical incompatibility.13

3.2. Design space of QbD for development of HA–Pluronic–
tofacitinib micelles

A QbD framework was systematically executed to rationally
develop Hyaluronic acid–Pluronic F127–Tofacitinib (HA–
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PF127–TF) micellar formulation. In the context of this study,
QbD is a scientific approach with the purpose of ensuring the
robustness of the formulation, improving process understand-
ing, and assuring regulatory compliance by the systematic
evaluation of formulation and process variables. This frame-
work consisted of defining quality target product profile,
identification of critical quality attributes, critical material
attributes, and critical process parameters, structured risk ana-
lysis using failure mode and effects analysis, and determi-
nation of a statistically validated design space and control
strategy.14

3.2.1. Quality target product profile (QTPP) definition.
QTPP outlines the desired quality characteristics of the final
micellar formulation that would be necessary to ensure thera-
peutic efficacy and patient safety. This was then used to ident-
ify the CQAs and further develop the risk analysis. The QTPP
for HA–PF127–TFB micelles was defined according to the
intended route of administration, i.e., oral; intended thera-
peutic purpose, i.e., STAT3 inhibition in breast cancer; target
performance parameters, i.e., nanoscale size, uniformity, stabi-
lity, and sustained drug release.15

3.2.2. Identification of critical quality attributes (CQAs),
critical material attributes (CMAs), and critical process para-
meters (CPPs). CQAs were defined as measurable physico-
chemical attributes that directly impact product performance
and stability, including particle size, PDI, entrapment
efficiency (%), zeta potential, and drug release profile.
Potential influencing factors (CMAs and CPPs) were identified
from previous experimental evidence and literature on
Pluronic-based micellar systems. Table 1 lists the aforemen-
tioned attributes and parameters, including their qualitative
impact on CQAs. The critical CMAs included the drug-to-
polymer ratio, concentration of Pluronic F127, and amount of
Hyaluronic acid added; major CPPs were stirring temperature,
hydration volume, and sonication time.16 An integrated
summary of the Quality Target Product Profile (QTPP), Critical
Quality Attributes (CQAs), Critical Material Attributes (CMAs),
and Critical Process Parameters (CPPs) used in the QbD-driven
development of HA–Pluronic–Tofacitinib micelles is presented
in Table 1.

3.2.3. Risk assessment (FMEA and probability–impact
matrix). An extensive FMEA was performed to quantify the

Table 1 Integrated quality by design (QbD) framework for HA–Pluronic–Tofacitinib micelles, summarizing the quality target product profile
(QTPP), critical quality attributes (CQAs), critical material attributes (CMAs), and critical process parameters (CPPs)

QbD
element

Attribute/
parameter Target/range Scientific rationale Criticality/control strategy

QTPP Intended use Targeted delivery of tofacitinib
for STAT3 inhibition in breast
cancer

Enables repurposing of a clinically approved
JAK inhibitor for oncology via nanocarrier-
based delivery

High

Dosage form Nanosized polymeric micelles
(HA–Pluronic system)

Improves solubility, stability, and controlled
release of poorly soluble drug

High

Route of
administration

Oral Non-invasive, patient-friendly route aligned
with existing clinical use of tofacitinib

Medium

Stability ≥6 months at 25 ± 2 °C Ensures reproducibility and translational
feasibility

High

CQA Particle size (nm) 100–200 nm Governs oral absorption, biodistribution, and
tumor accumulation

High; controlled via design
space

Polydispersity
index (PDI)

<0.30 Ensures formulation homogeneity and
consistent pharmacokinetics

High; controlled by mixing
and polymer concentration

Zeta potential (mV) −25 to −35 Provides colloidal stability and reduces
aggregation

High; controlled by HA
concentration and pH

Entrapment
efficiency (%)

>80 Ensures adequate drug incorporation and
dose delivery

High; optimized via
polymer ratio and
temperature

Drug loading (%) 10–20 Balances dose strength and micelle stability Medium; controlled by
drug-to-polymer ratio

In vitro drug
release

Sustained, up to 48 h Maintains prolonged systemic exposure and
reduces dosing frequency

High; governed by core–
shell architecture

CMA Drug-to-polymer
ratio

1 : 10–1 : 20 (w/w) Controls micellization, encapsulation
efficiency, and size

High impact on CQAs

PF127
concentration (%
w/v)

0.5–1.5 Influences micelle stability and size
distribution

Moderate to high

HA concentration
(% w/v)

0.1 Enables CD44 targeting and surface charge
modulation

Moderate

CPP Stirring
temperature (°C)

30–50 Affects polymer self-assembly and drug
entrapment

High; selected via FMEA
and BBD

Stirring speed
(rpm)

Fixed Ensures uniform film formation and
hydration

Low

Sonication time Fixed (3 min) Reduces particle size and polydispersity Low
Hydration medium
& pH

PBS, pH 6.8 Mimics physiological conditions for oral
delivery

Moderate

RSC Pharmaceutics Paper

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Pharm.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

8/
20

26
 6

:5
4:

03
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00391a


potential risk for each CMA and CPP on each CQA. Each para-
meter was scored for S, O, and D based on a scale of 1–10. RPN
was calculated as RPN = S × O × D. Parameters with RPN values
≥150 were classified as highrisk and selected for statistical
optimization.

Results of the FMEA (SI Table S1) identified the three most
critical parameters that can affect micellar size and encapsula-
tion efficiency: drug-to-polymer ratio, Pluronic F127 concen-
tration, and stirring temperature. Thus, these variables were
selected for experimental modeling via a Box–Behnken design
based on this analysis.17

In the present study, an RPN threshold of ≥150 was selected
to classify formulation and process variables as high-risk. This
cut-off was chosen based on established pharmaceutical QbD
practices, where parameters exhibiting a combination of high
severity, high probability of occurrence, and low detectability
are considered most likely to impact critical quality attributes.
The selected threshold ensured focused prioritization of vari-
ables with the greatest potential to influence micellar size dis-
tribution and entrapment efficiency, while avoiding unnecess-
ary inclusion of low-risk parameters that could compromise
model robustness and interpretability. Variables exceeding
this threshold were therefore subjected to further statistical
optimization using the Box–Behnken design.

3.2.4. Experimental design and design space establish-
ment. Using Design-Expert® software, Version 13, Stat-Ease
Inc., USA, a 33 BBD was developed to assess the quantitative
impact of selected variables. Independent factors were there-
fore coded: A – drug-to-polymer ratio; B – Pluronic F127 con-
centration, and C – stirring temperature. Dependent responses
were Y1 – particle size, nm; Y2 – PDI; Y3 – entrapment
efficiency, %. Thus, 17 experimental runs were generated and
analyzed by RSM.

Relationships among the variables were established by
fitting a polynomial regression model, and the adequacy of the
fitted model was then checked using ANOVA. Contour plots
and 3D response surfaces were used to visualize variable inter-
actions and predict optimum conditions. Design space was
defined as a region that would provide robust CQAs within the
target range. The desirability function approach was used to
choose the optimal formulation based on the criteria of
minimum particle size and PDI, and maximum entrapment
efficiency.18

3.2.5. Control strategy and model validation. All optimized
parameters were experimentally validated to confirm predictive
accuracy. Observed values of CQAs were compared with the
predicted values, and the calculation of percentage prediction
error was performed. These results showed that all experi-
mental data fell within a 95% confidence interval, confirming
the robustness of the developed design space.

Thus, the established QbD framework provided a struc-
tured, risk-based, and statistically driven methodology for the
development of HA–Pluronic micelles of TF, ensuring product
reproducibility with consistent performance.

Beyond laboratory-scale validation, the established control
strategy provides a framework for scalable and reproducible

manufacturing of HA–Pluronic–Tofacitinib micelles. The criti-
cal process parameters identified through QbD analysis—
namely drug-to-polymer ratio, Pluronic F127 concentration,
and stirring temperature—are defined within a validated
design space that can be directly translated to larger-scale pro-
cessing. During scale-up, these parameters may be controlled
through predefined operating ranges, real-time monitoring of
process temperature and mixing conditions, and in-process
particle size assessment as part of process analytical techno-
logy (PAT) tools. Adherence to the defined design space allows
for flexibility in scale without compromising critical quality
attributes, in accordance with ICH Q8 and Q10 guidelines,
thereby ensuring consistent product quality and regulatory
compliance.

3.3 Formulation and optimization of tofacitinib-loaded HA–
Pluronic micelles

The HA–PF127–TF micelles were then prepared by the solvent
evaporation and thin-film hydration technique, followed by
QbD-based optimization, as established in the preceding
section. This approach allowed the particle size, entrapment
efficiency, and homogeneity of the micelles to be precisely con-
trolled via a systematic variation of key formulation
parameters.19

3.3.1. Preparation of Pluronic–tofacitinib micelles.
Accordingly, accurately weighed quantities of PF127 and TF
were dissolved in 10 mL of methanol–chloroform mixture in a
2 : 1 v/v ratio to obtain a clear organic solution. The organic
solvent mixture was removed by evaporation under reduced
pressure using a Buchi R-300 rotary evaporator at 40 °C and
120 rpm until a uniform thin film formed on the wall of the
flask. The film was further dried under vacuum for 2 hours to
remove residual solvent. The dried film was subsequently
hydrated with 10 mL of phosphate-buffered saline, PBS, pH
6.8, at 37 °C, followed by gentle stirring at 300 rpm for 30 min
to obtain self-assembled Pluronic micelles encapsulating TF.20

3.3.2. Hyaluronic acid incorporation. For the preparation
of HA-assisted micelles, the pre-formed PF127–TF micelles
were blended with an aqueous HA solution (0.1% w/v) under
continuous stirring at 300 rpm for 1 hour. The hydrophilic HA
chains are electrostatically associated with the micelle corona,
resulting in HA–PF127–TF micelles with enhanced surface
charge and improved biological compatibility (Fig. 1). The for-
mulation was filtered through a 0.22 µm membrane filter to
remove any aggregates and stored at 4 °C for further studies.
The structural organization and targeting mechanism of the
HA–Pluronic–Tofacitinib nanomicelles are depicted schemati-
cally in Fig. 2.

3.3.3. Optimization using Box–Behnken design. In accord-
ance with the FMEA analysis done in Section 3.2, three inde-
pendent variables, namely, drug-to-polymer ratio (A), Pluronic
F127 concentration (B), and stirring temperature (C), were opti-
mized through Box–Behnken design (33) using Design-Expert®
13 software, Stat-Ease Inc., USA. Particle size, Y1; polydispersity
index, Y2; and entrapment efficiency, Y3, were dependent vari-
ables or responses.
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To investigate the interactive effects between the indepen-
dent factors and the responses, seventeen experimental runs
were generated. Table 2 illustrates the experimental matrix.
The responses obtained were fitted to a second order poly-
nomial equation, and adequacy of the model was checked
through ANOVA.

The response surface and contour plots were analyzed to
identify the region of optimal formulation. The desirability

function approach was employed to find the optimum con-
ditions which would provide minimum particle size and PDI,
along with maximum entrapment efficiency. Under such pre-
dicted conditions, the optimized formulation was prepared
and experimental results were compared with the predicted
values to verify model predictability.21

3.3.4. Selection and validation of optimized formulation.
The physicochemical properties of the optimized HA–PF127–

Fig. 1 Schematic illustration of the preparation of Hyaluronic Acid (HA)–modified Pluronic F127 micelles loaded with Tofacitinib.

Fig. 2 Schematic illustration of HA-coated Pluronic F127 micelles encapsulating tofacitinib, showing hydrophobic core formation, PEO-mediated
stealth properties, and HA-driven CD44 receptor targeting in breast cancer cells.
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TF micelle formulation fell within the predefined design
space. To validate the model-predicted values, triplicate prep-
arations of the optimized formulation were prepared under
optimized conditions and particle size, PDI, and entrapment
efficiency were determined. Percentage prediction error
between observed and predicted values was calculated to verify
the reliability of QbD model. Optimized micellar dispersion
was stored at 4 °C in amber vials until further characterization
and evaluation.

3.4. Characterization of optimized micelles

The optimized HA–PF127–TF micelles were characterized com-
prehensively using physicochemical and morphological tech-
niques to confirm successful formulation, stability, and suit-
ability for biological evaluation. All analyses were performed in
triplicate under controlled laboratory conditions unless stated
otherwise.22

3.4.1. Particle size, polydispersity index (PDI), and zeta
potential. Then, the micellar formulation was characterized

for average particle size distribution using DLS with a Malvern
Zetasizer Nano ZS90 (Malvern Instruments, UK) at 25 ± 1 °C.
Before measurement, the micellar dispersion was diluted
tenfold with double-distilled water in order to avoid the mul-
tiple scattering effect. Hydrodynamic diameter (Z-average) and
PDI were recorded as indices of size uniformity. Zeta potential
was measured in a disposable folded capillary cell using laser
Doppler micro-electrophoresis in order to assess the electroki-
netic stability of the micelles. Each measurement was carried
out in triplicate and the mean value was recorded for
analysis.23

3.4.2. Entrapment efficiency (EE%) and drug loading
(DL%). Entrapment efficiency and drug loading were deter-
mined by the ultracentrifugation method. A known volume of
micellar suspension (2 mL) was centrifuged at 15 000 rpm for
30 min at 4 °C using a Remi C-24 BL centrifuge in order to sep-
arate the unentrapped TF. Then, the supernatant collected,
sutaibly diluted and analyzed for free drug content by HPLC
under sutaible conditions. Total and entrapped drug content

Table 2 Comprehensive QbD table: independent variables, responses, and fixed parameters for HA–Pluronic–Tofacitinib micelles

Category Parameter Code

Low
level
(−1)

Medium
level (0)

High
level
(+1)

Experimental
range/units

Optimization
goal Scientific justification

Independent
variable

A: drug-to-polymer
ratio
(Tofacitinib : PF127)

A 01 : 10 01 : 15 01 : 20 0.1 to 0.3 (w/w)
equivalent

— Higher polymer proportion
improves micellization and
EE up to an optimal limit
(beyond 1 : 20 viscosity
increases).

B: PF127
concentration (% w/v)

B 0.5 1 1.5 0.5 to 1.5% — Determines micelle density
and stability; excess polymer
causes high viscosity and
potential aggregation.

C: stirring
temperature (°C)

C 30 40 50 30 to 50 °C — Temperature modulates
micellization; optimal
assembly occurs near 40 °C,
above which polymer
degradation risk increases.

Dependent
response

Y1: particle size (nm) Y1 — — — — Minimize Nanometer-scale micelles
(<200 nm) ensure enhanced
permeation and retention
(EPR) effect in tumors.

Y2: polydispersity
index (PDI)

Y2 — — — — Minimize Reflects micelle uniformity
and formulation stability.

Y3: entrapment
efficiency (%)

Y3 — — — — Maximize Ensures sufficient
Tofacitinib incorporation for
therapeutic efficacy.

Fixed
parameter

Hydration volume — — — — 10 mL — Maintains consistent
micelle concentration and
reproducibility.

Stirring speed — — — — 400 rpm — Ensures uniform film
formation during solvent
evaporation.

Stirring duration — — — — 30 min — Provides adequate polymer
and drug dispersion.

Sonication time — — — — 3 min (30%
amplitude)

— Reduces micelle size while
avoiding rupture.

Hydration medium — — — — PBS (pH 6.8) — Mimics physiological
conditions for oral delivery.

HA concentration — — — — 0.1% w/v — Enables effective surface
association for CD44
targeting.

Storage temperature — — — — 4 °C — Preserves micelle integrity
prior to characterization.
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were calculated, and EE% and DL% were determined using
standard mathematical relationships. All the experiments were
performed in triplicate to ensure accuracy.

3.4.3. Morphological analysis. TEM and SEM were
employed to visualize the surface morphology and particle
structure of the optimized micelles, respectively. For TEM ana-
lysis, a drop of the diluted micellar dispersion was placed on a
carbon-coated copper grid, negatively stained with 1% phos-
photungstic acid, air-dried, and observed in a JEOL JEM-2100
electron microscope at 120 kV. In SEM imaging, the lyophi-
lized micelles were mounted on an aluminum stub, sputter-
coated with gold using a Quorum SC7620 sputter coater, and
analyzed with a Hitachi S-4800 field emission SEM to visualize
the surface topology and morphology.24

3.4.4. In vitro drug release study. To evaluate the in vitro
release property and controlled-release behaviour of micelles,
the dialysis bag diffusion technique was employed. A pre-
soaked dialysis membrane (with a molecular weight cut-off of
12 000–14 000 Da) containing 2 mL of micellar dispersion
(equivalent to 2 mg of Tofacitinib) was inserted into 100 mL of
phosphate buffer (pH 7.4), maintained at 37 ± 0.5 °C under
continuous magnetic stirring at 100 rpm. At pre-calculated
time intervals, 2 mL samples were withdrawn and replaced
with an equivalent amount of fresh buffer to maintain sink
conditions. The samples were assayed by HPLC at 287 nm.
Zero-order, first-order, Higuchi, and Korsmeyer-Peppas
equations were employed for the release kinetics modelling,
and regression analysis was utilized to identify the most appro-
priate mechanism that best describes the release.25

3.4.5. Stability studies. Physical stability testing of the opti-
mized micellar formulation was performed by keeping the lyo-
philized samples in amber glass vials at two storage con-
ditions: 4 ± 2 °C (refrigerated) and 25 ± 2 °C/60 ± 5% RH
(ambient) for a period of three months. The samples were
periodically analyzed for particle size, PDI, zeta potential, and
entrapment efficiency during this storage period to monitor
any physicochemical changes. Stability testing was conducted
following ICH Q1A (R2) guidelines.26

3.5. In vitro cytotoxicity (MTT assay)

The MTT colorimetric assay was conducted to assess the cyto-
toxic potential of the optimized HA–PF127–TF micelles against
the MCF-7 human breast cancer cell line. In this experiment,
the antiproliferative activity of the optimized micellar formu-
lation was compared with that of free Tofacitinib and non-HA-
modified micelles. All procedures were performed under
aseptic conditions, and each experiment was carried out in
triplicate to ensure reliability.27

3.5.1. Cell line and culture conditions. The MCF-7 cell line
(RRID: CVCL_0031) was obtained from the National Centre for
Cell Science (NCCS), Pune, India. The cells were grown in
Dulbecco’s Modified Eagle’s medium (DMEM) supplemented
with 10% FBS, 100 U mL−1 penicillin, and 100 μg mL−1 strep-
tomycin. The cultures were maintained at 37 °C in a humidi-
fied incubator at 5% CO2 with 95% air. Cells were routinely
subcultured every 2–3 days using 0.25% trypsin-EDTA to main-

tain them in exponential growth and ensure cellular viability
throughout the study.

3.5.2. Seeding and treatment procedure. MCF-7 cells were
seeded at a density of 1 × 104 cells per well in 96-well flat-
bottom tissue culture plates and allowed to grow exponentially.
The seeded plates were incubated for 24 h to allow adequate
cell attachment before the treatment. Thereafter, the culture
medium was replaced by fresh medium containing the test
samples at different concentrations. The treatment groups
were free TF solution prepared in 0.2% DMSO, PF127–TF
micelles, and HA–PF127–TF micelles. The concentration range
from 1 to 100 μg mL−1 for each formulation was considered,
based on the drug content. In the control wells, the same
volume of medium containing 0.2% DMSO was added, while
untreated cells served as the negative control. Triplicate testing
of each concentration was conducted to maintain statistical
precision.

3.5.3. MTT assay protocol. After 24 hours of treatment
exposure, 10 μL of MTT reagent at a 5 mg mL−1 concentration
in phosphate-buffered saline was added to each well. Plates
were then incubated for an additional 4 hours at 37 °C in
order to allow for the mitochondrial reduction of MTT to in-
soluble purple formazan crystals. At the end of the incubation
period, the medium containing MTT was carefully removed,
and 100 μL of DMSO was added to each well in order to com-
plete the solubilization of the formazan crystals. The absor-
bance of each well was measured at 570 nm using a BioTek
Synergy HT microplate reader, with a reference wavelength of
630 nm used to account for background interference. The IC50
is the concentration of formulation necessary to inhibit 50%
of cell viability, which was calculated by nonlinear regression
analysis using GraphPad Prism version 9.0.

3.5.4. Morphological examination. The cellular mor-
phology of MCF-7 cells was examined with an inverted phase-
contrast microscope, Olympus CKX53, after 24-hour treatment.
In addition, cellular morphological changes such as shrink-
age, rounding, membrane blebbing, and detachment from the
surface, were all typical signs of cytotoxic response. Images
were captured with a high-resolution digital camera attached
to the microscope in order to document various cellular mor-
phological changes compared to untreated control cells.27

3.6. In Vivo pharmacokinetic study

The optimized HA–PF127–TF micelles were subjected to phar-
macokinetic evaluation with the view of assessing the impact
of micellar encapsulation and hyaluronic acid modification on
its systemic bioavailability after oral administration. The study
was conducted in accordance with the guidelines for the care
and use of laboratory animals and was approved by the
Institutional Animal Ethics Committee (IAEC), Department of
Pharmaceutical Sciences, Rashtrasant Tukadoji Maharaj
Nagpur University, Nagpur, Maharashtra, India (Approval No.
IAEC/UDPS/2024/02/23).

3.6.1. Experimental animals. Healthy Wistar rats of either
sex, weighing 200–250 g, were procured from the National
Institute of Biosciences, Pune, India. The animals were housed
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in polypropylene cages lined with husk under controlled
environmental conditions (temperature: 25 ± 2 °C, relative
humidity: 50 ± 5%, and a 12-hour light/dark cycle) with free
access to a standard pellet diet and water ad libitum. All the
animals were acclimatized under laboratory conditions one
week prior to the experiment.

3.6.2. Study design. The pharmacokinetic study was per-
formed in an open-label, randomized, parallel design. The
animals were divided into two groups, each group consisting
of three rats (n = 3). Group I received suspension of pure TF
dispersed in 0.5% carboxymethyl cellulose solution, and
Group II received HA–PF127–TF micelles. All formulations
were orally administered through oral gavage at a dose equi-
valent to 10 mg kg−1 of Tofacitinib. Food was withheld 12 h
before dosing, whereas water was provided ad libitum.

3.6.3. Sample collection and plasma preparation. Samples
of about 0.5 mL of blood were drawn from the retro-orbital
plexus of each rat at pre-defined time points of 0, 0.5, 1, 2, 4,
6, 8, 12, 24, and 48 hours post-administration. The samples
were transferred into heparinized microcentrifuge tubes and
centrifuged at 10 000 rpm for 10 min at 4 °C in a Remi C-24 BL
refrigerated centrifuge. The separated plasma layer was col-
lected and stored at −20 °C until further analysis.28

3.6.4. Plasma sample processing and drug extraction. TF
was extracted from plasma by adding 100 μL of plasma to
300 μL of acetonitrile for protein precipitation. It was then vor-
texed for 2 minutes and centrifuged at 12 000 rpm for
10 minutes. The resultant clear supernatant was separated, fil-
tered through a 0.22 μm syringe filter, and transferred into
HPLC vials for quantification.29

3.6.5. Quantitative determination of tofacitinib in plasma.
Quantitation of TF in rat plasma samples was made through a
validated high-performance liquid chromatography (HPLC)
method. TF analyses were carried out using a Shimadzu
LC-20AD HPLC system fitted with an SPD-M40 photodiode
array detector and a C18 reverse-phase column (4.6 × 250 mm,
5 µm). The mobile phase was 0.1% orthophosphoric acid in
water/methanol (60 : 40 v/v), which was pumped through the
column at a flow rate of 1.0 mL min−1. The analytes were then
detected at a wavelength of 287 nm using an injection volume
of 20 μL. The developed analytical method was further vali-
dated for selectivity, accuracy, linearity, precision, and recovery
according to ICH Q2 (R2) guidelines.30

3.7. Histopathological examination

Histopathological examination of tissues was carried out to
check for any signs of tissue change or toxic manifestation
upon oral administration of the optimized HA–Pluronic–
Tofacitinib micelles compared to plain drug and non-HA
micellar formulation. The animal study was performed follow-
ing the CPCSEA guidelines, which deal with the purpose of
controlling and supervising the conduct of experiments on
animals for ensuring animal welfare and ethical research
practices.

3.7.1. Experimental design and tissue collection. The
animals were humanely euthanized by controlled CO2 asphyx-

iation after the completion of the pharmacokinetic study.
Immediately, major organs like liver, kidney, lungs, and heart
were excised and washed with normal saline to eliminate
adherent blood and tissue debris. Each organ was looked at
carefully for gross pathological changes such as discoloration,
swelling, or necrosis before fixation.

3.7.2. Fixation and tissue processing. The specimens were
fixed in 10% neutral buffered formalin for at least 48 hours to
obtain good preservation. The fixed samples were dehydrated
using a gradient series of ethanol, namely, 70%, 90%, and
100%, cleared in xylene, and then embedded in paraffin wax
on an automated tissue processor (Leica TP1020). The paraffin
blocks were then sectioned into 4 µm thick sections using a
Leica RM2235 rotary microtome.

3.7.3. Staining procedure. For demonstrating the histo-
logical architecture, the tissue sections were mounted on clean
glass slides and processed for H&E staining. This was done by
deparaffinization in xylene, rehydration through descending
grades of alcohol, staining with Harris hematoxylin for
8 minutes, and differentiation in 1% acid alcohol. Sections
were counterstained with eosin for 2 min, dehydrated in
ascending grades of alcohol, cleared in xylene, and mounted
with DPX mountant for observation under a microscope.

3.7.4. Microscopic examination. The stained sections were
observed under a Leica DM2500 light microscope at magnifi-
cation of 10×/40×. Representative photomicrographs were
taken using a high-resolution digital imaging system (Leica
DFC450C). Integrity of hepatic lobules, renal glomeruli,
tubular epithelium, and pulmonary alveoli was observed in
each treatment group. Any evidence of inflammation, necrosis,
fibrosis, or cellular degeneration-a potential sign of toxicity
due to formulation components-was noted with special
attention.31

3.8. Statistical analysis

All quantitative data are presented as mean ± standard devi-
ation (SD). Statistical analysis for in vitro cytotoxicity (MTT
assay) was performed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison post hoc test
to compare differences among treatment groups.
Pharmacokinetic parameters were calculated using non-com-
partmental analysis with Phoenix WinNonlin® software
(Version 8.3, Certara, USA), and statistical comparisons
between formulations were conducted using unpaired
Student’s t-test where applicable. GraphPad Prism® software
(Version 9.0, GraphPad Software Inc., USA) was used for data
plotting and statistical evaluation. Differences were considered
statistically significant at p < 0.05.

4 Results and discussion
4.1. Preformulation and compatibility studies

Preformulation studies were conducted to understand the
physicochemical behavior of Tofacitinib and its compatibility
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with selected excipients, hyaluronic acid and Pluronic F127,
for the micellar formulation.

4.1.1. Differential scanning calorimetry (DSC). A sharp
endothermic melting peak appeared in the DSC thermogram
of the pure TF at 208.4 °C, reflecting its crystalline nature
(Fig. 3A). PF127 exhibited a broad endotherm around 58.3 °C
associated with the polymeric melting transition (Fig. 3B),
while HA showed a small endotherm at 112.2 °C due to the
loss of bound water (Fig. 3C). All characteristic peaks were
retained for the physical mixture of TF with both polymers,

with minimal shifts, indicating a lack of significant incompat-
ibility (Fig. 3D). However, the optimized HA–PF127–TF
micelles showed complete disappearance of the Tofacitinib
melting peak, suggesting amorphous dispersion of the drug
within the polymeric matrix. This observation confirmed suc-
cessful entrapment and molecular-level solubilization of the
drug within the core of the micelle.32

4.1.2. Fourier transform infrared spectroscopy (FTIR). In
the FTIR spectrum of pure TF, the characteristic peaks were
seen at 3328 cm−1 due to N–H stretching, 1651 cm−1 due to

Fig. 3 Differential scanning calorimetry (DSC) thermograms of (A) pure Tofacitinib (TF), (B) pure Pluronic F127 (PF127), (C) pure Hyaluronic Acid
(HA), and (D) optimized HA–PF127–TF micelles. The sharp endothermic peak of TF corresponding to its crystalline melting point is absent in the
optimized micellar formulation, indicating successful amorphous dispersion and molecular encapsulation of the drug within the polymeric matrix.
Fourier transform infrared (FTIR) spectra of (E) pure Tofacitinib (TF), (F) pure Hyaluronic Acid (HA), (G) pure Pluronic F127 (PF127), and (H) optimized
HA–PF127–TF micelles. Characteristic absorption bands of TF, including N–H and CvO stretching vibrations, are retained in the micellar formu-
lation without the appearance of new peaks or significant peak disappearance, indicating the absence of chemical incompatibility and confirming
physical encapsulation of the drug.
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CvO stretching, and 1556 cm−1 due to aromatic C–N stretch-
ing (Fig. 3E). The spectra of Pluronic F127 and HA showed a
broad band around 3400 cm−1 and 1100–1150 cm−1 due to
O–H stretching and C–O–C ether linkage, respectively (Fig. 3F
and G). All the major peaks were present in the physical
mixture without any appearance of new absorption bands or
disappearance of existing absorption bands, proving that no
chemical interaction took place. In the HA–PF127–TF micelles,
small shifts of the N–H and CvO bands were evident
(Fig. 3H).14

4.2. Formulation and optimization of HA–Pluronic–
Tofacitinib micelles (QbD approach)

The formulation and optimization of HA–Pluronic–Tofacitinib
micelles were performed using a systematic QbD framework
based on BBD. The aim was to investigate the impact of formu-
lation and process variables on critical micellar attributes.
Three independent variables selected were drug-to-polymer
ratio (A), PF127 concentration (B), and stirring temperature (C),
while dependent responses were particle size (Y1), polydisper-
sity index (Y2), and entrapment efficiency (Y3).

The findings of the preformulation studies played a pivotal
role in defining the critical quality attributes (CQAs) of the
HA–Pluronic–Tofacitinib micellar system. DSC analysis con-
firmed the crystalline nature of pure tofacitinib and its conver-
sion to an amorphous state upon micellar encapsulation, high-
lighting the importance of entrapment efficiency and physical
stability as key CQAs. Similarly, FTIR studies demonstrated the
absence of chemical incompatibility between tofacitinib and
formulation excipients, supporting a formulation strategy
based on physical encapsulation rather than chemical inter-
action. These observations underscored the necessity of con-
trolling particle size and polydispersity index to ensure
uniform drug distribution, colloidal stability, and reproducible
release behavior. Consequently, particle size, PDI, entrapment
efficiency, and drug release profile were selected as CQAs
within the QbD framework, directly linking preformulation

insights with formulation optimization and quality risk
management.

4.2.1. Model selection and statistical evaluation. A statisti-
cally appropriate quadratic model for all three responses was
confirmed with low p-values (<0.05) and high coefficients of
determination. Sequential model p-values and lack-of-fit
results from design-expert analysis are shown in Table 3. The
internal consistency of this model was justified from adjusted
R2 and predicted R2 values for particle size, 0.8368 and
−0.0547; PDI, 0.8214 and −0.1266; and entrapment efficiency,
0.8520 and 0.0803, respectively. The values of lack-of-fit were
insignificant (p > 0.05), confirming the adequacy of the model.

Particle size ðY1Þ ¼ 159:2� 6:5A� 3:875B� 12:875C

þ 6AB 2AC þ 3:75BC þ 5:525A2

þ 2:775B2 þ 4:275C2

PDI ðY2Þ ¼ 0:2214� 0:0085A� 0:00775B� 0:016C

þ 0:0045ABþ 0:001AC þ 0:0065BC

þ 0:00855A2 þ 0:00705B2 þ 0:00405C2

Entrapment efficiency ðY3Þ ¼ 91:14þ 2:2Aþ 1:5125Bþ 3:8375C

� 2:225ABþ 0:525AC � 1:8BC

� 1:67A2 � 0:745B2 � 1:895C2

The regression coefficients showed that factor C (stirring
temperature) had the most pronounced effect throughout all
the responses, followed by factor A (drug-to-polymer ratio) and
factor B (PF127 concentration).

4.2.2. ANOVA summary. ANOVA showed that all response
models were statistically significant (p < 0.05). The model
F-value for particle size was 10.12, indicating a strongly signifi-
cant effect of variables on the responses. Among the individual
factors, C (stirring temperature) exerted the most pronounced
influence with the highest F-value of 53.33. Correspondingly,
the drug-to-polymer ratio, A, also showed a significant effect,

Table 3 Analysis of variance (ANOVA) results for the quadratic polynomial models of particle size, polydispersity index (PDI), and entrapment
efficiency

Response Source Sum of squares df Mean square F-value p-Value Significance

Particle size Model 2263.71 9 251.52 10.12 0.0029 Significant
A: drug-to-polymer ratio 338 1 338 13.59 0.0078 Significant
B: PF127 concentration 120.13 1 120.13 4.83 0.0639 Moderate
C: stirring temperature 1326.13 1 1326.13 53.33 0.00016 Highly significant

Residual Residual 174.05 7 24.86 — — —
PDI Model 0.00401 9 0.00045 9.18 0.0039 Significant

A: drug-to-polymer ratio 0.00058 1 0.00058 11.91 0.0107 Significant
B: PF127 concentration 0.00048 1 0.00048 9.9 0.0162 Significant
C: stirring temperature 0.00205 1 0.00205 42.2 0.00034 Highly significant

Residual Residual 0.00034 7 5.00 × 10−5 — — —
Entrapment efficiency Model 240.81 9 26.76 11.24 0.0021 Significant

A: drug-to-polymer ratio 38.72 1 38.72 16.26 0.00498 Significant
B: PF127 concentration 18.3 1 18.3 7.69 0.0276 Significant
C: stirring temperature 117.81 1 117.81 49.47 0.0002 Highly significant

Residual Residual 16.67 7 2.38 — — —
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p = 0.0077. For PDI, the model was significant, p = 0.0039, with
temperature, C again being the most influential variable, F =
42.20. Finally, the model for entrapment efficiency was very
highly significant, p = 0.0021, and was mainly contributed by
C with an F-value of 49.47, closely followed by A and B, which
indicated that drug entrapment is jointly influenced by both
formulation composition and process conditions.33

The Box–Behnken experimental design matrix, detailing the
seventeen formulations generated and their corresponding
observed values for particle size, PDI, and entrapment
efficiency, is presented in Table 4.

4.2.3. Response interpretation and mechanistic insights.
The size of the micelles fell within the range of 150–190 nm. A
higher drug-to-polymer ratio A decreased the particle size up
to an optimum value of 1 : 15, while higher polymer content
favored micellization due to better packing of the hydrophobic
core. However, higher polymer resulted in slight aggregation
that increased the size. On the other hand, with the increase
in the temperature of stirring in C, the particle size decreased
drastically due to high kinetic energy, which favored effective
self-assembly as well as evaporation of the solvent to form
micelles that were more compact. Fig. 4A presents the 2D
contour plots and 3D response surface plots illustrating the
interactive effects of drug-to-polymer ratio, PF127 concen-
tration, and stirring temperature on the particle size of the
micelles.

PDI values of 0.21–0.26 indicated that all the formulations
have a narrow size distribution. High polymer concentration
with a moderate stirring temperature lowered PDI, as this
improved the mobility of polymer chains. This would ensure
uniform micellar nucleation. At very high concentrations, the
polymers showed higher PDI values due to enhanced viscosity
that interfered with proper dispersion. Fig. 4B illustrates the

2D contour plots and 3D response surface plots that depict the
interaction effects of drug-to-polymer ratio, PF127 concen-
tration, and stirring temperature on the Polydispersity Index
(PDI).

The entrapment efficiency was within the range of 81–93%,
and with increased drug-to-polymer ratio and higher concen-
tration of Pluronic, there was an enhancement in EE%. This
may be because of increased availability of hydrophobic
domains inside the micellar core which efficiently solubilized
Tofacitinib. In addition, a mild positive effect of temperature
was observed probably due to improved flexibility of the
polymer and swelling of micelles at elevated temperatures,
thus allowing deeper incorporation of the drug.34 Fig. 4C dis-
plays the 2D contour plots and 3D response surface plots illus-
trating the combined effects of drug-to-polymer ratio, surfac-
tant concentration, and stirring temperature on the entrap-
ment efficiency.

4.2.4 Design space optimisation and validation. In numeri-
cal optimization using the desirability function, the responses
of minimum particle size, narrow PDI, and maximum EE%
were pursued. Using a 1 : 15 drug to polymer (w/w) ratio, PF127
concentration of 1.0% w/v, and a stirring temperature of 40 °C,
the responses for a particle size of 159.2 nm, a PDI of 0.221,
and an EE% of 91.14% were predicted. Experimental vali-
dation of these showed less than a 2% prediction error, thus
confirming the reliability and robustness of the established
model.

In this regard, QbD-based optimization of the nanocarrier
formulation showed that a well-conducted experimental
design is indeed able to provide straightforward insight into
the relationships among parameters and responses in such
complex nanosystems. Stirring temperature (C) represents the
most influential variable, which means that thermodynamic

Table 4 Experimental design matrix and observed responses. The table displays the levels of independent variables (A: drug-to-polymer ratio, B:
PF127 concentration, C: stirring temperature) and the resulting dependent variables (particle size, PDI, and entrapment efficiency) for each run in
the Box–Behnken design

Run

Factors Responses

A: drug-to-polymer ratio
(tofacitinib : PF127) (%w/w) equivalent

B: PF127 concentration
(% w/v)

C: stirring
temperature (°C)

Particle size
(nm) PDI

Entrapment
efficiency (%)

1 0.2 1.5 50 155 0.218 91.4
2 0.1 1 30 182 0.255 83.2
3 0.1 0.5 40 190 0.265 81
4 0.1 1.5 40 165 0.23 89.6
5 0.2 1 40 160 0.225 90.8
6 0.3 0.5 40 158 0.235 92.3
7 0.2 0.5 50 150 0.21 93.1
8 0.1 1 50 162 0.226 90
9 0.2 1 40 159 0.223 91
10 0.3 1 30 180 0.24 84.1
11 0.2 1 40 160 0.222 90.6
12 0.2 1 40 161 0.22 90.9
13 0.2 1.5 30 175 0.242 87.5
14 0.3 1.5 40 157 0.218 92
15 0.3 1 50 152 0.215 93
16 0.2 0.5 30 185 0.26 82
17 0.2 1 40 156 0.217 92.4
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control during micellization is the predominant factor
affecting particle size and entrapment behaviour. The negative
correlation of polymer concentration with both particle size
and PDI suggests that micellar compaction is virtually driven
by the amphiphilic re-organization of Pluronic, while HA
adsorption has an ancillary role in colloidal stability.
Integration of statistical modelling with mechanistic reasoning
established reproducibility, reliability, and robustness as three
important features for biological translation.15

4.3 Characterization of optimized micelles

Consequently, a QbD design-derived HA–Pluronic–Tofacitinib
micellar formulation was further characterized with respect
to physicochemical properties, structural morphology,
thermal behaviour, and in vitro release performance.
Characterization results showed the development of nano-
sized, stable, and uniform micelles suitable for further biologi-
cal evaluation.

4.3.1. Entrapment efficiency and drug loading. The opti-
mized HA–PF127–Tofacitinib micelles had an EE % of 91.14 ±
1.8% and a DL % of 8.75 ± 0.42%, confirming the high extent
of encapsulation of the hydrophobic drug inside the micellar
core. The high EE could be due to the amphiphilic nature of
PF127, forming a hydrophobic core, promoting the solubil-
ization of Tofacitinib. The HA forms a hydrophilic corona pro-
viding steric stabilization. Interestingly, during the optimiz-
ation process, a small increase in EE with temperature was
observed, which may be due to increased mobility of the
polymer chain, enabling more accommodation of drug
molecules.35

4.3.2. Particle size, PDI and zeta potential. DLS analysis
revealed an average particle size of 159.2 ± 3.8 nm with a PDI
of 0.221 ± 0.015, indicating that these optimized micelles were
uniformly distributed on the nanoscale (Fig. 5A). The
measured zeta potential was −24.6 ± 1.2 mV, arising from the
negatively charged carboxyl groups of the hyaluronic acid
coating on the micelle surface (Fig. 5B). A moderately high
negative zeta potential ensured colloidal stability through
electrostatic repulsion, indicating successful surface modifi-
cation by HA. These results are in good agreement with pre-
viously reported HA-decorated polymeric micelles, which
exhibited superior circulation stability and enhanced tumor-
targeting potential.

The resultant particle size of less than 200 nm supported
the suitability of the formulation for passive tumor targeting
via the enhanced permeability and retention effect. The
narrow PDI confirmed homogeneity in micellar formation, one
of the critical quality attributes that are important for reprodu-
cibility and stability.36

In addition to their targeting functionality, the HA–Pluronic
nanomicelles are expected to exhibit stealth-like properties.
Pluronic F127 forms a hydrophilic poly(ethylene oxide) corona
around the micellar core, which is widely reported to reduce
nonspecific protein adsorption and reticuloendothelial system
uptake. The presence of hyaluronic acid further contributes to
surface hydration and a moderately negative zeta potential,
minimizing nonspecific electrostatic interactions with plasma
proteins. Moreover, the optimized micelles possessed a nano-
scale size below 200 nm and demonstrated prolonged systemic
circulation with increased half-life and AUC, indirectly sup-

Fig. 4 Response surface analysis of micellar characteristics. The figure presents 2D contour plots (top rows) and 3D response surface plots (bottom
rows) illustrating the interactive effects of independent variables—(A) drug-to-polymer ratio, (B) Pluronic F127 concentration, and (C) stirring temp-
erature—on three key responses: (A) polydispersity index (PDI), (B) particle size (nm), and (C) entrapment efficiency (%). In each plot, the third variable
is maintained at its midpoint.
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porting reduced clearance and stealth behavior. Collectively,
these attributes suggest that the developed HA–Pluronic
micelles combine passive stealth characteristics with active
CD44-mediated targeting, contributing to enhanced in vivo
performance.

4.3.3. Techniques of morphological evaluation, TEM, SEM.
TEM analyses showed spherical-shaped micelles that were uni-
formly dispersed with smooth surfaces and no visible aggrega-
tion, as presented in Fig. 5D. Particle sizes by TEM were in
agreement with DLS data, hence confirming nanoscale uni-
formity. SEM of the lyophilized micelles resulted in a smooth,
non-porous morphology, which indicated well-formed micellar
assemblies (Fig. 5C). A spherical morphology and the absence
of irregularities confirmed that the thermodynamically stable
formation of micelles occurred.37

4.3.4. In vitro drug release profile. The in vitro release
profile indicated an initial burst release of circa 21% within
the first 2 h, followed by a sustained release pattern up to 48 h
with a cumulative drug release of 86.3 ± 2.7% at the end of the
study (Fig. 5E). Biphasic release was attributed to drug
diffusion from the outer shell (initial burst) followed by slow
release from the micellar core. Kinetic modelling indicated
that release followed Korsmeyer–Peppas kinetics (R2 = 0.984)
with a calculated ‘n’ value of 0.46, confirming Fickian
diffusion-controlled release. The sustained release behaviour
is desirable for maintaining prolonged therapeutic levels and
reducing dosing frequency.

The extensive physicochemical characterization conducted
proved the successful fabrication of HA–PF127–Tofacitinib
micelles with optimum properties for oral and targeted drug
delivery. The nanosized, monodisperse micelles proved to be
colloidally stable, with high drug loading, and FTIR and DSC
data confirmed compatibility and amorphous conversion.
Sustained release behaviour showed effective encapsulation
with diffusion-controlled release, matching the very objectives
of enhancing solubility and prolonging bioavailability. The
resultant properties, in particular, of size (∼160 nm) and a
negative surface charge are favourable for passive accumu-
lation at tumor sites via the EPR effect. In addition, HA pro-
vides potential active targeting to CD44-overexpressing breast
cancer cells. All the findings together justify the potential of
the formulation as a repurposed nano-delivery platform for
Tofacitinib in breast cancer therapy.38

4.4. In vitro cytotoxicity (MTT assay)

The MTT assay was performed with the optimized HA–
Pluronic–Tofacitinib micelles against MCF-7 human breast
cancer cells to investigate cytotoxic potential, as compared to
free Tofacitinib and non-HA–modified Pluronic micelles. This
study has been performed in order to determine the effect of
nanoencapsulation and HA modification on the antiprolifera-
tive efficacy of Tofacitinib.

4.4.1. Comparative cytotoxicity analysis. The results
demonstrated a concentration-dependent loss of cell viability

Fig. 5 The formulation was subjected to structural, morphological, and functional analysis. (A) Particle size distribution by intensity as determined
by Dynamic Light Scattering (DLS). (B) Zeta potential distribution showing the surface charge of the micellar system. (C) Scanning Electron
Microscopy (SEM) micrograph illustrating surface topography. (D) Transmission Electron Microscopy (TEM) image revealing the internal spherical
structure and size uniformity (scale bar provided in image). (E) In vitro drug release profile over a 48-hour period showing the cumulative percentage
of drug released. (F) Comparative pharmacokinetic profiles in plasma showing the concentration-time curve for Free Tofacitinib versus HA–Pluronic
micelles. (G–J) Representative optical microscopy images showing cellular morphology and interaction across different experimental groups.
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for all the tested formulations. Free Tofacitinib displayed rela-
tively weak cytotoxicity with an IC50 value of 46.8 ± 2.4 μg
mL−1, which was probably due to its poor aqueous solubility
and limited intracellular uptake. The non-HA–modified
Pluronic–Tofacitinib micelles showed enhanced cytotoxicity
and had an IC50 value of 28.6 ± 1.9 μg mL−1, probably due to
higher solubilization and better diffusivity across the cell
membrane. On the contrary, HA–Pluronic–Tofacitinib micelles
exhibited the highest potency, as indicated by the dramatically
decreased IC50 value of 14.2 ± 1.1 μg mL−1, confirming much
higher cytotoxic efficiency (p < 0.01 vs. free drug).

The active targeting of CD44 receptors overexpressed on
MCF-7 cells by HA decoration on micelles explains its
enhanced cytotoxicity. HA-receptor interactions thus facilitate
receptor-mediated endocytosis, which increases the internaliz-
ation of drug-loaded micelles. Furthermore, improved solubil-
ization and sustained release from the micellar core ensured
higher intracellular retention of the drug and its prolonged
exposure to Tofacitinib.

The reduction in IC50 observed for HA–Pluronic–Tofacitinib
micelles was statistically significant compared with free tofaci-
tinib and non-HA micelles (p < 0.05).

4.4.2. Morphological observation. The morphological
changes detected in MCF-7 cells with microscopic examination
after treatment clearly demonstrated distinct cytotoxic
damage. Untreated control cells showed typical polygonal mor-
phology with dense confluence, and cells treated with free
Tofacitinib showed a degree of cell shrinkage with partial
detachment of the cells from the bottom surface, while cells
treated with HA–Pluronic–Tofacitinib micelles displayed exten-
sive morphologic changes, including cell rounding, membrane
blebbing, reduced cell density, which indicated enhanced
apoptotic induction. These visual observations correlated well
with the quantitative MTT data.

These findings underscore the importance of nanocarrier
design for improving drug bioefficacy, as reflected by the sub-
stantial improvement in cytotoxic response following encapsu-
lation in HA–Pluronic micelles. Besides facilitating selective
uptake through CD44-mediated endocytosis, HA modification
also promoted better solubility and intracellular retention of
Tofacitinib. In this regard, similar observations have been
made while delivering hydrophobic anticancer agents such as
paclitaxel and curcumin using HA-functionalized micelles. A
three-fold decrease in IC50 compared to free drug suggests that
micellar encapsulation may potentially overcome the solubility
and permeability barriers to ensure targeted cytotoxicity in
models of breast cancer.

Collectively, these in vitro cytotoxicity results establish the
superiority of HA–Pluronic–Tofacitinib micelles over free
Tofacitinib and non-HA micelles in anticancer potential, thus
validating the strategy of drug repurposing through targeted
nanodelivery.39

4.5. In vivo pharmacokinetic evaluation

Finally, the optimized HA–Pluronic–Tofacitinib micelles were
subjected to pharmacokinetic profiling in Wistar rats after oral

administration, compared with free Tofacitinib and non-HA–
modified Pluronic micelles, to investigate the effect of micellar
encapsulation and HA surface modification on the systemic
bioavailability and longevity of circulation.

4.5.1. Plasma concentration–time profile. Plasma concen-
tration–time curves showed that there was a distinct difference
in the absorption and elimination kinetics of the three groups.
The free Tofacitinib suspension showed a rapid absorption
phase, with Cmax at 1.82 ± 0.14 μg mL−1 at Tmax = 1.0 ± 0.2 h,
followed by a sharp decline, which suggested rapid systemic
clearance. The Pluronic micelles with no HA modification gave
Cmax at 3.46 ± 0.22 μg mL−1 at Tmax = 2.0 ± 0.3 h, suggesting
improved solubilization and prolonged retention. On the other
hand, the HA–Pluronic–Tofacitinib micelles elicited a Cmax as
high as 5.12 ± 0.28 μg mL−1 with a retarded Tmax of 4.0 ± 0.4 h,
indicating an effect of sustained release with enhanced sys-
temic absorption. In the HA-coated micellar group, the plasma
concentration of Tofacitinib remained above the therapeutic
threshold for more than 24 hours, while in the case of the free
drug, it was reduced after just 8 hours. This prolongation in
circulation time indicates efficient mucoadhesion and lym-
phatic uptake resistant to enzymatic degradation from the HA
corona.

4.5.2. Pharmacokinetic parameters. The pharmacokinetic
parameters from the non-compartmental analysis using
WinNonlin 8.3 are summarized in Table 5. The AUC0−∞ for
HA–Pluronic–Tofacitinib micelles was 96.82 ± 5.31 μg h mL−1,
approximately 4.3-fold higher compared with the free
Tofacitinib (22.34 ± 2.85 μg h mL−1). The t1/2 increased from
3.2 ± 0.4 h for the free drug to 8.9 ± 0.7 h for HA–micelles,
which indicates that there is significant reduction in the clear-
ance rate (Table 4). The MRT was also extended from 4.1 ±
0.3 h to 10.7 ± 0.8 h, confirming sustained systemic exposure.

The pharmacokinetic results indicated that both the extent
and duration of systemic exposure for the HA–Pluronic–
Tofacitinib micelles were significantly improved compared
with the free drug. Enhanced oral bioavailability is a result of
multiple synergistic mechanisms: (i) increased solubilization
of Tofacitinib within the hydrophobic micellar core, (ii) protec-
tion from enzymatic degradation due to the HA coating, (iii)
mucoadhesive interaction of HA with the intestinal epi-

Table 5 Comparative pharmacokinetic parameters of free tofacitinib,
Pluronic micelles, and HA–Pluronic micelles. Data are expressed as
mean ± SD (n = 3). Key parameters include peak plasma concentration
(Cmax), time to peak concentration (Tmax), area under the curve (AUC),
and elimination half-life (t1/2)

Parameter
Free
tofacitinib

Pluronic
micelles

HA–Pluronic
micelles

Cmax (μg mL−1) 1.82 ± 0.14 3.46 ± 0.22 5.12 ± 0.28
Tmax (h) 1.0 ± 0.2 2.0 ± 0.3 4.0 ± 0.4
AUC0−∞ (μg h mL−1) 22.34 ± 2.85 54.71 ± 3.96 96.82 ± 5.31
t1/2 (h) 3.2 ± 0.4 6.5 ± 0.6 8.9 ± 0.7
Kel (h−1) 0.216 ± 0.02 0.106 ± 0.01 0.078 ± 0.01
MRT (h) 4.1 ± 0.3 7.9 ± 0.5 10.7 ± 0.8
Relative bioavailability (%) 100 245 434
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thelium, thus facilitating prolonged absorption, and (iv) poss-
ible lymphatic transport, thereby reducing hepatic first-pass
metabolism.

Such sustained-release behavior was further confirmed by
the delayed Tmax and extended elimination half-life observed
in vitro, which agreed with the controlled diffusion mecha-
nism. The higher pharmacokinetic performances of HA-coated
micelles reflect the trends described for HA-functionalized
systems of drugs such as doxorubicin and curcumin, which all
showed enhanced systemic retention and tumor accumulation.

Overall, these results substantiated the success of the QbD-
optimized HA–Pluronic micellar system in enhancing the oral
bioavailability and sustaining the therapeutic plasma concen-
tration of Tofacitinib, hence advocating for its repurposing
potential in the treatment of breast cancer.40

Statistical comparison of pharmacokinetic parameters
revealed a significant increase in AUC and half-life for HA–
Pluronic–Tofacitinib micelles compared to free drug (p < 0.05).

4.6. Histopathological examination

Histopathological examinations were carried out to investigate
the safety and toxicity at the tissue level of the HA–Pluronic–
Tofacitinib micelles compared with the free drug and blank
micellar formulations. Organs such as the liver, kidney, heart,
and lungs were collected and examined microscopically after
14 days of repeated oral administration for potential systemic
toxicity or histoarchitectural changes. To verify the systemic
safety of the optimized formulation, histological examination
of the lungs, liver, and kidneys was performed, as shown in
Fig. 6.

4.6.1. Gross and microscopic observations. Gross morpho-
logical abnormalities, such as discoloration, edema, and

necrosis, were not evident in excised organs in any treatment
groups upon macroscopic examination. Microscopic examin-
ation revealed well-preserved tissue architecture in the control
and HA–Pluronic–Tofacitinib micelle groups, while minor
changes were evident in the free drug group, indicating lower
toxicity in the nanoformulated system.

Histological sections of the liver in the control and micel-
lar-treated groups revealed normal hepatic lobular architecture
with well-defined central veins and hepatic cords. Hepatocytes
were polygonal with centrally located nuclei without evidence
of necrosis or fatty degeneration. Histological sections of liver
specimens from the free Tofacitinib suspension-treated
animals, however, exhibited mild hepatocellular vacuolation
together with slight infiltration of inflammatory cells, pointing
to transient hepatic stress and probably related to drug
accumulation and low solubility.

Renal sections from the HA–Pluronic micelle group
revealed intact glomeruli and well-preserved tubular epi-
thelium without necrosis and interstitial inflammation.
However, the free drug group evinced mild tubular dilatation
with epithelial desquamation, indicating irritation of the
nephrons. All these findings confirmed the renal safety of this
micellar formulation and also the possibility of reducing its
nephrotoxic potential by controlled drug release and enhanced
bioavailability.

The lung sections showed normal alveolar structures with
intact septa and no inflammatory infiltrates. There was also no
pulmonary edema or congestion in the micellar-treated group,
further confirming the systemic biocompatibility of the
formulation.

Histopathological evaluation was performed to assess the
systemic safety of the optimized HA–Pluronic–Tofacitinib

Fig. 6 Histopathological analysis of major organs via Hematoxylin and Eosin (H&E) staining. Representative microscopic images of lung, liver, and
kidney tissues from Wistar rats treated with saline (control), free tofacitinib, blank micelles (HA–PF127), and drug-loaded micelles (HA–PF127–TF).
The images demonstrate preserved tissue architecture and absence of significant pathological alterations in micelle-treated groups, indicating a
favorable safety profile.
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micelles following oral administration. Microscopic examin-
ation of hematoxylin and eosin–stained sections of liver,
kidney, lung, and heart from micelle-treated animals revealed
well-preserved tissue architecture comparable to the control
group. Hepatic sections exhibited intact lobular organization
with clearly defined central veins and hepatocyte cords,
without evidence of necrosis, fatty degeneration, or inflamma-
tory infiltration.

Renal tissues displayed normal glomerular morphology and
intact tubular epithelium, with no signs of tubular dilation,
epithelial desquamation, or interstitial inflammation.
Pulmonary sections showed preserved alveolar architecture
with thin septa and absence of edema or inflammatory cell
infiltration, while cardiac tissues exhibited normal myocardial
fiber arrangement without degeneration or necrosis. In con-
trast, animals treated with free tofacitinib showed mild, revers-
ible histological alterations, including hepatocellular vacuo-
lation and slight tubular changes, indicative of transient tissue
stress.

Overall, these findings demonstrate that encapsulation of
tofacitinib within HA–Pluronic micelles mitigates organ-level
toxicity and supports the biocompatibility and systemic safety
of the optimized oral nanocarrier system.41

4.7. Stability studies

Therefore, the optimized HA–Pluronic–Tofacitinib micelles
were subjected to stability studies under accelerated and long-
term conditions to determine their physicochemical integrity
as well as storage suitability, according to the ICH Q1A(R2)
guidelines.

4.7.1. Storage conditions and evaluation parameters. The
lyophilized micelles were stored in airtight amber glass vials at
two conditions:

• Long-term stability: 4 ± 2 °C (refrigerated condition)
• Accelerated stability: 40 ± 2 °C/75 ± 5% RH (environ-

mental chamber)
During this time, samples were periodically withdrawn at 0,

1, 2, and 3 months and analyzed for particle size, PDI, zeta
potential, drug content, and EE%. The physical stability of the
NPs was also inspected visually for color changes, precipi-
tation, or aggregation.

4.7.2. Physicochemical stability analysis. A marginal
increase of particle size from 159.2 ± 3.8 nm to 162.6 ± 4.1 nm
was observed in micelles stored at 4 °C for a period of
3 months, proving excellent physicochemical stability. PDI
remained below 0.25, indicating maintained homogeneity. The
zeta potential decreased slightly from −24.6 mV to −22.8 mV,
still ensuring electrostatic stability. Entrapment efficiency
decreased from 91.14 ± 1.8% to 88.72 ± 2.1%, which indicated
negligible leakage of the drug.

Under accelerated conditions, particle size increased more
159.2 → 175.4 nm with a moderate increase in PDI 0.221 →
0.287 and slight reduction in EE 91.14 → 83.26% and zeta
potential −24.6 → −20.9 mV. Yet, no significant aggregation
and color change were observed, which revealed that at least
for a period of 3 months the micellar formulation was stable
under both conditions (Table 6).

The stability profile indeed showed that HA–Pluronic–
Tofacitinib micelles exhibited excellent stability in storage at
refrigerated conditions, and acceptable quality attributes were
maintained under accelerated conditions. Minor increases in
particle size and PDI would be expected as a function of
polymer relaxation and hydration with time. Slight losses in
zeta potential and EE could also arise from surface rearrange-
ment and limited diffusion of drug through the hydrated poly-
meric shell.

These observations are in agreement with the previously
reported stability data of Pluronic-based micellar systems,
where storage at 4 °C effectively preserved the micellar integ-
rity and drug content therein. The results confirm that the
developed micelles are physically and chemically stable for
extended storage, supporting their translational feasibility as a
repurposed nanocarrier for Tofacitinib in breast cancer
therapy.42

5. Conclusion

The present study demonstrates rational development, optim-
ization, and evaluation of HA–Pluronic–Tofacitinib micelles as
a repurposed nanocarrier system for targeted therapy against
breast cancer. By using the Quality by Design approach, critical
formulation and process parameters were identified and opti-

Table 6 Effect of storage conditions on the physicochemical properties of the optimized formulation. The table compares the stability of the
micelles at 4 °C versus accelerated conditions over a 3-month period

Parameter Initial (0 month) 1 month 2 months 3 months

Condition 4 °C
Particle size (nm) 159.2 ± 3.8 160.3 ± 3.9 161.8 ± 4.0 162.6 ± 4.1
PDI 0.221 ± 0.015 0.224 ± 0.018 0.230 ± 0.019 0.238 ± 0.020
Zeta potential (mV) −24.6 ± 1.2 −24.1 ± 1.3 −23.4 ± 1.4 −22.8 ± 1.5
Entrapment efficiency (%) 91.14 ± 1.8 90.47 ± 1.9 89.63 ± 2.0 88.72 ± 2.1
Condition 40 °C/75% RH
Particle size (nm) 159.2 ± 3.8 166.5 ± 4.0 170.8 ± 4.3 175.4 ± 4.6
PDI 0.221 ± 0.015 0.246 ± 0.020 0.267 ± 0.022 0.287 ± 0.025
Zeta potential (mV) −24.6 ± 1.2 −23.6 ± 1.4 −22.1 ± 1.6 −20.9 ± 1.8
Entrapment efficiency (%) 91.14 ± 1.8 88.56 ± 2.0 85.93 ± 2.1 83.26 ± 2.4
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mized in a systematic way for the formulation of nanomicelles
with desirable attributes, uniform size (∼159 nm), narrow PDI
(0.22), high entrapment efficiency (∼91%), and strong colloidal
stability (−24 mV).

A wide range of characterizations confirmed the successful
formation of micelles, amorphous dispersion of drugs, and
hydrogen bond-based stabilization within the hydrophobic
core of Pluronic. The HA coating conferred additional surface
stability and active targeting capability via uptake mediated by
CD44 receptors. In vitro release studies evidenced a biphasic,
diffusion-controlled profile, thus warranting prolonged drug
availability.

The in vitro biological evaluation demonstrated a threefold
increase in cytotoxicity against MCF-7 breast cancer cells com-
pared to the free drug, confirming improved intracellular
uptake and retention. A pharmacokinetic study confirmed 4.3-
fold increased bioavailability but also extended half-life and
delayed Tmax, proving the potential of the formulation for
prolonging systemic circulation and improving therapeutic
exposure. Besides that, histopathological examination con-
firmed its biocompatibility and safety to organs, establishing
that HA–Pluronic micelles may mitigate systemic toxicity
associated with Tofacitinib.

However, from a translational perspective, this study also
offers drug repurposing through nanocarrier-based delivery as
a means to extend the range of applications for clinically
approved molecules, such as Tofacitinib. The dual-functional
approach for enhanced solubility and active targeting positions
HA–Pluronic micelles as a promising oral nanoplatform in the
management of breast cancer.

It should be noted that the pharmacokinetic study was con-
ducted with a limited sample size (n = 3), which represents a
limitation of the present work. Although the observed improve-
ments in oral bioavailability and systemic exposure were sub-
stantial, future studies involving larger animal cohorts are
required to confirm these findings and support further trans-
lational development.
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