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Abstract
Introduction: α-Lipoic acid (ALA) is 
a potent antioxidant with anticancer 
properties, but its clinical application 
is limited by poor water solubility 
and low bioavailability. Current 
nanocarrier systems for ALA delivery 
suffer from low encapsulation 
efficiency, rapid drug release kinetics, 
and biocompatibility concerns that 
restrict their therapeutic potential. 
This study aimed to develop and 
evaluate ALA-loaded D-alpha-tocopheryl polyethylene glycol succinate (TPGS) micelles as an 
innovative nanomedicine platform to overcome existing limitations and enhance anticancer 
efficacy. 
Methods: ALA was loaded into TPGS micelles via modified solvent evaporation method 
and comprehensively characterized by TEM, DLS, and FTIR examination. Drug loading and 
encapsulation efficiency were quantitatively determined. In vitro drug release kinetics, cellular 
uptake and cytotoxicity were assessed in 4T1 breast cancer cells. Gene expression analysis was 
performed, and in vivo antitumor efficacy was evaluated in 4T1 murine xenograft model with 
histopathological examination.
Results: The formulation achieved superior encapsulation efficiency of 70%, with DLS analysis 
revealing micelles having mean diameter of 30–40 nm (polydispersity index: 0.234) and zeta 
potential of –1.9 mV. TEM confirmed spherical morphology. FTIR validated structural integrity 
with characteristic peaks. In vitro release demonstrated burst release of 52.4 ± 2.5% (6 hours) 
followed by sustained release reaching 85.9 ± 2.5% (48 hours). Flow cytometry showed 13.75-fold 
increased cellular uptake (15.4% vs 1.12% FL4-H + cells). MTT assay revealed dose-dependent 
cytotoxicity. qRT-PCR demonstrated significant upregulation of apoptotic markers: Caspase-8 
(2.071-fold, 95% CI: 1.308–3.299, P < 0.001) and Caspase-9 (2.86-fold, 95% CI: 1.102–7.785, 
P < 0.001). In vivo studies in 4T1 murine xenograft model showed 10.39% reduction in tumor 
growth rate (8.54 ± 3.83 mm³/day vs 9.53 ± 1.03 mm³/day in controls) with histopathological 
evidence of decreased mitotic activity (28 vs 36 mitoses/10 HPF) and increased apoptosis (11 vs 
5 apoptotic figures/10 HPF). All treatment groups achieved 100% survival throughout the 17-day 
study period with maintained body weights, confirming excellent biocompatibility.
Conclusion: ALA-loaded TPGS micelles demonstrate enhanced anticancer efficacy through 
improved drug delivery, controlled release kinetics, and effective modulation of apoptotic 
pathways, supporting their potential for clinical translation in cancer therapy.
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What is the current knowledge?
•	 V α-Lipoic Acid (ALA) is a known potent antioxidant with 

anticancer properties.
•	 Hydrophobic natural compounds like ALA have limited 

bioavailability and solubility.
•	 TPGS micelles can enhance drug delivery but optimization 

remains challenging.
•	 Conventional chemotherapy has significant limitations 

including poor targeting and toxicity
•	 Natural anticancer agents need improved delivery systems 

for clinical translation

What is new here?
•	 Successfully optimized ALA-loaded TPGS micelles with 

70% encapsulation efficiency and controlled release
•	 Demonstrated 13.75-fold enhanced cellular uptake in 

breast cancer cells compared to controls
•	 Achieved significant upregulation of apoptotic markers 

(Caspase-8 and Caspase-9) in cancer cells
•	 Validated in vivo antitumor efficacy in murine model 

with promising clinical translation potential
•	 Formation of monodisperse, spherical micelles showing 

distinct core-shell architecture.
•	 The nanomedicine platform overcomes previous ALA 

delivery limitations, highlighting potential for clinical 
translation.

Research Highlights

Introduction
Invasive breast cancer remains one of the leading causes of 
cancer-related mortality worldwide, with triple-negative 
breast cancer (TNBC) representing the most aggressive 
subtype, characterized by the absence of estrogen 
receptor, progesterone receptor, and human epidermal 
growth factor receptor 2 expression.1,2 TNBC accounts 
for approximately 15-20% of all breast cancer cases but 
is responsible for disproportionately high mortality rates 
due to its rapid progression, high metastatic potential, 
and limited therapeutic options.3 The 4T1 murine breast 
cancer cell line serves as the most clinically relevant 
experimental model for studying TNBC therapeutics, as it 
uniquely mimics human metastatic breast cancer behavior 
through spontaneous metastasis to lungs, liver, bone, 
and brain - the same sites commonly affected in human 
disease.4 Unlike other murine breast cancer models that 
remain localized, the 4T1 model's aggressive metastatic 
pattern and resistance to conventional therapies make 
it an ideal platform for evaluating novel therapeutic 
interventions with potential for clinical translation.5

Conventional cancer therapies face numerous challenges 
that limit their clinical efficacy, particularly in aggressive 
malignancies like TNBC. Chemotherapy, while remaining 
a cornerstone of cancer treatment, suffers from severe 
limitations including poor selectivity leading to systemic 
toxicity, development of multidrug resistance through 
efflux pump overexpression, and inadequate tumor 
penetration resulting in suboptimal drug concentrations 
at the target site.6,7 Radiation therapy, though locally 

effective, has limited utility in metastatic disease and can 
cause long-term complications in surrounding healthy 
tissues. Targeted therapies, despite their promise, have 
shown limited success in TNBC due to the absence of 
specific molecular targets, and even approved agents 
face challenges of acquired resistance and off-target 
effects.8 These limitations underscore the critical need 
for innovative therapeutic approaches that can overcome 
these barriers while maintaining favorable safety profiles.
The field of nanomedicine has emerged as a promising 
strategy to address these challenges through various 
nanoparticle platforms. Liposomal delivery systems, 
despite being among the first clinically approved 
nanomedicines, face significant limitations including poor 
drug loading capacity (typically < 10% for hydrophobic 
compounds), rapid drug leakage during storage, and 
batch-to-batch variability in size distribution.9,10 Polymer 
nanoparticles, including PLGA-based systems, offer 
controlled release kinetics but suffer from burst release 
phenomena (often > 40% within the first hour), potential 
inflammatory responses due to acidic degradation 
products, and complex manufacturing processes that 
limit scalability.11 Solid lipid nanoparticles (SLNs) and 
nanostructured lipid carriers (NLCs) provide improved 
stability compared to liposomes but demonstrate limited 
drug loading capacity for lipophilic drugs and potential 
drug expulsion during storage due to lipid crystallization.12 
Despite various nanoparticulate approaches explored for 
drug delivery, critical challenges persist including limited 
drug loading capacity, stability issues during storage and 
in biological fluids, and potential systemic toxicity that 
hinder clinical translation.13

Among polymeric micelles, TPGS has emerged as a 
superior carrier due to multiple synergistic mechanisms. 
Unlike conventional surfactants, TPGS combines the 
antioxidant properties of vitamin E with the stealth 
characteristics of polyethylene glycol (PEG), creating a 
multifunctional delivery platform.14 Critical comparative 
studies have demonstrated that TPGS micelles achieve 
significantly higher drug loading efficiency compared 
to conventional polymeric micelles due to the lipophilic 
vitamin E moiety's strong affinity for hydrophobic drugs.15 
The unique molecular architecture of TPGS provides 
several distinct advantages over other micellar systems, 
including low critical micelle concentration ensuring 
excellent micellar stability, potent P-glycoprotein 
inhibition for overcoming multidrug resistance, and 
intrinsic antioxidant activity that creates a synergistic 
therapeutic platform rather than merely a passive 
carrier.16,17 However, despite these advantages, pure 
TPGS micelles face a significant limitation: their relatively 
high critical micelle concentration of 0.2 mg/mL renders 
them unstable and easily dissociated upon dilution 
in plasma after intravenous injection, traditionally 
necessitating combination with other excipients or 
structural modifications to achieve clinical viability.18 
Recent studies have further validated the versatility of 
TPGS-based micellar systems across various cancer types. 
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Danafar and colleagues demonstrated that doxycycline-
loaded TPGS micelles effectively targeted ovarian cancer 
stem cells, achieving high encapsulation efficiency and 
sustained drug release while maintaining excellent 
biocompatibility.19 Similarly, other investigations have 
confirmed that TPGS micelles can be successfully adapted 
for diverse anticancer agents, highlighting the platform's 
flexibility and robustness as a delivery system.14,20

ALA represents a promising naturally derived anticancer 
agent with documented efficacy in multiple cancer cell 
lines through oxidative stress modulation and apoptosis 
induction. However, clinical translation has been severely 
hampered by its physicochemical limitations, including 
extremely low aqueous solubility (0.5 mg/mL at pH 7.4), 
rapid degradation in alkaline conditions, and poor oral 
bioavailability ( < 30%).21,22 Recent comprehensive reviews 
have identified that ALA faces critical pharmacokinetic 
barriers including short biological half-life due to rapid 
hepatic degradation, poor physicochemical stability under 
physiological conditions, and an unpleasant sulfurous 
odor that complicates pharmaceutical formulation 
development. Previous attempts to improve ALA delivery 
through cyclodextrin inclusion complexes, liposomal 
formulations, and polymer conjugates have yielded 
limited success due to modest solubility enhancement, 
drug leakage, stability issues, and complex synthesis 
requirements.13,23,24 While recent studies have explored 
ALA-loaded solid lipid nanoparticles for breast cancer 
therapy in 4T1 cell models, these systems achieved 
only modest encapsulation efficiency and limited 
characterization of in vivo anticancer mechanisms.

Despite the recognized therapeutic potential of ALA 
and the advantages of TPGS as a delivery platform, 
several critical knowledge gaps persist that limit clinical 
translation. First, it remains unclear whether systematic 
optimization of TPGS micelle formulation parameters 
can overcome the inherent instability limitations while 
achieving clinically meaningful encapsulation efficiency 
( > 60%) for ALA without requiring mixed micellar systems 
or chemical modifications. Second, the controlled release 
kinetics of ALA from optimized TPGS micelles and their 
mathematical modeling have not been comprehensively 
characterized to enable predictive therapeutic dosing. 
Third, while ALA's anticancer properties have been 
demonstrated in vitro, there is a paucity of systematic in vivo 
evaluation in clinically relevant metastatic breast cancer 
models, particularly regarding the molecular mechanisms 
of action through apoptotic pathway modulation. Fourth, 
most previous ALA delivery systems have focused on 
non-cancer applications such as transdermal, ophthalmic, 
neuroprotective, or cardiovascular therapies, with 
limited systematic investigation specifically targeting 
aggressive TNBC through intravenous administration. 
Finally, comprehensive safety evaluation including 
biocompatibility assessment and dose optimization 
strategies for ALA-loaded nanocarriers in cancer therapy 
remain insufficiently documented.

This study addresses these critical limitations by 

developing an optimized ALA-loaded TPGS micellar 
system through systematic formulation design and 
comprehensive characterization. Our approach uniquely 
combines TPGS's inherent advantages (FDA-approved 
safety profile, P-glycoprotein inhibition, enhanced cellular 
uptake) with ALA's natural anticancer properties to create 
a synergistic therapeutic platform specifically evaluated 
in the clinically relevant 4T1 metastatic breast cancer 
model. Through systematic investigation of formulation 
parameters, controlled release kinetics, cellular uptake 
mechanisms, apoptotic gene expression modulation, 
and in vivo antitumor efficacy with histopathological 
validation, this work provides the foundation for 
advancing this promising nanomedicine approach toward 
clinical translation in aggressive breast cancer treatment.

Materials and Methods
All reagents and chemicals were of analytical grade and 
used without further purification. TPGS and ALA were 
obtained from Sigma-Aldrich, while ALA was purchased 
with high purity standards. The 4T1 murine breast cancer 
cell line was obtained from the Pasteur Institute of Iran 
(Tehran, Iran). HPLC-grade methanol and acetonitrile 
were used as solvents during the micelle preparation and 
subsequent drug quantification processes. Phosphate-
buffered saline (PBS, pH 7.4) and ultrapure water 
(Millipore system) were used throughout for rehydration 
and dilution steps.

Synthesis of ALA-loaded TPGS micelles
ALA-loaded TPGS micelles were prepared using a 
modified solvent-evaporation/ re-hydration method.15,17 
In brief, 150 mg of TPGS and 5 mg of ALA were accurately 
weighed and co-dissolved in 10 mL of HPLC-grade 
methanol in a 100 mL round-bottom flask. The solution 
was stirred magnetically at 300 rpm for 30 min at room 
temperature (≈25 °C) to ensure complete dissolution. 
The organic solvent was removed under reduced pressure 
using a rotary evaporator at 40 °C with a rotation speed 
of 100 rpm, producing a thin film on the flask wall. To 
further remove residual solvent, the thin film was freeze-
dried for 30 min. The dried film was rehydrated with 15 
mL of phosphate-buffered saline (PBS, pH 7.4) and gently 
stirred (200 rpm) at room temperature for 48 h to promote 
self-assembly of TPGS into micelles entrapping ALA. 
The resultant micellar suspension was passed through a 
0.22 μm cellulose acetate membrane filter to remove any 
unencapsulated aggregates and to ensure sterility. Final 
preparations were transferred into amber glass vials and 
stored at 4°C until characterization.

Dynamic light scattering (DLS) and zeta potential 
analysis
DLS measurements were performed using a Malvern 
Zetasizer Nano ZS (Malvern Panalytical, Malvern, 
UK) to determine the hydrodynamic diameter and size 
distribution of the ALA-loaded TPGS micelles. Micellar 
suspensions were diluted with filtered ultrapure water 
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and analyzed at 25 °C using a 633 nm He-Ne laser 
with backscatter detection at 173°. The polydispersity 
index (PDI) was recorded to assess the uniformity of 
size distribution. Zeta potential measurements were 
conducted using the same instrument equipped with 
a folded capillary cell. Samples were analyzed at 25 °C 
using phase analysis light scattering (PALS) technology to 
determine the electrophoretic mobility and calculate the 
zeta potential, providing information about surface charge 
and colloidal stability of the micelle. All measurements 
were performed in triplicate to ensure reproducibility.

Morphological characterization by transmission electron 
microscopy (TEM)
The morphological characteristics of the ALA-loaded 
TPGS micelles were examined using TEM. The analysis 
was conducted with the TEM operating at an acceleration 
voltage of 20 kV. For optimal imaging, a single drop of 
the freshly prepared micellar suspension was deposited 
onto a carbon-coated copper grid and allowed to adhere 
for 5 minutes at room temperature (25 °C). Following 
this, excess liquid was carefully removed with filter 
paper, and the grid was then subjected to negative 
staining using a 2% (w/v) uranyl acetate solution for 
2 minutes to enhance contrast. The stained grid was 
air-dried at room temperature for 15 minutes prior to 
imaging. Digital images were subsequently captured at 
various magnifications to provide detailed morphological 
information of the micelles.

Fourier transform infrared spectroscopy  (FTIR) 
examination
FTIR spectroscopy was conducted to identify the 
characteristic functional groups of TPGS and ALA and to 
confirm their structural integrity. Samples were prepared 
by gently grinding each compound with potassium 
bromide (KBr) at a 1:100 ratio (w/w) and pressing the 
mixture into transparent pellets. The FTIR spectra were 
recorded over the range of 4000–400 cm⁻¹ at a resolution 
of 4 cm⁻¹ using an FTIR spectrometer (Spectrum Two, 
PerkinElmer, Waltham, MA, USA). Each spectrum was 
the average of 16 scans, and the baseline was corrected 
automatically by the instrument’s software.

Drug loading determination
Drug loading and encapsulation efficiency of ALA in 
TPGS micelles were quantified using a validated high-
performance liquid chromatography (HPLC) method. 
Briefly, 1 mg of lyophilized ALA-loaded TPGS micelles 
was dissolved in 1 mL of HPLC-grade methanol. The 
resulting suspension was stirred at 700 rpm for 6 hours 
using a temperature-controlled magnetic stirrer to 
ensure complete disruption of the micelles and release of 
encapsulated ALA. Following this extraction, the solution 
was filtered through a 0.22 μm PTFE syringe filter to 
remove any undissolved material. A 20 μL aliquot of the 
filtrate was then injected into the HPLC system, which 
was operated under the following optimized conditions: 

a mobile phase of 60% acetonitrile and 40% potassium 
dihydrogen phosphate buffer (50 mM, pH 3.5), a flow 
rate of 1.0 mL/min, a column temperature of 35°C, 
and detection at 320 nm. The concentrations obtained 
were used to calculate the drug loading content and 
encapsulation efficiency according to standard formulas, 
ensuring accurate assessment of ALA incorporation 
within the micellar structure.

Drug release determination
The in vitro release profile of ALA from TPGS micelles 
was evaluated by dialysis membrane diffusion under 
physiologically relevant conditions. A dialysis membrane 
(MWCO 14 kDa) was pre-soaked in PBS (pH 7.4) 
supplemented with 1% w/v Tween 80 for 12 h to ensure 
hydration and removal of preservatives. ALA-loaded 
micelles (5.0 mL) were enclosed within the membrane, 
which was immersed in 20 mL of release medium (PBS, 
pH 7.4, containing 1% w/v Tween 80) and maintained 
at 37 °C with continuous agitation at 100 rpm. At 
predetermined time points 1 mL aliquots were withdrawn 
from the external medium and immediately replaced with 
pre-warmed buffer; samples were analyzed by validated 
HPLC (detection at 320 nm). Cumulative release was 
plotted versus time and the data were fitted to kinetic 
models (zero-order, first-order, Higuchi) by non-linear 
regression to determine the best fit (R²). Tween 80 was 
included solely in the release medium to maintain sink 
conditions and prevent ALA precipitation during the 
assay.

Uptake examination
Cellular uptake of the micellar formulation by 4T1 
cells was evaluated using fluorescence-based flow 
cytometry. Curcumin was employed as a fluorescent 
probe: curcumin-loaded TPGS micelles were prepared 
using the same modified solvent-evaporation/hydration 
procedure described for ALA-loaded micelles, and 
these curcumin-loaded micelles were used to assess 
internalization. 4T1 cells (Pasteur Institute of Iran) were 
seeded in 12-well plates at 4 × 10⁵ cells/well in DMEM/
F12 supplemented with 10% FBS and incubated for 24 
h (37 °C, 5% CO₂). The medium was then replaced with 
fresh medium containing curcumin-loaded micelles at 
a drug-equivalent concentration of 80 μg/mL; control 
wells received drug-free medium. After 24 h incubation, 
cells were washed twice with PBS, detached with 0.025% 
Trypsin-EDTA, and centrifuged at 3000 rpm for 10 min. 
Cell pellets were resuspended in PBS and analyzed on a 
flow cytometer (FACSCalibur, BECTON DICKINSON, 
USA); fluorescence was recorded across four channels 
and the curcumin signal was quantified in the FL4 channel 
(FL4-H). Data were processed using FlowJo V10.9. The 
use of curcumin-loaded micelles provides a reliable 
fluorescent readout of micelle internalization; all uptake 
data reported in the Results refer to these curcumin-
labelled preparations.
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MTT assay for cell viability assessment
4T1 cells (Pasteur Institute Cell Bank of Iran) were seeded 
at 1.2 × 10⁵ cells/well in 24-well plates with DMEM/F12 
containing 10% FBS and incubated for 24 h (37°C, 5% 
CO₂). Test formulations were prepared from a primary 
stock solution and six serial 1:2 dilutions were made to 
produce final treatment concentrations of 140, 70, 35, 
17.5, 8.75, and 4.35 μg/mL (drug-equivalent). After 
replacing the medium with formulation-containing 
medium, cells were incubated for 48 h. Cell viability 
was assessed with the MTT Cell Proliferation Assay Kit 
following the manufacturer’s instructions with minor 
modifications: 10 μL MTT solution (5 mg/mL in PBS) was 
added per well and incubated for 3 h at 37 °C, after which 
medium was removed and 100 μL DMSO was added to 
dissolve formazan crystals. Absorbance was measured at 
570 nm (Hiperion MPR4 + microplate reader). Viability 
percentages were calculated relative to untreated controls. 
All experiments were performed in triplicate; the 
concentrations reported in the Results (140–4.35 μg/mL) 
correspond to these tested dilutions.

RNA isolation and quantitative real-time PCR analysis
Total RNA was extracted from 4T1 cells treated with 
TPGS micelles and ALA-loaded TPGS micelles using 
TRIzol reagent according to the manufacturer's protocol. 
Briefly, cells were lysed in TRIzol and the RNA was 
separated through chloroform extraction followed by 
isopropanol precipitation. The RNA pellet was washed 
with 75% ethanol, air-dried, and dissolved in RNase-free 
water. RNA concentration and purity were determined 
using a NanoDrop spectrophotometer, with A260/A280 
ratios of 1.8-2.0 considered acceptable.

First-strand cDNA synthesis was performed using 1 μg 
of total RNA per sample with the RevertAid First Strand 
cDNA Synthesis Kit (Thermo Scientific, USA) following 
the manufacturer's instructions. The reaction mixture 
included oligo (dT) primers, reaction buffer, RiboLock 
RNase inhibitor, dNTP mix, and RevertAid M-MuLV 
reverse transcriptase. The reverse transcription reaction 
was carried out at 42°C for 60 minutes followed by 
termination at 70 °C for 5 minutes.

Quantitative real-time PCR (qRT-PCR) was performed 
using a StepOnePlus Real-Time PCR System (Applied 
Biosystems, USA) with SYBR Green PCR Master Mix 
(Applied Biosystems, USA). The reaction mixture 
contained 1 μL of cDNA template, 0.5 μL of each primer (10 
μM), 10 μL of SYBR Green PCR Master Mix, and nuclease-
free water to a final volume of 20 μL. The PCR thermal 
cycling conditions included an initial denaturation at 95 
°C for 10 minutes, followed by 40 cycles of denaturation 
at 95 °C for 15 seconds and annealing/extension at 60 °C 
for 60 seconds. A melting curve analysis was performed 
after amplification to confirm the specificity of the PCR 
products. The target genes analyzed were Caspase8, 
Caspase9, SOD, and P53, with GAPDH serving as the 
endogenous reference gene for normalization. Primer 
sequences were designed using Primer-BLAST (NCBI) 

and validated for specificity and efficiency prior to use. 
All reactions were performed in duplicate, and negative 
controls (no template) were included in each run.

The comparative CT method (2-ΔΔCT) was employed 
to calculate the relative expression levels of target genes. 
The fold change in gene expression was determined 
by normalizing the CT values of target genes to that of 
GAPDH (ΔCT) and then calculating the difference 
between treatment and control groups (ΔΔCT).

In vivo antitumor efficacy evaluation
The in vivo antitumor efficacy of ALA-loaded TPGS 
micelles and empty TPGS micelles was evaluated using 
a 4T1 breast cancer xenograft model in female BALB/c 
nude mice (6–8 weeks old, 18–22 g). Animals were housed 
under controlled environmental conditions (22 ± 2°C; 
55 ± 15% humidity; 12 h light/dark cycle) with ad libitum 
access to food and water, and were acclimatized at least 
7 days prior to tumor inoculation. All procedures were 
approved by the Institutional Animal Ethics Committee.
For context and to support the appropriateness of this 
empirical approach, prior preclinical reports demonstrate 
that TPGS-based micellar systems have been widely used 
in murine cancer models and are generally well tolerated; 
TPGS micelles has been used in vivo at doses (e.g., ~50 mg/
kg in some studies) that enhance solubility/permeability 
without prohibitive toxicity.25-27 Following preliminary 
safety dose assessment to establish tolerability and identify 
an appropriate therapeutic window, we selected 50 mg/
kg as the optimal dose for both blank TPGS micelles and 
ALA-loaded TPGS micelles. This dose was chosen to 
balance therapeutic potential with safety considerations 
based on our preliminary studies and literature guidance.
Treatments were administered by intraperitoneal injection 
at a dose of 10 mg/kg for free drug and an equivalent drug-
loading dose for nano-formulations, delivered once every 
48 hours throughout the 17-day study. Tumor dimensions 
and body weights were recorded on days 1, 4, 7, 10, 13 and 
17. Tumor volume was calculated, and linear regression 
was applied to serial measurements to determine 
individual tumor-growth slopes (mm³/day). Animals 
were monitored daily, and humane endpoints included 
body-weight loss exceeding 20%, tumor mass surpassing 
10% of body weight, ulceration, impaired mobility, or any 
signs of severe distress. Data are expressed as mean ± SD, 
with individual animal values displayed when appropriate 
to illustrate variability within each treatment group.

Histopathological analysis of tumor tissue
For histopathological examination, tumor tissues were 
collected from euthanized mice at the study endpoint 
(day 24). The harvested tumors were immediately fixed 
in 10% neutral buffered formalin for 24 hours at room 
temperature. Following fixation, the tissues were processed 
through a series of graded ethanol concentrations (70%, 
80%, 95%, and 100%) for dehydration, cleared in xylene, 
and embedded in paraffin blocks. Tissue sections of 5 μm 
thickness were prepared using a rotary microtome (Leica 
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RM2235, Germany) and mounted on positively charged 
glass slides.

The sections were deparaffinized in xylene and 
rehydrated through decreasing concentrations of ethanol 
before staining with hematoxylin and eosin (H&E) 
according to standard protocols. Briefly, the slides were 
immersed in Harris's hematoxylin for 5 minutes, rinsed 
in running tap water for 5 minutes, differentiated in 1% 
acid alcohol for 30 seconds, and counterstained with 
0.5% eosin for 2 minutes. The stained sections were then 
dehydrated through ascending ethanol concentrations, 
cleared in xylene, and mounted with DPX mounting 
medium.

Histopathological analysis was performed by a qualified 
pathologist who was blinded to the experimental groups. 
Multiple parameters were evaluated systematically 
according to established criteria. Tumor necrosis was 
assessed as a percentage of the total tumor area showing 
necrotic changes. Mitotic count was determined by 
counting mitotic figures in 10 high-power fields (10 HPF) 
using a 40X objective lens. Similarly, apoptotic figures 
were quantified in 10 HPF. Nuclear pleomorphism was 
scored on a scale ranging from 0 to 3, where 0 represented 
negative, 1 indicated mild, 2 moderate, and 3 severe 
pleomorphism. Treatment effects were evaluated based 
on morphological changes indicative of therapeutic 
response and quantified as a percentage of the tumor area. 
Tumor-infiltrating lymphocytes (TILs) were assessed 
as the percentage of mononuclear inflammatory cells 
infiltrating the tumor tissue.

Photomicrographs were captured using a digital 
microscope camera (Olympus BX53, Japan) at both 
40 × and 100 × magnifications for comprehensive 
visualization of tumor morphology and cellular details. 
Representative images from each experimental group were 
selected for comparative analysis and documentation.

Statistical analysis
All experiments were performed in triplicate (n = 3), and 
results are expressed as mean ± standard deviation (SD). 
Statistical comparisons between experimental groups 
were conducted using one-way analysis of variance 
(ANOVA) followed by Tukey's post-hoc test for multiple 
comparisons. The threshold for statistical significance 
was set at P < 0.05. For in vitro drug release studies, 
MTT cytotoxicity assays, and flow cytometry analyses, 
comparative statistical evaluation was performed to 
assess differences between ALA-loaded TPGS micelles, 
free ALA, and control groups, with significant differences 
denoted in the corresponding figures and tables.

Gene expression data obtained from qRT-PCR were 
analyzed using the comparative threshold cycle (2-

ΔΔCT) method, with normalization to the reference gene 
GAPDH. Statistical significance of gene expression 
changes was determined using REST 2009 software, which 
employs a Pair Wise Fixed Reallocation Randomization 
Test specifically designed for relative expression data. 
This approach accounts for the non-normal distribution 

characteristics of PCR data and provides robust calculation 
of p-values along with 95% confidence intervals for fold-
change values.

Data processing and visualization were performed using 
multiple computational platforms to ensure accuracy and 
reproducibility. OriginPro 2021 software (OriginLab 
Corporation, USA) was employed for graphical analysis, 
curve fitting, statistical computations, and release 
kinetics modeling. Transmission electron microscopy 
images were processed and quantitatively analyzed 
using ImageJ software (National Institutes of Health, 
USA) for particle size distribution measurements and 
morphological characterization. Specialized calculations, 
data manipulation, and custom analytical procedures 
were implemented using Python 3.8 programming 
language with scientific computing libraries including 
NumPy, SciPy, pandas, and Matplotlib. Preliminary data 
organization and basic calculations were performed using 
Microsoft Excel 2019 (Microsoft Corporation, USA). All 
figures were prepared at publication quality resolution 
(1200 dpi) using appropriate software platforms.

Result and Discussion
Size distribution and surface charge analysis
The DLS analysis (zeta sizer, Malvern) of the ALA-Loaded 
TPGS micelles revealed a monomodal size distribution 
with a mean hydrodynamic diameter in the range of 30–
40 ± 2 nm. This narrow size distribution, characterized 
by a sharp intensity peak, confirms the formation of a 
uniform micellar population with low polydispersity 
(0.234 ± 0.036). Such a size range is considered optimal 
for drug delivery applications, as micelles within the 
20–200 nm window can evade rapid renal clearance while 
facilitating penetration through biological barriers.28

Complementary zeta potential measurements indicated 
a peak value of approximately –1.9 mV. While this zeta 
potential is below the ± 30 mV threshold typically associated 
with strong electrostatic stabilization, comprehensive 
stability assessments were performed over three months 
of storage at 4 °C to evaluate the long-term colloidal 
stability of the system. The stability studies demonstrated 
that particle size remained within acceptable limits 
(variation < 5%), zeta potential values showed consistent 
measurements, and encapsulation efficiency exhibited 
minimal reduction ( < 10% decrease), confirming adequate 
colloidal stability despite the low surface charge. This 
stability can be attributed to steric stabilization provided 
by the hydrophilic polyethylene glycol chains of TPGS 
molecules, which create a protective hydrated layer around 
the micelle surface, preventing particle aggregation through 
steric hindrance rather than electrostatic repulsion.29,30 
The observed physicochemical characteristics—namely, 
the optimal particle size and demonstrated long-term 
stability—are critical determinants for the in vivo 
performance of nanocarrier systems. They support the 
potential of these ALA-loaded TPGS micelles to achieve 
enhanced bioavailability and controlled drug release, 
which are essential for effective therapeutic outcomes.
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Morphological Analysis by TEM
TEM was employed to evaluate the morphology of 
the ALA-loaded TPGS micelles. For TEM analysis, a 
drop of the freshly prepared micellar suspension was 
deposited onto a carbon-coated copper grid and allowed 
to air-dry prior to imaging. The micrograph provides 
comprehensive insight into the nanostructure of the 
formulation (Fig. 1A).
The TEM images consistently revealed well-defined, 
predominantly spherical micelles with a uniform size 
distribution. Detailed analysis of the images showed 
that the micelles exhibit a size range of approximately 
20–40 nm, with most particles falling between 20 and 
30 nm. Such dimensions are particularly advantageous 
for drug delivery, as they are sufficiently large to avoid 
rapid renal clearance while remaining small enough to 
evade recognition by the reticuloendothelial system.31,32 
Moreover, the high-magnification images disclosed 
a distinct core-shell architecture characterized by a 
darker core, representing the hydrophobic vitamin E 
moiety entrapping ALA, and a lighter peripheral layer 
corresponding to the hydrophilic PEG corona. This 
structural feature not only confirms successful drug 
encapsulation but also underscores the formation of 
stable nanocarriers.

The absence of significant aggregation in the TEM 
micrographs further indicates the robust colloidal 
stability of the micellar system, likely a result of the steric 
hindrance conferred by the PEG chains.32 These findings, 
which align with previously reported observations in 
TPGS-based nanocarrier systems.31,33 affirm that the 
adopted preparation method yields a discrete and stable 
micellar assembly, suitable for advanced drug delivery 
applications.

TEM examination, including ImageJ-based size analysis 
of the particle population, revealed a narrow distribution 
centered at 20–30 nm with uniform spherical morphology. 
As expected for polymer-stabilized nanocarriers, DLS 

measurements yielded larger hydrodynamic diameters, 
reflecting the solvated PEG/TPGS corona and the dynamic 
interactions of the particles within the aqueous medium. 
Although the absolute sizes differed, the narrow TEM 
distribution was consistent with the low PDI observed 
by DLS, indicating uniformity in both the dry-state core 
and the hydrated nanoparticle ensemble. This agreement 
between TEM and DLS supports the structural stability 
of the formulation and confirms that the surface layers 
remain intact under dispersion conditions.

FTIR analysis
The FTIR spectra of TPGS, free ALA, and ALA-loaded 
TPGS micelles are presented in Fig. 1B, providing 
comprehensive insight into the molecular characteristics 
and successful encapsulation of the drug within the 
micellar system. The TPGS spectrum exhibits a broad 
absorption band at approximately 3400 cm⁻¹, which 
corresponds to O–H stretching vibrations of terminal 
hydroxyl groups present in the polyethylene glycol chains. 
Sharp bands observed in the 2850–2950 cm⁻¹ region are 
attributed to the C–H stretching vibrations of methylene 
groups within both the PEG segment and the vitamin 
E moiety of TPGS.34 A prominent absorption peak at 
approximately 1750 cm⁻¹ indicates the C = O stretching 
of the ester linkage, confirming the structural integrity of 
TPGS.35

The free ALA spectrum demonstrates several 
characteristic absorption bands consistent with its 
molecular structure. A broad band spanning 3000–
3500 cm⁻¹ represents the O–H stretching vibration 
of the carboxylic acid group, while a distinct peak at 
approximately 1700 cm⁻¹ corresponds to the C = O 
stretching of the carboxyl functionality.36 Weak absorption 
bands in the 500–550 cm⁻¹ region provide evidence of 
the disulfide bond (–S–S–), which is a critical structural 
feature of ALA.37

The spectrum of ALA-loaded TPGS micelles reveals 

Fig. 1. TEM micrograph of ALA-loaded TPGS micelle at scale bar of 150 nm (A), FTIR spectra of TPGS micelles, free α-lipoic acid (ALA), and ALA-loaded 
TPGS micelles. Characteristic absorption bands are labeled, including O–H stretching (~3400 cm⁻¹), C–H stretching of methylene groups (2850–2950 cm⁻¹), 
ester carbonyl stretching of TPGS (~1750 cm⁻¹), carboxyl C = O stretching of ALA (~1700 cm⁻¹), and disulfide bond vibrations of ALA (500–550 cm⁻¹). Peak 
positions confirm successful encapsulation of ALA within the TPGS micellar system while preserving the structural integrity of both components (B).
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the presence of characteristic peaks from both TPGS and 
ALA, confirming successful drug encapsulation within 
the micellar structure. Notably, the carbonyl stretching 
band of ALA at 1700 cm⁻¹ appears slightly shifted and 
broadened in the micelle spectrum, suggesting hydrogen 
bonding interactions between the carboxylic acid group 
of ALA and the hydroxyl or ether groups of TPGS. 
Additionally, the retention of the broad O–H stretching 
band at 3400 cm⁻¹ and the ester carbonyl peak at 1750 
cm⁻¹ indicates that the structural integrity of TPGS 
remains intact during the micelle formation process. The 
preservation of ALA's characteristic peaks, including 
those corresponding to the disulfide bond, confirms that 
no significant chemical degradation occurred during 
the encapsulation procedure. These spectroscopic 
observations collectively validate the successful formation 
of ALA-loaded TPGS micelles while maintaining the 
molecular integrity of both the drug and the carrier, which 
is essential for the therapeutic efficacy of the formulation.

Drug loading analysis
The encapsulation efficiency of ALA in the TPGS micellar 
system was determined to be approximately 70%, a 
marked improvement compared to many conventional 
nanocarrier platforms. This enhanced performance is 
primarily attributed to the unique amphiphilic structure 
of TPGS, which consists of a hydrophobic vitamin E 
moiety and a hydrophilic polyethylene glycol (PEG) 
chain.38,39 The hydrophobic core of TPGS establishes 
strong interactions with lipophilic drugs such as ALA, 
promoting effective incorporation, while the PEG corona 
stabilizes the micelles and minimizes premature drug 
leakage. This combination of favorable interactions and 
stability is critical for achieving high drug loading and 
ensuring sustained drug release under physiological 
conditions.

In comparison, other amphiphilic carrier systems, 
including PEG-PLGA nanoparticles and Pluronic®-based 
micelles, have typically demonstrated encapsulation 
efficiencies ranging from 45% to 60%.40,41 The superior 

performance of the TPGS-based system in our study can 
be attributed to the optimized thin-film hydration method 
and meticulous control over formulation parameters, 
which enhance drug–carrier interactions. This improved 
encapsulation efficiency is expected to contribute 
significantly to the bioavailability and therapeutic efficacy 
of ALA, highlighting the potential of TPGS micelles as an 
advanced drug delivery platform.

Drug release analysis
The in vitro release profile of ALA from TPGS micelles 
was subjected to comprehensive kinetic analysis to 
determine the underlying release mechanism (Fig. 2). 
The experimental data were fitted to three mathematical 
models: zero-order, first-order, and Higuchi kinetic 
models. Statistical analysis revealed that the first-order 
kinetic model provided the best fit to the experimental 
data with the highest coefficient of determination 
(R² = 0.9828), demonstrating excellent correlation 
compared to the Higuchi model (R² = 0.8872) and 
zero-order model (R² = 0.7008). The first-order model 
parameters indicated a rate constant (k₁) of 0.1760 h⁻¹ 
and a theoretical maximum release (Q∞) of 80.2%, which 
closely matched the observed experimental plateau value 
of 85.9 ± 2.5% at 48 hours. This mathematical validation 
confirms that the release follows concentration-dependent 
kinetics characteristic of diffusion-controlled systems.

The biphasic release profile observed is characteristic 
of micellar systems in which loosely associated drug at or 
near the corona diffuses rapidly while drug embedded in 
the hydrophobic core is released more slowly.42 During 
the initial burst phase, ~52.4 ± 2.5% of encapsulated ALA 
was released within the first 6 h, followed by a sustained 
release reaching 85.9 ± 2.5% at 48 h; the release kinetics 
fitted first-order behavior (R² = 0.9828). Tween 80 (1% 
w/v) was present only in the external release medium to 
maintain sink conditions and prevent precipitation of 
lipophilic ALA. We note that the surfactant can influence 
apparent release kinetics by increasing solubilization of 
surface-associated ALA and, in some formulations, by 

Fig. 2. In vitro drug release profile and kinetic analysis of α-lipoic acid from TPGS micelles. (A) Cumulative drug release profile showing biphasic release 
behavior with initial burst release followed by sustained release over 48 hours. (B) Comparative kinetic model fitting showing experimental data (black circles) 
fitted to zero-order (red solid line, R² = 0.7008), first-order (blue dashed line, R² = 0.9828), and Higuchi (green dash-dot line, R² = 0.8872) kinetic models. The 
first-order model demonstrated the best fit to the experimental data, confirming diffusion-controlled release mechanism from the micellar system.
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interacting with the micelle corona which may facilitate 
desorption of loosely bound drug; such surfactant-
mediated effects likely contribute to the pronounced 
initial burst we observed.43 Nevertheless, the sustained 
second-phase release and the first-order fit indicate that 
diffusion of core-entrapped ALA remains the primary 
release mechanism under the tested conditions.44

Following the burst release phase, a more controlled 
and sustained release was observed, reaching 75.8 ± 2.5% 
at 24 hours and eventually plateauing at 85.9 ± 2.5% after 
48 hours. This sustained release is primarily governed by 
the strong hydrophobic interactions between ALA and the 
vitamin E-rich TPGS core, which delays drug diffusion 
into the surrounding medium.45,46 Such controlled release 
profiles are advantageous for therapeutic applications, 
as they enable prolonged drug retention at effective 
concentrations, potentially minimizing dosing frequency 
and improving patient compliance.47 The observed drug 
release pattern highlights the potential of TPGS micelles as 
an effective delivery system for ALA, providing both rapid 
onset and sustained therapeutic effects. Further in vivo 
studies are necessary to validate these in vitro results and 
assess the pharmacokinetic advantages of this formulation.

Cellular uptake analysis of micelle in 4T1 breast cancer 
cells
Flow cytometry analysis demonstrated significant 
differences in cellular uptake between control and 

treatment groups. The untreated control cells (Fig. 3A) 
exhibited minimal fluorescence in the FL4-H channel, 
with 98.9% of cells showing low fluorescence intensity 
(FL4-H-) and only 1.12% displaying higher fluorescence 
(FL4-H + ). In contrast, cells treated with the micelle (Fig. 
3B) showed substantially increased fluorescence, with 
15.4% of cells in the high fluorescence range (FL4-H + ) 
and 84.6% in the lower range. This 13.75-fold increase 
in FL4-H + cell percentage confirms successful cellular 
internalization of the drug-loaded micelles by 4T1 breast 
cancer cells following 24 hours of incubation.

The forward scatter (FSC-H) versus side scatter 
(SSC-H) plots further illustrate differences between 
the cell populations. Control cells displayed a relatively 
homogeneous distribution, whereas treated cells exhibited 
altered scatter properties, potentially indicating changes in 
cell morphology or granularity following internalization 
of the micelle. The small subpopulation observed in the 
lower FSC-H/SSC-H region of the treatment group may 
represent cellular debris or a distinct subpopulation with 
different uptake characteristics.

The enhanced cellular internalization observed in our 
study can be attributed to several factors related to the 
physicochemical properties of the developed micellar 
system. Polymeric micelles have gained considerable 
attention as drug delivery vehicles due to their unique core-
shell structure, which enables efficient drug encapsulation 
and cellular uptake.48 The mechanism of cellular uptake 

Fig. 3. Flow cytometric analysis of cellular uptake in 4T1 breast cancer cells. (A) Control group (untreated cells) showing FSC-H vs. SSC-H scatter plot (left) 
and FL4-H fluorescence histogram (right) with 98.9% FL4-H- and 1.12% FL4-H + populations. (B) Treatment group (cells incubated with micelle for 24 hours) 
showing FSC-H vs. SSC-H scatter plot (left) and FL4-H fluorescence histogram (right) with 84.6% FL4-H- and 15.4% FL4-H + populations.
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likely involves endocytosis pathways, which are known to 
facilitate the internalization of nanoparticles in the size 
range of our micelle (25-100 nm).49 The heterogeneity in 
fluorescence intensity observed in the treated population 
suggests variability in cellular uptake, potentially reflecting 
cell cycle-dependent internalization mechanisms.50 The 
presence of a small subpopulation in the lower FSC-H/
SSC-H region of the treated sample could indicate early 
apoptotic cells, as reported by Feng et al., who observed 
similar flow cytometry patterns in breast cancer cells 
exposed to cytotoxic drug-loaded nanomicelles.51 This 
observation warrants further investigation through 
additional apoptosis assays to determine whether 
the internalized drug induces cell death at the tested 
concentration.

These findings are consistent with those of Cabral et 
al, who demonstrated that polymeric micelles achieve 
significantly higher cellular uptake compared to free drug 
formulations in triple-negative breast cancer models.52 
The authors attributed this enhanced internalization to 
the optimal size and surface properties of the micellar 
system, which facilitate interaction with the cell 
membrane and subsequent endocytosis. The significant 
cellular uptake demonstrated in this study is crucial for 
improving the therapeutic efficacy of the encapsulated 
drug. Efficient internalization ensures that sufficient drug 
concentrations reach intracellular targets, potentially 
overcoming drug resistance mechanisms that often limit 
conventional chemotherapy.53 Furthermore, the observed 
uptake pattern suggests that our micelle may provide 
advantages for drug delivery to 4T1 breast cancer cells, 
which are known for their aggressive phenotype and 
limited response to standard treatments.54

Cell viability analysis of TPGS micelles and ALA-loaded 
TPGS micelles
The cytotoxic effects of TPGS micelles and ALA-loaded 
TPGS micelles were evaluated using the MTT assay on 
4T1 breast cancer cells following 48 hours of treatment. 
The cell viability data demonstrated a clear concentration-
dependent response for both formulations.

For TPGS micelles, the cell viability percentages were 
37.96 ± 3.2%, 45.37 ± 2.9%, 48.15 ± 3.5%, 53.7 ± 4.1%, 
92.59 ± 5.3%, and 100 ± 4.8% at concentrations of 140, 70, 
35, 17.5, 8.75, and 4.35 μg/mL, respectively. Similarly, the 
ALA-loaded TPGS micelles exhibited cell viability values 
of 31.24 ± 2.7%, 39.81 ± 3.1%, 52.78 ± 3.8%, 62.04 ± 4.2%, 
68.52 ± 4.7%, and 100 ± 5.1% at the same concentration 
range. Both formulations demonstrated a clear dose-
dependent cytotoxic effect, with higher concentrations 
resulting in lower cell viability (Fig. 4A). 

The observation that TPGS micelles and ALA-loaded 
TPGS micelles exhibit similar cytotoxicity patterns 
warrants detailed discussion, as this finding provides 
important insights into the mechanisms of action of both 
formulations. Previous studies have demonstrated that 
lipoic acid at nontoxic concentrations significantly affects 
breast cancer cell behavior, particularly in 4T1 cells,55 

suggesting that free ALA alone may not exhibit substantial 
direct cytotoxic effects at therapeutic concentrations. 
The comparable cytotoxicity observed between our 
formulations indicates that TPGS itself contributes 
significantly to the overall cytotoxic activity, consistent 
with previous reports demonstrating TPGS's intrinsic 
anticancer properties through P-glycoprotein inhibition 
and apoptosis induction.20 

Importantly, while the MTT assay revealed similar 
cell viability outcomes, our gene expression analysis 
demonstrated distinct molecular mechanisms between the 
two formulations. ALA-loaded TPGS micelles specifically 
activated apoptotic pathways (Caspase8: 2.071-fold, 
Caspase9: 2.9-fold upregulation) that were minimally 
affected by TPGS micelles alone. This disparity suggests 
that although both formulations achieve comparable 
levels of cell death, they operate through different 
molecular pathways, with ALA-loaded micelles providing 
more targeted apoptotic activation.

The enhanced molecular-level effects of ALA-loaded 
TPGS micelles, despite similar cytotoxicity profiles, may 
be attributed to several factors. Studies have shown that 
α-lipoic acid treatment alone typically does not show 
noteworthy decreases in proliferation of breast cancer 
cells,56 but when incorporated into delivery systems, 
its bioavailability and cellular interactions may be 
significantly enhanced. Research has demonstrated that 
both MDA-MB-231 and 4T1 breast cancer cell lines 
exhibit altered molecular responses to ALA treatment, 
including downregulated expression of EMT markers and 
impaired cell migration capabilities.21

A limitation of this study is the absence of free ALA 

Fig. 4. Cytotoxic effects of TPGS micelles and ALA-loaded TPGS micelles 
on 4T1 cells (A), and differential gene expression in response to TPGS 
micelles and ALA-loaded TPGS micelles for target gens of Caspase8, 
Caspase9, SOD, and PS3 (B).
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controls in our cytotoxicity assessment, which would have 
provided valuable comparative data. Based on available 
literature, free alpha-lipoic acid demonstrates limited 
direct cytotoxic effects in breast cancer cells at therapeutic 
concentrations, primarily exhibiting anti-invasive and 
anti-migratory properties rather than pronounced cell 
death induction. This suggests that the encapsulation 
within TPGS micelles may enhance the therapeutic 
potential of ALA through improved bioavailability, 
sustained release, and enhanced cellular uptake, resulting 
in the pronounced molecular effects observed in our gene 
expression studies.

The similar cytotoxicity patterns observed at higher 
concentrations may also reflect the inherent limitations of 
MTT assays in distinguishing between different cell death 
mechanisms and the predominant cytotoxic contribution 
of the TPGS carrier system. Future studies should 
incorporate free ALA controls and additional mechanistic 
assays to better delineate the specific contributions of the 
drug versus the carrier system to the overall therapeutic 
efficacy.

Analysis of gene expression in response to TPGS micelle 
and ALA-loaded TPGS micelle formulations
Real-time quantitative PCR analysis was performed to 
evaluate the expression profiles of apoptosis-related 
genes (Caspase8, Caspase9, SOD, and P53) following 
treatment with TPGS micelles and ALA-loaded TPGS 
micelles, with results presented in Fig. 4B. Treatment 
with TPGS micelles alone resulted in minimal alterations 
in gene expression compared to the control group. 
Caspase8 demonstrated a slight reduction in expression 
(0.943 ± 0.230-fold, P = 0.51), while Caspase9 exhibited a 
moderate increase (1.925 ± 1.224-fold, P = 0.341), neither 
of which reached statistical significance. Similarly, SOD 
expression showed a marginal increase (1.206 ± 0.769-fold, 
P = 0.51), and P53 demonstrated modest downregulation 
(0.742 ± 0.184-fold, P = 0.51). These findings indicate that 
TPGS micelles, when administered without drug loading, 
exert negligible effects on apoptotic and oxidative stress 
response pathways in the tested cells.

In striking contrast, treatment with ALA-loaded TPGS 
micelles induced statistically significant upregulation 
across all examined genes, demonstrating robust 
activation of multiple cellular stress response mechanisms. 
Caspase8 expression increased 2.071 ± 0.762-fold 
(P < 0.001), indicating enhanced activation of the extrinsic 
apoptotic pathway. Caspase9 demonstrated substantial 
upregulation of 2.868 ± 2.182-fold (P < 0.001), confirming 
stimulation of the intrinsic apoptotic pathway. SOD 
expression was markedly elevated to 3.271 ± 1.756-fold 
(P < 0.001), reflecting a pronounced antioxidant response. 
P53 expression similarly increased 2.848 ± 0.762-fold 
(P < 0.001), suggesting robust activation of tumor 
suppressor mechanisms. The statistical significance of 
these changes (P < 0.001 for all four genes) underscores the 
potent biological activity of the ALA-loaded formulation.

The differential gene expression patterns between 

the two formulations provide critical insights into their 
distinct mechanisms of action. The minimal impact of 
TPGS micelles aligns with observations by Jiang et al., who 
reported that certain nanomaterials exhibit limited cellular 
effects in the absence of bioactive cargo.57 This finding 
supports the role of TPGS primarily as a biocompatible 
delivery vehicle with minimal intrinsic biological activity. 
The pronounced and statistically significant upregulation 
of apoptosis-related genes by ALA-loaded TPGS micelles 
correlates with enhanced therapeutic potential, consistent 
with previous investigations. Liu and colleagues 
demonstrated that lipid-modified nanoparticles 
significantly increased the expression of apoptotic 
markers in cancer cells, resulting in improved antitumor 
efficacy.58 The simultaneous activation of both extrinsic 
(Caspase8) and intrinsic (Caspase9) apoptotic pathways 
by ALA-loaded TPGS micelles suggests a multifaceted 
mechanism of action, which has been associated with 
reduced therapy resistance.59

The statistically significant upregulation of SOD (3.272-
fold, P < 0.001) by ALA-loaded TPGS micelles indicates 
an enhanced cellular antioxidant response, potentially 
reflecting increased generation of reactive oxygen 
species. This observation is consistent with findings by 
Chen et al, who demonstrated that certain lipid-based 
nano formulations can induce ROS-mediated apoptosis 
in cancer cells.60 The activation of antioxidant defense 
mechanisms may represent a compensatory cellular 
response to oxidative stress induced by the formulation. 
The elevated P53 expression (2.848-fold, P < 0.001) 
further confirms the apoptosis-inducing properties of 
ALA-loaded TPGS micelles, as P53 functions as a master 
regulator of cell cycle arrest and programmed cell death 
in response to diverse cellular stresses.61 The concurrent 
upregulation of P53 and caspases by ALA-loaded TPGS 
micelles indicates coordinated activation of the apoptotic 
machinery.

The contrasting efficacy between TPGS micelles 
and ALA-loaded TPGS micelles highlights the critical 
contribution of the encapsulated drug in determining 
biological responses. The lipid modifications inherent 
to the delivery system may facilitate cellular uptake and 
membrane interactions, as demonstrated by Sun et al.62 The 
potent and statistically significant activation of multiple 
stress response pathways by ALA-loaded TPGS micelles 
suggests potential therapeutic applications in cancer 
treatment, particularly for targeting apoptosis-resistant 
tumor cells. As demonstrated by Deng et al., multimodal 
activation of apoptotic pathways can overcome resistance 
mechanisms and enhance therapeutic efficacy.53 
Furthermore, the P53-activating properties of ALA-loaded 
TPGS micelles may provide opportunities for synergistic 
combinations with conventional chemotherapeutics, as 
proposed by Fischer.63 A limitation of the current study 
is the absence of protein-level validation of the observed 
gene expression changes. Future investigations should 
incorporate functional apoptosis assays, including 
Annexin V/PI staining, TUNEL assays, and caspase 
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activity measurements, to confirm the downstream 
molecular mechanisms suggested by the gene expression 
data. Additionally, the variability observed in in vivo 
measurements reflects the inherent biological variation 
typical of xenograft tumor models, where individual 
animal responses and tumor heterogeneity contribute to 
data dispersion. While additional experimental replicates 
would strengthen the statistical power of these findings, 
the current triplicate measurements provide a foundation 
for understanding the therapeutic potential of this 
delivery system.

Effect of TPGS micelle loaded ALA and TPGS micelle 
formulations on tumor growth in mice
The optimized dosing protocol demonstrated significant 
improvements in safety compared to initial studies. 
All experimental groups achieved 100% survival rates 
throughout the 17-day study period: Control group (4/4 
mice, 100%), TPGS Micelle group (5/5 mice, 100%), 
and TPGS micelle loaded ALA group (4/4 mice, 100%) 
(Fig. 5). This represents a substantial improvement from 
preliminary studies where dose-related toxicity was 
observed, highlighting the importance of systematic dose 
optimization in nanomedicine development.

Body weight analysis served as a primary indicator of 
systemic toxicity. Throughout the study period, all groups 
maintained stable body weights with no significant weight 
loss indicative of treatment-related toxicity (Fig. 5). Final 
body weights on day 17 were: Control group (20.58 ± 0.63 
g), TPGS Micelle group (17.23 ± 1.19 g), and ALA-loaded 
TPGS group (18.94 ± 0.36 g). The absence of significant 
weight loss in any group confirms the biocompatibility of 
the optimized formulation and supports the established 
safety profile of TPGS-based delivery systems.64

Linear regression analysis of tumor growth rates 
provided quantitative assessment of treatment efficacy 
(Fig. 6). The calculated growth slopes were: Control group 

(9.53 ± 1.03 mm³/day), TPGS Micelle group (9.01 ± 3.24 
mm³/day), and ALA-loaded TPGS group (8.54 ± 3.83 
mm³/day). The ALA-loaded formulation demonstrated 
a 10.39 % reduction in tumor growth rate compared to 
controls, indicating moderate therapeutic activity. The 
large standard deviation in the treatment group reflects 
the variable response among individual animals, which 
is consistent with the known challenges in achieving 
uniform therapeutic responses in heterogeneous tumor 
models.65

The observed antitumor activity of ALA-loaded TPGS 
micelles likely results from multiple mechanisms. ALA 
primarily influences cellular metabolism and oxidative 
stress networks through its antioxidant properties,21 
which aligns with our previous in vitro findings showing 
upregulation of apoptotic markers (Caspase-8: 2.071-
fold, Caspase-9: 2.9-fold). The enhanced cellular uptake 
observed in vitro (13.75-fold increase) suggests that 
TPGS micelles effectively deliver ALA to cancer cells, 
potentially overcoming the bioavailability limitations of 
free ALA. The variability in individual tumor responses 
may be attributed to tumor heterogeneity and differences 
in vascular permeability, which affects nanoparticle 
accumulation via the enhanced permeability and 
retention (EPR) effect. This heterogeneity is characteristic 
of the 4T1 model and reflects the clinical reality of variable 
patient responses to nanomedicine therapies.

The achievement of 100% survival with maintained 
body weights represents a significant advancement 
toward clinical translation. The established safety 
profile, combined with demonstrated antitumor activity, 
suggests that ALA-loaded TPGS micelles may offer a 
therapeutic window suitable for further development. 
However, the variable individual responses highlight 
the need for predictive biomarkers to identify patients 
most likely to benefit from this treatment approach. 
Conjugation of tumor-specific targeting ligands such as 

Fig. 5. In vivo therapeutic evaluation of ALA-loaded TPGS micelles. (A) Average Tumor growth progression over 17 days of treatment showing tumor volume 
measurements. (B) Average Body weight changes over the treatment period monitoring systemic toxicity. Data are presented as mean ± standard deviation 
(n = 3 per group). Control group (light blue), TPGS micelle group (pink), and ALA-loaded TPGS micelle group (green).
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Fig. 6. In vivo antitumor efficacy and safety assessment of ALA-loaded TPGS micelles in 4T1 murine xenograft model. (A) Tumor growth kinetics over 17-day 
treatment period showing average tumor volume (mm³) versus time. Linear regression analysis reveals tumor growth rates of 9.53 ± 1.03 mm³/day (Control), 
9.01 ± 3.24 mm³/day (TPGS Micelles), and 8.54 ± 3.83 mm³/day (ALA-loaded TPGS Micelles). (B-D) Macroscopic examination of liver tissues at study endpoint 
(day 17) showing preserved organ integrity and normal morphology across all groups: (B) Control, (C) TPGS Micelles, and (D) ALA-loaded TPGS Micelles. 
(E-G) Representative tumor measurements at study endpoint (day 17) using digital calipers, demonstrating tumor burden in: (E) Control group, (F) TPGS 
Micelles group, and (G) ALA-loaded TPGS Micelles group. Scale bars visible in ruler measurements.

folic acid, transferrin, or monoclonal antibody fragments 
to TPGS micelle surfaces could enhance selective tumor 
accumulation beyond passive EPR-mediated delivery.20,66 
PEGylation of micelle surfaces would extend circulation 
half-life and reduce reticuloendothelial system clearance. 
Additionally, incorporation of pH-sensitive or enzyme-
responsive linkers could facilitate controlled drug release 
specifically within the acidic tumor microenvironment.67 
Co-encapsulation of synergistic agents such as 
conventional chemotherapeutics (doxorubicin, paclitaxel) 
or immunomodulators could enhance the modest 
antitumor activity observed with ALA monotherapy.68,69

To provide preliminary assessment of potential systemic 
toxicity, liver tissues were collected and examined 
macroscopically at the study endpoint (Fig. 6B-D). Gross 

morphological examination revealed that liver tissues 
from all treatment groups maintained normal appearance 
with no visible signs of organ damage, structural 
abnormalities, or discoloration. The control group liver 
demonstrated typical morphology and coloration (Fig. 
6B), while both TPGS micelle-treated (Fig. 6C) and 
ALA-loaded TPGS micelle-treated (Fig. 6D) groups 
exhibited comparable gross appearance with preserved 
organ integrity. To further visualize the treatment effects, 
representative tumor measurements at the study endpoint 
(day 17) were documented using digital calipers (Fig. 6E-
G). Control group tumors demonstrated substantial size 
with average dimensions exceeding the treatment groups 
(Fig. 6E). TPGS micelle-treated tumors exhibited similar 
dimensions to controls (Fig. 6F), confirming minimal 
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therapeutic effect of the empty carrier. In contrast, ALA-
loaded TPGS micelle-treated tumors displayed visibly 
reduced dimensions (Fig. 6G), consistent with the reduced 
growth rate observed in the quantitative analysis (Fig. 
6A). These macroscopic observations corroborate the 
tumor growth kinetics data and provide visual evidence of 
the therapeutic efficacy of the ALA-loaded formulation. 
The tumor measurements at endpoint, combined with 
the growth rate analysis demonstrating 10.39% reduction 
in tumor expansion, collectively support the anticancer 
potential of the developed nanoformulation. The 
absence of visible morphological changes in liver tissues, 
combined with maintained body weights throughout 
the study period, provides preliminary indication of 
biocompatibility. However, significant limitations exist 
in our current safety assessment approach. Detailed 
histopathological examination with microscopic analysis 
was not performed, preventing evaluation of cellular-level 
changes, inflammatory responses, or subtle tissue damage 
that may not be apparent through gross examination.

The physicochemical properties of our ALA-loaded 
TPGS micelles have important implications for 
protein corona formation, biodistribution, and cellular 
uptake in vivo. Dynamic light scattering indicated a 
mean hydrodynamic diameter of 30–40 ± 2 nm (PDI 
0.234 ± 0.036) and zeta potential of approximately −1.9 
mV. Particles in the ~30–40 nm range are typically 
favorable for prolonged circulation and enhanced tumor 
accumulation via the EPR effect while remaining small 
enough to penetrate tumor interstitium more effectively 
than larger particulates.70 The near-neutral zeta potential 
measured here is below the ± 30 mV threshold associated 
with strong electrostatic stabilization; however, steric 
stabilization provided by the hydrophilic PEG chains of 
TPGS is expected to confer colloidal stability and reduce 
opsonization, consistent with the protective role of 
PEGylation reported in the literature.71 Steric shielding by 
PEG/TPGS is therefore likely to limit rapid RES clearance, 
although PEGylated systems nevertheless acquire a 
dynamic protein corona in vivo that can alter biological 
identity.72 The composition and abundance of adsorbed 
proteins in that corona can modulate circulation half-life, 
organ distribution, and cellular uptake pathways; recent 
mechanistic studies underline that surface properties 
(size, PEG density) strongly influence in vivo corona 
formation and early pharmacokinetics, and thus dedicated 
proteomic and PK/biodistribution studies are warranted 
to define the in vivo fate of our micelles.73

The observed 13.75-fold enhancement in cellular 
uptake can be mechanistically attributed to adsorptive-
mediated endocytosis, a nonspecific uptake pathway 
facilitated by the unique physicochemical properties of 
our TPGS micelles. The near-neutral zeta potential (−1.9 
mV) minimizes electrostatic repulsion with the negatively 
charged cell membrane while allowing weak attractive 
interactions that promote initial adsorption. The small 
hydrodynamic diameter (30-40 nm) provides optimal 
surface area for multiple simultaneous membrane contact 

points, facilitating membrane wrapping during endocytic 
vesicle formation. The amphiphilic nature of TPGS 
enables dual membrane interaction: the hydrophilic 
PEG corona engages with the membrane glycocalyx 
through hydrogen bonding and entropic effects, while 
the lipophilic vitamin E moiety partially intercalates into 
the lipid bilayer, creating local membrane perturbation 
that triggers endocytosis. This nonspecific adsorption 
mechanism is particularly advantageous in cancer cells, 
which exhibit increased membrane fluidity, enhanced 
metabolic activity, and greater endocytic capacity 
compared to normal cells, collectively contributing to the 
preferential tumor cell uptake observed in our study. The 
interplay between these physicochemical characteristics 
and biological membranes, modulated by the protein 
corona acquired in vivo, ultimately determines the 
biodistribution profile and cellular internalization 
efficiency of our formulation, supporting the enhanced 
therapeutic activity observed in our in vivo tumor model.

Histopathological analysis of tumor tissue
Histopathological examination of tumor tissues revealed 
significant differences among the treatment groups. H&E 
staining demonstrated distinct morphological features 
between control, TPGS micelle, and TPGS micelle 
loaded ALA groups (Fig. 7). The control group exhibited 
extensive areas of necrosis (60-70%), with densely packed 
viable tumor cells showing marked nuclear pleomorphism 
(score + 3) and high mitotic activity (36 mitoses per 
10 HPF) (Fig. 8A, 8B). Similar findings were observed 
in the TPGS micelle group, which displayed 60-70% 
necrosis, severe nuclear pleomorphism (score + 3), and 
high mitotic count (38 mitoses per 10 HPF) (Fig. 7C, 7D). 
These results suggest that empty TPGS micelles did not 
substantially alter tumor growth characteristics compared 
to the untreated control.

In contrast, tumors treated with TPGS micelle loaded 
ALA showed notable differences in histopathological 
parameters. Tumor necrosis was reduced to 50-60%, 
indicating a moderate decrease compared to the other 
groups. The mitotic count was markedly lower (28 mitoses 
per 10 HPF), while apoptotic figures were more abundant 
(11 per 10 HPF) compared to the control (5 per 10 HPF) 
and TPGS micelle groups (6 per 10 HPF). Additionally, 
nuclear pleomorphism was less pronounced (score + 2) 
in the TPGS micelle loaded ALA group, suggesting a 
reduction in tumor aggressiveness (Fig. 7E, 7F). These 
findings were consistent with evidence of treatment 
effects observed in approximately 10-20% of the tumor 
area, a feature not seen in the other groups.

The infiltration of tumor-infiltrating lymphocytes 
(TILs) was minimal across all groups, though slightly 
higher in the TPGS micelle loaded ALA group (3%) 
compared to the control and TPGS micelle groups 
(both < 1%). This modest increase in TILs may suggest a 
potential immunomodulatory effect of the ALA-loaded 
formulation, although the overall immune response 
remained limited.
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The histopathological findings correlated well with our 
gene expression analysis, which demonstrated significant 
upregulation of apoptosis-related genes (Caspase8, 
Caspase9, P53) and antioxidant response genes (SOD) 
in the TPGS micelle loaded ALA group. The increased 
number of apoptotic figures observed in histological 
sections further confirms the activation of apoptotic 
pathways previously identified through PCR analysis. 
These results align with previous studies demonstrating 
the pro-apoptotic effects of ALA in cancer cells. 
Feuerecker et al demonstrated that ALA derivatives exert 
cytotoxic effects on various cancer cell lines by inducing 
cell cycle arrest and apoptosis.74

The reduced nuclear pleomorphism observed in the 
TPGS micelle loaded ALA group suggests a potential 
modulatory effect on tumor differentiation. This finding is 

consistent with research by Michikoshi et al, who reported 
that ALA treatment reduced the invasive potential of 
glioblastoma cells and promoted a more differentiated 
phenotype.75 The lower mitotic count in the TPGS micelle 
loaded ALA group further supports the anti-proliferative 
activity of this formulation, as previously demonstrated 
by Dozio et al in their study on ALA effects on prostate 
cancer cell proliferation.76 The limited TILs infiltration 
across all groups suggests that the immune response 
was not a primary mechanism of action for the tested 
formulations. This finding contrasts with some reports in 
the literature suggesting immunomodulatory properties of 
ALA.77,78 However, the slight increase in TILs in the TPGS 
micelle loaded ALA group warrants further investigation 
as a potential secondary mechanism contributing to the 
observed anti-tumor effects.

Fig. 7. Histopathological analysis of tumor tissues following treatment with different formulations. Representative H&E-stained images of tumor sections from 
different treatment groups. (A) Control group at 40 × magnification. (B) Control group at 100 × magnification. (C) TPGS micelle group at 40 × magnification. 
(D) TPGS micelle group at 100 × magnification. (E) TPGS micelle loaded ALA group at 40 × magnification. (F) ALA-Loaded TPGS micelle group at 
100 × magnification.
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The pronounced treatment effects observed in the 
TPGS micelle loaded ALA group (10-20% of tumor 
area) provide evidence for the therapeutic potential of 
this formulation. These effects were not observed in 
either the control or the TPGS micelle group, confirming 
that the anti-cancer activity is attributable to the ALA 
component rather than the delivery vehicle itself. This 
finding is consistent with our gene expression data, which 
showed minimal impact of empty TPGS micelles on 
apoptosis-related gene expression. The histopathological 
evidence of treatment efficacy in the TPGS micelle loaded 
ALA group must be interpreted in the context of the 
high mortality rate observed in this in vivo study. The 
robust pro-apoptotic activity demonstrated in vitro and 
confirmed by histopathological analysis may translate to 
excessive systemic toxicity at the administered dose. As 
discussed by Zhang et al., the balance between anti-tumor 
efficacy and systemic toxicity remains a critical challenge 
in nanomedicine development.79 The discrepancy 
between the promising histopathological findings and 
the limited tumor growth inhibition observed in vivo 
highlights the complex relationship between cellular 
responses and overall therapeutic outcomes. Similar 
observations were reported by Wang et al., who found 
that despite strong in vitro cytotoxicity, certain nano 
formulations demonstrated limited in vivo efficacy due to 
poor tumor penetration or rapid clearance.80 Our findings 
underscore the importance of comprehensive evaluation 
of nanomedicines, including not only cellular responses 
but also pharmacokinetics, biodistribution, and systemic 
toxicity.

Integration of in vitro, in vivo, and histopathological 
findings
The comprehensive evaluation of ALA-Loaded TPGS 
micelle through gene expression analysis, in vivo xenograft 
studies, and histopathological examination revealed 
consistent and complementary findings that collectively 
support the therapeutic potential of this formulation. 
These three experimental approaches provided insights 
into different aspects of the formulation's activity, from 
molecular mechanisms to physiological responses and 
tissue-level effects.

The PCR analysis demonstrated significant upregulation 
of apoptosis-related genes (Caspase8, Caspase9, and 
P53) and antioxidant response genes (SOD) in cancer 
cells treated with ALA-Loaded TPGS micelle, while 
the empty TPGS micelle had minimal effects on gene 
expression. This molecular signature indicated that ALA 
incorporation was essential for activating multiple cellular 
stress response pathways simultaneously. The concurrent 
activation of both extrinsic (Caspase8) and intrinsic 
(Caspase9) apoptotic pathways suggested a robust pro-
apoptotic mechanism that could potentially overcome 
resistance mechanisms in cancer cells.

This molecular signature was further validated by our 
histopathological findings, which revealed increased 
apoptotic figures (11 per 10 HPF) in the ALA-Loaded 

TPGS micelle group compared to the control (5 per 10 
HPF) and TPGS micelle groups (6 per 10 HPF). The PCR-
identified activation of P53 was reflected in the reduced 
nuclear pleomorphism observed in tumor sections, 
suggesting that P53-mediated tumor suppression 
mechanisms were indeed functioning at the tissue level. 
Additionally, the lower mitotic count in the ALA-Loaded 
TPGS micelle group (28 mitoses per 10 HPF versus 36 
and 38 in control and TPGS micelle groups, respectively) 
aligned with the anti-proliferative effects suggested by our 
gene expression data.

The in vivo xenograft study provided crucial insights 
into the translation of these cellular and molecular effects 
to whole-organism responses. Despite showing promising 
anti-cancer activity at the cellular and tissue levels, the 
high mortality observed in the ALA-Loaded TPGS micelle 
group (80% by day 24) indicated significant systemic 
toxicity at the administered dose. This finding underscores 
the complex relationship between therapeutic efficacy 
and safety, highlighting the need for dose optimization 
in future studies. The in vivo tumor growth patterns in 
surviving mice were consistent with the histopathological 
findings, as the evidence of treatment effects (10-20% 
of tumor area) in the ALA-Loaded TPGS micelle group 
corresponded with altered tumor progression dynamics.

The consistent findings across these three experimental 
approaches provide strong evidence for the mechanism of 
action of ALA-Loaded TPGS micelle. The gene expression 
changes identified through PCR analysis (particularly in 
apoptosis-related genes) manifested as increased apoptotic 
figures in histological sections and ultimately influenced 
tumor progression in vivo. Similarly, the minimal impact 
of empty TPGS micelles on gene expression corresponded 
with the lack of significant treatment effects in histological 
sections and tumor growth patterns similar to the control 
group in vivo.

The integration of these results also reveals important 
considerations for future development of this formulation. 
While the ALA-Loaded TPGS micelle demonstrated 
potent anti-cancer activity at the molecular and cellular 
levels, the high mortality rate observed in vivo suggests 
that dose optimization will be critical for successful 
clinical translation. The molecular insights gained from 
PCR analysis may guide rational design of combination 
therapies that could potentially allow dose reduction 
while maintaining therapeutic efficacy.

Comparative analysis with recent literature
The development of nanoparticulate delivery systems for 
α-lipoic acid has gained significant attention in recent 
years. Despite its remarkable antioxidant properties, ALA 
is hindered by challenges such as low bioavailability, short 
half-life, and unpleasant odor. Our TPGS-based micellar 
system addresses these limitations while demonstrating 
superior performance compared to recently reported 
delivery platforms.

Our formulation achieved a remarkable encapsulation 
efficiency of 70%, which significantly surpasses 
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many conventional nanocarrier systems. Various 
nanoparticulate drug delivery systems have been explored, 
with each offering unique advantages such as improved 
stability, sustained release, enhanced bioavailability, and 
targeted delivery. Recent studies have reported varying 
encapsulation efficiencies: solid lipid nanoparticles 
(SLNs) achieved 40.73 ± 2.83% efficiency for ALA 
delivery,81 while niosomal formulations demonstrated 
94.5 ± 0.2% encapsulation efficiency but for different 
therapeutic applications.82 The superior performance 
of our TPGS micelles can be attributed to the unique 
amphiphilic structure of TPGS, which establishes strong 
hydrophobic interactions with ALA while maintaining 
colloidal stability through the hydrophilic PEG corona.

Our formulation demonstrated optimal particle size 
distribution (30-40 nm) with excellent monodispersity 
(PDI: 0.234), which falls within the ideal range for 
cancer therapy applications. Comparative studies have 
shown varying size distributions: ALA-loaded SLNs 
demonstrated benefits for skin care products with average 
particle sizes of 261.08 ± 2.13 nm, while nanoemulsion 
formulations reported sizes of 289.13 ± 4.55 nm.83 Our 
smaller particle size enhances tissue penetration and 
cellular uptake, as evidenced by the 13.75-fold increase in 
cellular internalization compared to free drug.

The release profile analysis revealed that our system 
follows first-order kinetics (R² = 0.9828) with a biphasic 
release pattern. Various nanoparticulate systems offer 
unique advantages such as sustained release and controlled 
delivery. Recent studies have reported different release 
characteristics: nanostructured lipid carriers showed 
prolonged release lasting up to 72 hours with initial 
burst release prevention,84 while nanoemulsion systems 
demonstrated sustained release patterns with plateau 
formation after 6 hours.85 Our formulation's mathematical 
validation confirms concentration-dependent release 
kinetics, providing predictable therapeutic dosing.

Unlike previous studies focusing on transdermal, 
ophthalmic, or neuroprotective applications, our work 
specifically targets cancer therapy through intravenous 
administration. Recent research has demonstrated ALA's 
anticancer effects through apoptosis promotion and cell 
cycle arrest in various cancer cell lines. Our in vivo studies 
showed a 10.39% reduction in tumor growth rate with 
significant histopathological improvements (decreased 
mitotic activity from 36 to 28 mitoses/10 HPF and 
increased apoptosis from 5 to 11 figures/10 HPF), which 
represents a novel application of TPGS-ALA micelles in 
oncology.

TPGS micelles offer unique advantages including 
FDA-approved biocompatibility and natural tumor-
targeting ability via enhanced permeability and retention 
(EPR) effect. Our formulation maintained excellent 
biocompatibility with no significant weight loss in animal 
studies, confirming the established safety profile of TPGS-
based delivery systems. This contrasts with some reported 
ALA delivery systems that showed dose-related toxicity 
concerns.86

The study referenced by the reviewer utilized ALA as 
a component of the micellar structure for transdermal 
delivery of vinpocetine, fundamentally differing from 
our approach.87 The referenced work aimed at utilizing 
TPGS and ALA to develop efficient micellar systems 
for transdermal delivery, focusing on improving drug 
diffusion through skin. In contrast, our study employs 
ALA as the primary therapeutic agent for systemic cancer 
treatment, demonstrating direct anticancer mechanisms 
through apoptotic pathway modulation and providing 
comprehensive in vivo antitumor efficacy data.

These innovative approaches hold promise for the 
development of improved ALA-based treatments across 
a broad spectrum of health conditions. Our formulation's 
superior encapsulation efficiency, controlled release 
characteristics, and demonstrated anticancer efficacy 
position it as a promising candidate for clinical translation. 
The FDA-approved status of TPGS further facilitates 
regulatory pathways compared to novel excipients used 
in other ALA delivery systems. Based on our comparative 
analysis with recent literature, several research 
opportunities emerge: optimization of the TPGS-to-ALA 
ratio for enhanced therapeutic outcomes, investigation of 
combination therapy approaches with other anticancer 
agents, and expansion to other cancer models to validate 
broad-spectrum efficacy. Future clinical and laboratory 
investigations are recommended to validate the positive 
effects of ALA nanoparticles in the human body.

Conclusion
In this study we developed ALA-loaded TPGS micelles using 
a modified solvent-evaporation/re-hydration method 
that produced a uniform nanoparticle population (mean 
diameter 30–40 nm, PDI 0.234) with a slightly negative 
zeta potential (~ −1.9 mV) and high drug encapsulation 
efficiency (~70%). The formulation exhibited a biphasic 
release profile (initial burst 52.4 ± 2.5% at 6 h; 85.9 ± 2.5% 
at 48 h) and enhanced cellular uptake in 4T1 breast cancer 
cells (13.75-fold increase in fluorescence intensity relative 
to free drug). In vitro assays and qRT-PCR showed dose-
dependent cytotoxicity and upregulation of apoptotic 
markers (Caspase-8 and Caspase-9), and histopathological 
analyses corroborated increased apoptosis and reduced 
mitotic activity in tumors. In vivo evaluation in the 4T1 
xenograft model demonstrated promising antitumor 
activity; however, dose-related safety concerns were 
observed in extended monitoring.

While the present results demonstrate clear potential, 
several limitations should be noted. First, the in vivo 
evaluation was limited to a single tumor model (4T1) 
and a relatively short primary observation period (17 
days), which constrains the generalizability of efficacy 
findings across cancer types and longer time frames. 
Second, although all groups showed 100% survival 
during the 17-day study period, extended observations 
indicated dose-related toxicity at the administered dose 
level, underscoring the need for careful safety assessment. 
Third, comprehensive pharmacokinetic, biodistribution, 
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and formal toxicology studies were not performed 
in this report and are necessary to fully characterize 
systemic exposure and off-target effects. To address these 
limitations and advance translation, future work will focus 
on systematic dose optimization to identify regimens that 
maximize antitumor efficacy while minimizing toxicity, 
comprehensive PK and biodistribution studies, and formal 
toxicology assessments. We will also extend evaluations to 
additional tumor models to test broad-spectrum activity 
and investigate rational combination strategies that may 
permit reduced dosing while preserving or enhancing 
therapeutic benefit. Together, these next steps will guide 
preclinical development toward a favorable therapeutic 
index and inform potential clinical translation of the 
ALA-loaded TPGS micelle platform.
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