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Abstract
Triple-negative breast cancer (TNBC) remains a therapeutic outlier, with limited targeted options and frequent relapse despite 
chemotherapy. While platinum therapy can benefit some TNBC cases, including BRCA1/2-mutant tumors, toxicity and 
limited tumor-selective exposure often restrict its impact. To address these barriers, we applied a lipid-metallodrug prodrug 
approach and synthesized an oxaliplatin-oleic acid (OXA-OA) conjugate that coupled OXA’s cytotoxicity with OA-associated 
anticancer activity. The prodrug was encapsulated into genipin-crosslinked albumin nanoparticles (OXA-OA Alb NPs) to 
improve tumor targeting, yielding a uniform size of 140.52 ± 4.35 nm, a PDI of 0.25 ± 0.05, and an encapsulation efficiency 
of 84.55 ± 4.49%. Spectrometric analysis confirmed successful OXA-OA conjugation. The nanoparticles demonstrated 
enhanced cellular uptake and tumor targeting. In vitro, OXA-OA Alb NPs reduced the IC50 to 0.19 ± 0.36 µg/mL (4T1) and 
0.20 ± 0.16 µg/mL (MDA-MB-231). This corresponded to 25 to 30-fold higher cytotoxicity than free OXA and > 50-fold than 
OA. Furthermore, apoptosis indices reached 1.47 (4T1) and 1.42 (MDA-MB-231), which were 4.19- and 4.50-fold higher 
than OA and 2.43- and 2.53-fold higher than OXA. In vivo, OXA-OA Alb NPs achieved ~ 90% tumor inhibition in a TNBC 
mouse model, with minimal systemic toxicity, stable liver and kidney function, and reduced organ damage compared with 
other treatment groups. These findings suggest that OXA-OA Alb NPs offer a promising and safer approach for TNBC, with 
potential for further exploration in preventing metastasis and recurrence.
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Introduction

TNBC remains one of the most clinically challenging forms 
of breast cancer. The absence of major hormonal receptors 
including estrogen (ER), progesterone (PR) and human 
epidermal growth factor receptor (HER2) reduces access 
to frontline targeted regimens [1]. Chemotherapy therefore 
remains a treatment backbone, but dose-limiting toxicities 
and limited durability continue to pose long-term chal-
lenges [2]. Being biologically heterogeneous, TNBC also 
comprises distinct molecular subtypes with diverse genomic 

alterations and evolving transcriptional states. While this 
complexity may seem like a barrier, it offers a strategic road-
map to actionable vulnerabilities as well. A key example is 
BRCA1/2-associated repair deficiency, which can increase 
susceptibility to platinum-induced DNA lesions [3]. Oxali-
platin (OXA), originally approved for metastatic colorectal 
cancer, has therefore attracted renewed interest in breast 
cancer research, including TNBC. OXA exerts cytotoxic-
ity by forming DNA adducts that interfere with replication 
and transcription [4, 5]. However, the clinical utility of 
OXA in TNBC is limited by several pharmacological and 
safety concerns. Its hydrophilic nature contributes to rapid 
systemic clearance and poor tumor accumulation, while 
its broad biodistribution leads to dose-limiting toxicities, 
particularly peripheral neuropathy. These adverse effects 
often necessitate dose reduction or early discontinuation, 
compromising therapeutic efficacy [6]. To overcome these 
barriers, platinum(IV) (Pt(IV)) prodrugs have emerged as 
a promising platform. Unlike the square-planar Pt(II) con-
figuration of OXA, Pt(IV) complexes adopt an octahedral 
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geometry, offering two axial positions that can be func-
tionalized to fine-tune their properties. Among the various 
ligand strategies, long-chain fatty acids such as palmitic and 
stearic acids have been proposed to modify Pt(IV) prodrugs. 
These modifications are intended to enhance lipophilicity, 
promote membrane interaction, and even exploit fatty acid 
transporter-mediated uptake. For example, Zheng et al. 
showed that a cisplatin-derived Pt(IV) bearing a C₁₆ alkyl 
chain forms a 1:1 complex with serum albumin, burying the 
complex beneath the protein surface and greatly slowing its 
reduction in blood [7]. Other Pt(IV)-fatty acid complexes 
such as bis(octanoato)(Pt(IV)) and bis(laurato)(Pt(IV)) have 
shown strong activity against cisplatin-resistant ovarian can-
cer cells [8]. These Pt(IV)-fatty acid conjugates illustrate the 
value of lipophilic prodrugs: they can evade the normal cop-
per transporter (Ctr1) uptake pathway and kill resistant cells. 
However, most Pt(IV)-fatty acid conjugates to date rely on 
saturated fatty acids, which function primarily as solubility 
modifiers. In contrast, oleic acid (OA), a monounsaturated 
fatty acid, exhibits dual functionality, serving as a lipophilic 
modifier while also acting as a biologically active agent. 
Several studies have shown that OA induces apoptosis via 
multiple mechanisms, including oxidative stress and disrup-
tion of oncogenic signaling pathways such as FAK/AKT/
NF-κB [9], EGFR/ERK/AP‑1 [10], PLD/Cdc42 signaling 
[11]. OA has also been linked to AKT/mTOR suppression 
and PTEN enhancement, converging on mitochondrial dys-
function and caspase-dependent death programs [12, 13]. 
Nevertheless, the cellular uptake of OA has been found to 
be poor at physiological pH due to its anionic nature, often 
requiring greater exposure to elicit an effect [14, 15]. Many 
Pt(IV)-fatty acid prodrugs likewise show low bioavailability 
and unpredictable tumor targeting driven by passive/protein-
mediated transport, with added risk of aggregation/precipita-
tion [7]. Therefore, a nano-enabled delivery platform offers 
a practical solution.

Albumin (Alb), a protein naturally abundant in the 
body, offers remarkable advantages as a drug delivery 
system due to its inherent biocompatibility, prolonged 
circulation time, and tumor-targeting capabilities [16]. It 
possesses natural binding sites that enable it to interact 
with specific receptors such as gp60, SPARC and FcRn, 
promoting its accumulation in tumor tissues through 
receptor-mediated endocytosis [17]. To date, several Alb-
based products have been developed and approved by the 
FDA, including Abraxane® and Fyarro® [18]. Accord-
ingly, covalent Alb-binding Pt(IV) prodrugs have been 
developed to harness Alb’s long circulation time and 
tumor-homing properties. For example, Schueffl et al. 
designed KP2156, a maleimide-containing oxaliplatin(IV) 
complex that rapidly and stably binds the free thiol of Alb 
in blood [19]. KP2156 dramatically prolongs plasma half-
life and “enhances the effective platinum dose” delivered 

to the tumor. However, these approaches often rely on non-
specific in situ Alb conjugation, which can result in low 
drug loading and limited control over nanoparticle size 
and release behavior. Another class of systems combines 
lipids and Alb. In “lipid-albumin nanoparticles” (LANs), 
Alb is formulated alongside lipid components to deliver 
therapeutics such as nucleic acids. For instance, Li et al. 
constructed LANs using a cationic human serum albumin-
polyethyleneamine conjugate and lipid (DOTAP/soyPC) 
to deliver an antisense oligonucleotide against HIF-1α. 
These LANs showed significantly greater uptake and gene 
silencing in tumor cells than lipid-only nanoparticles, and 
in mouse xenografts they markedly reduced tumor HIF-1α 
and extended survival [20]. A folate-targeted variant 
(F-LAN) delivered an Akt1 antisense to KB carcinoma, 
where the Alb-containing nanoparticle achieved longer 
circulation time and greater tumor inhibition than lipid 
nanoparticles at equivalent dose [21]. Although promis-
ing in macromolecular drug delivery, these hybrid sys-
tems remain underexplored for small-molecule Pt(IV) 
chemotherapeutics.

Herein, we present a rationally designed dual-functional 
platform in which OXA is axially conjugated to oleic acid 
(OXA-OA) and encapsulated into genipin-crosslinked albu-
min nanoparticles (OXA-OA Alb NPs). This approach inte-
grates the bioactivity and lipophilicity of OA with the bio-
compatibility, tumor-targeting capacity, and solubilization 
potential of Alb. Unlike prior fatty acid-Pt(IV) conjugates 
that depend solely on lipid modification or passive serum 
protein binding, our strategy uses Alb as a direct nanocar-
rier to improve colloidal stability, optimize particle size, and 
enable both passive and active tumor targeting. The OXA-
OA Alb NPs are designed to remain stable during circulation 
and accumulate in tumor tissues, where elevated intracellular 
glutathione levels facilitate prodrug reduction and release of 
active OXA. We synthesized and characterized the OXA-OA 
prodrug and its Alb-encapsulated form, and systematically 
evaluated their cellular uptake, cytotoxicity, and antitumor 
efficacy in TNBC models. Our findings demonstrate that 
this platform not only enhances therapeutic potency but also 
reduces systemic toxicity, offering a promising and clinically 
translatable approach for the targeted treatment of TNBC.

Materials and Methods

Materials

OXA was generously provided by Cipla Ltd. (India). Oleic 
anhydride and glutaraldehyde were purchased from TCI 
Chemicals (India), and bovine serum albumin was obtained 
from HiMedia Laboratories (India). Genipin, Coumarin-6, 
the Annexin V-FITC apoptosis detection kit and MTT 
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reagent were sourced from Sigma-Aldrich (India). Cell-
culture reagents, including DPBS and trypsin–EDTA, were 
obtained from Thermo Fisher Scientific (USA). Unless oth-
erwise stated, all chemicals were of analytical grade and 
procured from local suppliers.

Synthesis of OXA‑OA

To enable axial-ligand conjugation, OXA was first oxi-
dized to its Pt(IV) intermediate and then coupled with 
oleic anhydride to yield the OXA-OA conjugate, follow-
ing reported procedures with minor operational adaptation 
[22, 23]. Initially, OXA (40 mg) was dissolved in water 
(2 mL), 30% (w/v) aqueous H₂O₂ was added, and the reac-
tion was stirred at 200 rpm for 6 h at 80°C under light-pro-
tected conditions to generate the OXA(IV) intermediate. 
The resulting product was lyophilized to obtain a crystal-
line intermediate for the subsequent step. For conjuga-
tion, the intermediate (1 mol equivalent) was reacted with 
oleic anhydride (3 mol equivalents) in anhydrous DMF 
and stirred at 40°C for 24 h. The reaction was quenched 
by addition of excess ice-cold water, and the product 
was extracted sequentially with dichloromethane, diethyl 
ether, and ethyl acetate. The combined organic layers were 

pooled, dried over anhydrous sodium sulfate, and concen-
trated under reduced pressure. The resulting oily conjugate 
was further dried in a vacuum oven to remove residual sol-
vents. Formation of OXA-OA was confirmed by 1H NMR, 
13C NMR, High-resolution mass spectrometry (HRMS) 
and FTIR. The detailed reaction conditions and schematic 
representation are provided in the Fig. 1.

Determination of Partition Coefficient

The partition coefficient (Log P) of OXA and OXA-OA was 
assessed using an octanol–water partitioning method, fol-
lowing a previously established protocol [24]. Briefly, OXA 
(5 mg) and OXA-OA (5 mg) were dissolved in DMF and 
introduced into a pre-equilibrated biphasic system contain-
ing n-octanol and PBS (pH 7.4) at a 1:1 (v/v) ratio. The 
mixture was shaken at 37°C for 12 h to allow equilibration 
between phases. After equilibration, the phases were sepa-
rated by centrifugation (7,000 rpm, 10 min), and the aqueous 
phase was collected. The analyte concentration in the aque-
ous phase was quantified by HPLC on a Shimadzu® system 
equipped with a PDA detector and a reversed-phase C18 col-
umn (LiChrospher® 100 RP-18, 5 µm). OXA was analyzed 
under isocratic conditions using acetonitrile:water (5:95, pH 
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Fig. 1   Schematic representation of the synthesis of OXA-OA conjugate
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3.0) at 0.8 mL/min with detection at 210 nm (tR ≈ 7.3 min), 
whereas OXA-OA was analyzed using methanol:water 
(98:2, pH 4.0) at 1.0 mL/min with detection at 218 nm (tR ≈ 
8.5 min). For additional details on chromatographic condi-
tions and calibration, please refer to the Supplementary file. 
The amount in the octanol phase was calculated by mass 
balance, and Log P was computed as:

Reduction Behavior of OXA‑OA

The reduction profile of OXA-OA was determined by fol-
lowing a previously reported method [24], designed to 
mimic physiologically relevant and reductive microenvi-
ronments. Briefly, OXA-OA was incubated in three media: 
PBS (pH 7.4) alone (control), PBS containing L-ascorbate 
(400 µM), and PBS containing glutathione (GSH, 400 µM). 
The mixtures were maintained at 37°C under gentle stirring 
for 12 h. At 2 h intervals, aliquots (200 µL) were withdrawn 
and immediately subjected to octanol partitioning to sepa-
rate unreduced conjugate from released hydrophilic drug. 
The samples were vortexed for 15 min and centrifuged to 
achieve clear phase separation, after which the aqueous 
phase was collected and analyzed by HPLC to quantify lib-
erated OXA. The presence of free OXA after reduction was 
further verified by mass spectrometry.

Estimation of Reduction Half‑Life

The reduction time-course data were used to estimate the 
reduction half-life (t1/2) of OXA-OA in both L-ascorbate and 
GSH media. For each condition, plots of ln(Ct/C0) versus 
time were constructed, and the linear fit was found to be con-
sistent with pseudo-first-order reduction kinetics. The reac-
tion rate constant (k) was obtained from the slope, and t1/2 
was calculated using the standard relationships: Ct = C0e−kt 
and t1/2 = 0.693/k, where C0 and Ct represent the drug con-
centrations at time 0 and time t, respectively [24].

Development of OXA‑OA Alb NPs

Preparation and Optimization of OXA‑OA Alb NPs

OXA-OA Alb NPs were prepared by a desolvation-based 
approach as previously described [23]. Briefly, Alb (25 mg) 
was dissolved in 10 mM NaCl (1 mL) and the solution was 
filtered to remove any particulates. The pH was then adjusted 
to 8–9 using 0.1 M NaOH to favor NPs formation and sub-
sequent crosslinking. Separately, the OXA-OA conjugate 

Log P = Log10(
COctanol

CAqueous

)

was dissolved in methanol and added dropwise to the Alb 
solution under stirring. Ethanol was then introduced as the 
desolvating agent to induce NPs formation, and the endpoint 
was identified by the appearance of uniform turbidity. The 
resulting dispersion was stabilized by adding genipin as the 
crosslinker, followed by continuous stirring for 24 h to allow 
crosslinking to proceed. The optimized formulation was sub-
sequently lyophilized and stored for further use. The same 
preparation approach was used to prepare C-6 loaded Alb 
NPs for cellular uptake studies.

Crosslinking Efficiency and Time

Genipin-mediated Alb crosslinking was quantified by fluo-
rescamine-based measurement of residual primary amines 
using a Nanodrop 3300® fluorospectrometer (Thermo Fisher 
Scientific). Briefly, lyophilized genipin-crosslinked Alb NPs 
(Gen Alb NPs; 5 mg) were dispersed in PBS (pH 7.4, 1 mL). 
At each time point (4, 8, 12, and 24 h), an aliquot (9 µL) was 
withdrawn and immediately mixed with fluorescamine (3 
µL; 3 mg/mL in DMSO). The reaction mixtures were incu-
bated at room temperature for 15 min, briefly centrifuged 
to remove any particulates, and the fluorescence signal was 
recorded. The crosslinking time was determined in terms 
of Relative Fluorescent Units (RFU) using the following 
equation:

Characterization of OXA‑OA Alb NPs

Particle Size, Shape and Morphology

The optimized OXA-OA Alb NPs were characterized for 
hydrodynamic diameter, polydispersity index (PDI) and zeta 
potential using Zetasizer (ZS 3000; Malvern Instruments, 
UK). Particle morphology was examined by transmission 
electron microscopy (TEM; FEI Tecnai G2F20, Nether-
lands). The detailed method is described in the supplemen-
tary file.

Determination of Drug Loading and Entrapment Efficiency

Association of conjugate with Alb NPs was quantified by an 
indirect method [25]. Briefly, the OXA-OA Alb NPs disper-
sion was centrifuged (5,000 rpm, 5 min) to separate unbound 
OXA-OA, which precipitated under these conditions. The 
pellet containing the unbound conjugate was then dissolved 
in methanol and quantified by using a validated HPLC 
method. The amount of bound OXA-OA was determined 

% Amino groups consumed =
RFU Alb NPs − RFUAlb Crosslinked

RFUAlb NPs

× 100
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by subtracting the unbound fraction from the total amount 
of conjugate initially added.

Circular Dichroism (CD) Spectroscopy

CD spectroscopy was performed to examine whether genipin 
crosslinking altered the secondary structure of Alb. Samples 
of native Alb and Gen Alb NPs were prepared at 0.2 mg/mL 
in 10 mM NaCl, as previously reported [26]. Far-UV CD 
spectra were collected from 190 to 260 nm using a J-810 
spectropolarimeter (Jasco, Tokyo, Japan) with a 0.1 cm 
path-length quartz cuvette. For comparative purposes, 
the CD analysis was also performed for glutaraldehyde-
crosslinked Alb NPs (Glu Alb NPs; 0.8% w/v), a conven-
tional crosslinker widely utilized particularly for creating 
stable Alb NPs [27]. Spectral overlays were evaluated to 
assess changes in α-helical signatures and overall structural 
integrity following crosslinking.

Lyophilization

To improve storage stability, the optimized OXA-OA Alb 
NPs were lyophilized using a VirTis Wizard 2.0 freeze-dryer 
(VirTis, New York, USA) following a previously reported 
stepwise freeze-drying cycle [28]. Accordingly, mannitol, 
sucrose, dextrose, and trehalose were evaluated as lyopro-
tectants at different concentrations (1–10% w/v). For each 
condition, formulation aliquots (~ 2 mL) were dispensed into 
glass vials and subjected to freeze-drying using the estab-
lished lyophilization cycle (Table S2). Thereafter, the freeze-
dried cakes were stored at −20°C until further use. For 
redispersibility assessment, dried cakes were rehydrated in 
PBS (pH 7.4) to the original volume with gentle vortexing, 
and cake appearance and reconstitution time were recorded. 
Finally, the hydrodynamic diameter and PDI were measured 
by DLS to calculate Sf/Si (Sf, size after reconstitution; Si, 
size before lyophilization). For additional methodological 
details, please refer to the Supplementary file.

In Vitro Drug Release Analysis

In vitro release studies were carried out to compare the 
release of conjugate from the optimized formulation under 
physiological and acidic conditions. Briefly, samples were 
loaded into cellulose dialysis tubing (MWCO 14 kDa) and 
dialyzed against 20 mL of release medium, as previously 
described [29]. Release was carried out in PBS (pH 7.4) 
and acetate buffer (pH 5.5), with the system maintained at 
37 ± 0.5°C in a shaker water bath (80 strokes/min). At pre-
determined time points (0.5, 1, 2, 3, 6, 12, 24, and 48 h), 
1 mL aliquots were withdrawn and replaced with an equal 
volume of fresh medium to maintain sink conditions. The 

amount of released conjugate was quantified by HPLC 
using the validated method.

In Vitro Hemolytic Study

Hemolytic compatibility of the developed formulation was 
assessed using fresh blood collected from Sprague Daw-
ley rats. The assay was performed following a previously 
reported protocol [22]. Full experimental details, including 
sample preparation and calculation of percent hemolysis, 
are provided in the Supplementary file.

In Vitro cell line‑based experiments

Cells

Cell-based studies were performed using 4T1 cells (ATCC, 
Manassas, VA, USA) and MDA-MB-231 cells (NCCS, 
Pune, India). Cells were cultured under standard condi-
tions as described previously [30], and the recommended 
media, supplements, and incubation settings for each cell 
line were maintained throughout the experiments.

Qualitative Estimation of Cellular Uptake

Qualitative uptake was examined in 4T1 and MDA-
MB-231 cells using coumarin-6 (C6) as a model fluoro-
phore to visualize cellular internalization by fluorescence 
imaging. Initially, the cells were seeded in 6-well plates 
(Corning Costar, NY, USA) at 5 × 104 cells/well and 
allowed to attach overnight. C-6 loaded Alb NPs were pre-
pared using the same procedure as OXA-OA Alb NPs, sub-
stituting C-6 for OXA-OA. Cells were then incubated with 
free C-6 solution or C-6 loaded Alb NPs (equivalent to 
1 µg/mL C-6) for 3 h, following the previously described 
qualitative uptake procedure [30]. After incubation, the 
medium was removed and cells were washed three times 
with DPBS (pH 7.4), fixed with 2.5% (v/v) glutaraldehyde, 
and imaged using a confocal laser scanning microscope 
(CLSM; Olympus FV1000).

Quantitative Estimation of Cellular Uptake

For quantification, 4T1 and MDA-MB-231 cells were 
seeded at 1 × 105 cells/well in 6-well plates and incubated 
with OXA-OA Alb NPs (10 µg/mL, expressed as OXA-OA 
equivalent) for 0.5, 1, 2, or 3 h. At each time point, cells 
were washed three times with PBS to remove extracellular 
material, then permeabilized with 0.1% (v/v) Triton X-100 
and extracted with methanol to recover internalized drug, 
as reported previously [22]. The lysate was then centrifuged 
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(10,000 rpm, 10 min, 4°C; Sigma K300, USA), and the 
supernatant was analyzed by HPLC for intracellular drug 
quantification using the established method.

Cell Viability Assay

Cell viability was evaluated in 4T1 and MDA-MB-231 
cells using the MTT assay. The experiment was performed 
according to a previously reported protocol [22], and the full 
procedure is provided in the supplementary file.

Annexin V Apoptosis assay

For apoptosis assessment, MDA-MB-231 cells were seeded 
in 6-well plates (1 × 105 cells/well; Costar, Corning Inc.) 
and allowed to attach overnight at 37°C in 5% CO2. After 
treatment with the formulations, cells were stained using 
an Annexin V-Cy3.18/6-carboxyfluorescein diacetate 
(6-CFDA) dual-label protocol to capture phosphatidylserine 
externalization and membrane integrity. Stained cells were 
imaged by CLSM using the green channel (6-CFDA) and red 
channel (Annexin V-Cy3.18). Green-only cells were classi-
fied as viable, dual-positive (green + red) cells as apoptotic, 
and red-only cells as necrotic. An apoptosis index was cal-
culated as the red-to-green fluorescence intensity ratio, and 
fluorescence intensities were quantified from CLSM images 
using ImageJ software (NIH, USA).

In Vivo Animal Study

All the animal study protocols were duly approved by the 
Institutional Animal Ethics Committee (IAEC) (Approval 
No. IAEC/23/79) and were conducted in compliance with 
CPCSEA (India) guidelines.

Anticancer Efficacy Study

The in vivo anticancer activity of free OXA, OXA-OA, 
and OXA-OA Alb NPs was assessed in an orthotopic 4T1 
TNBC model in female BALB/c mice. Female BALB/c mice 
(6–8 weeks old, 20–25 g) were obtained from an accredited 
animal facility. 4T1 cells were cultured to 80–90% conflu-
ence, harvested, and resuspended in PBS; 1 × 10⁶ cells in 
100 µL were injected into the mammary fat pad to establish 
tumors. When tumors became palpable and reached ~ 100 
mm3, animals were randomized into four treatment groups 
(n = 3 per group). Formulations were administered intrave-
nously at an OXA-equivalent dose of 5 mg/kg on an every-
four-days schedule.

Tumor volumes (external) were measured every alternate 
day using digital calipers and calculated using the formula:

where length and width represent the largest and smallest 
dimensions of the tumor, respectively. At the end of the 
study, mice were euthanized, and tumors were excised and 
weighed to determine tumor weight. % Tumor burden was 
then calculated as a percentage of body weight using the 
following formula:

The therapeutic impact was further quantified by calculat-
ing the tumor inhibition rate (TIR), which provides a direct 
comparison of tumor suppression between treatment and 
control groups:

Toxicity Study

To evaluate the systemic toxicity of OXA-OA Alb NPs, 
healthy Swiss albino mice (20–25 g) were randomly divided 
into four groups (n = 5 per group). The treatment groups 
received formulations at a drug-equivalent dose of 5 mg/kg 
on an every-4-days schedule for 21 days, while the control 
group received normal saline [31].

Blood Biochemistry

Following the study’s completion, venous blood samples 
were drawn from the subjects for comprehensive biochemi-
cal evaluation. This analysis focused on assessing key indi-
cators of liver and kidney function, including the enzymes 
aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), blood urea nitrogen (BUN) as well as creatinine lev-
els. These evaluations were specifically conducted to assess 
the physiological effects and potential toxicity associated 
with the administered NPs compared to the free OXA and 
OXA-OA. Analyses were performed using certified com-
mercial diagnostic kits (AccuRex Biomedical Pvt. Ltd., 
India) according to the manufacturer’s instructions.

Organ Histopathology

For histopathological evaluation, major organs (liver, kidney, 
spleen, lung, and heart) were collected from treated animals 
and immediately fixed in 10% neutral-buffered formalin. Tis-
sues were then processed, paraffin-embedded, and sectioned 
(4–5 µm). Sections were mounted on glass slides and stained 

Tumor volume (mm3) =
Length × (Width)2

2

% Tumor burden =
Weight of the tumor

Total body weight of the animal
× 100

%Tumor inhibition rate = (1 −
Tumor volume(Treated)

Tumor volume(Control)
) × 100
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with hematoxylin and eosin (H&E) to visualize overall tissue 
architecture. The stained slides were examined under a light 
microscope for morphological alterations and any treatment-
associated pathological changes.

Statistical Analysis

Data were expressed as mean ± SD. Statistical analyses were 
performed using GraphPad InStat® (GraphPad Software, 
CA, USA). One-way or two-way ANOVA was applied as 
appropriate; Tukey–Kramer’s multiple-comparisons test was 
used after one-way ANOVA, and Bonferroni post-tests were 
used after two-way ANOVA to compare group means. Dif-
ferences were considered statistically significant at p < 0.05.

Results and Discussion

OXA‑OA Characterization

Successful formation of the OXA-OA conjugate was con-
firmed through a series of analytical techniques, includ-
ing 1H NMR, 13C NMR, mass spectrometry and FTIR 
spectroscopy.

1H NMR Spectroscopy

1H NMR spectroscopy provided clear evidence for suc-
cessful conjugation of OXA with OA. In the spectrum of 
the conjugate, a characteristic signal was observed in the 
δ 2.1–2.3 ppm region, corresponding to the α-methylene 
(-CH₂-) protons adjacent to the carbonyl group of OA 
(Fig. 2A). Compared with free OA, this α-methylene reso-
nance shifted from δ 2.34 ppm to δ 2.25 ppm after conjuga-
tion, consistent with a changed electronic environment upon 
coupling. This downfield/upfield movement supports forma-
tion of the intended ester linkage between the hydroxyl func-
tionality of the OXA(IV) intermediate and the OA-derived 
carbonyl. Moreover, 13C NMR analysis showed a distinct 
carbonyl resonance at δ 178.6 ppm, consistent with an ester 
carbonyl, providing additional support for ester bond forma-
tion. (Please refer to the supplementary material).

HRMS (High‑Resolution Mass Spectrometry)

HRMS further supported formation of the OXA-OA con-
jugate by confirming the expected molecular mass. The 
spectrum showed a dominant ion at m/z = 982.54 (Fig. 2B), 
which corresponds to the sodium adduct [M + Na]+ of the 
conjugate. The calculated monoisotopic mass for the sodium 
adducts (C₄₄H₇₈N₂O₈Pt) was 983.20 Da and was in close 

Fig. 2   Structural characterization of the OXA-OA: (A) spectral con-
firmation comprising (i) 1H-NMR (400MHz, DMSO) spectrum in 
DMSO-d6 of OXA-OA—5.32 (m, 4H, -CH = CH-), 2.25 (t, 2H, 
-CH2CO-), 2.11 (m, 8H, -CH2CH = CHCH2-), 2.01 (d, 10H, hexa-

methylene), 1.27 (m, 40H, -CH2CH2CH2-), 0.88 (t, 6H, -CH2CH3); 
(B) Mass spectrum of OXA-OA; (C) FTIR spectra of OXA, OA and 
OXA-OA

Downloaded for personal academic use. All rights reserved. https://papernode.online/

https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9


	 AAPS PharmSciTech          (2026) 27:167   167   Page 8 of 21

agreement with the experimental value. In addition, lower-
m/z fragment ions (e.g., m/z 701.49, 511.42, and 364.35) 
were observed, consistent with in-source fragmentation and 
ligand/side-chain cleavage under electrospray ionization 
conditions, including loss of oleate-associated fragments.

FTIR Spectroscopy

FTIR analysis provided complementary evidence consist-
ent with ester formation between OXA and OA. The conju-
gate exhibited a distinct absorption band at 1725.33 cm−1, 
consistent with ester C = O stretching. Figure 2C. Com-
pared with free OA, where the carbonyl stretch was typi-
cally observed near ~ 1707 cm−1, this shift was consistent 
with esterification of the OA carbonyl in the conjugate 
[32]. Additionally, the absorption bands at 2920 cm−1 and 
2853 cm−1, assigned to aliphatic C-H stretching, further sup-
ported retention of the long-chain OA moiety within the 
OXA-OA structure.

Determination of Partition Coefficient

OA conjugation markedly altered the hydrophilic-lipophilic 
balance of OXA. The OXA-OA conjugate showed a Log P 
of 3.47 ± 0.56, representing a pronounced shift from native 
OXA (Log P − 1.81 ± 0.34) [33] (Fig.  3). This marked 
increase in lipophilicity supported the design rationale by 
suggesting improved membrane partitioning and reduced 

dependence on aqueous solubility relative to free OXA. 
Consistent with this profile, OXA-OA was well suited 
for incorporation into protein-based nanocarriers, where 
increased hydrophobicity can favor efficient encapsulation 
and more controlled payload presentation.

Reduction Behavior of OXA‑OA Conjugate

Because Pt(IV) complexes are designed as prodrugs, their 
therapeutic activity is expected to emerge only after intracel-
lular reduction to the corresponding Pt(II) species. Pt(IV) 
derivatives (d⁶, octahedral) are typically more kinetically 
inert than Pt(II) and therefore remain comparatively stable 
in extracellular fluids, while being reducible in the cytosol 
where endogenous reductants such as GSH and ascorbate are 
present at much higher concentrations than in plasma [34, 
35]. In line with this design principle, OXA-OA remained 
stable in PBS (pH 7.4) with negligible change over 12 h 
(Fig. 4A) [36]. In contrast, reduction proceeded rapidly 
in the presence of biologically relevant reductants: within 
2 h, ~ 90% of the OXA(IV) fraction was reduced in GSH 
(≈10% remaining), whereas ascorbate produced ~ 80% 
reduction over the same interval. Continued incubation 
further decreased the OXA(IV) fraction, approaching near-
complete conversion by 12 h in both conditions, with GSH 
consistently showing faster reduction kinetics than ascor-
bate. Mass spectrometry (Fig. 4B) showed the emergence of 
a new Pt-containing signal centered at ~ m/z 475 following 
incubation with reductants [37]. The higher efficiency of 
GSH likely reflects its thiol nucleophile, which can more 
readily access and reduce the OXA(IV) center; the amphiph-
ilic OA moiety on the conjugate may further facilitate such 
interactions. Ascorbate, lacking a thiol, donates electrons via 
hydroxyl groups and is correspondingly less reactive under 
these conditions [34, 38].

Reduction Kinetics of OXA(IV)

To assess how rapidly the OXA-OA prodrug could be acti-
vated under biologically relevant reductive conditions, we ana-
lyzed reduction kinetics in GSH and ascorbic acid by plotting 
ln(Ct/C0) versus time and fitting the data by linear regression 
Fig. 4C&D. The rate constant (k) was obtained from the slope, 
and half-life was calculated using t1/2 = 0.693/k. The calcu-
lated half-lives were 2.83 ± 0.18 h in GSH and 3.06 ± 0.22 h 
in ascorbic acid (n = 3), as summarized in Fig. 4E. In line with 
the expected thiol-driven activation behavior, the conjugate 
was reduced slightly faster in GSH than in ascorbic acid. 
In biological terms, this preference is meaningful because 
GSH is strongly compartmentalized, typically ~ 1–10 mM 
(vs ~ 2–20 µM in plasma/extracellular compartments) [39]. 
Accordingly, reduction is expected to be favored after cel-
lular uptake rather than in circulation. Notably, TNBC cell 

Fig. 3   Log P of OXA and OXA-OA
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models can also exhibit substantially higher basal GSH than 
non-tumorigenic breast epithelial cells (e.g., ~ 5 vs ~ 0.5 µg/mg 
protein in MDA-MB-231 vs MCF-10A) [40], which supports 
efficient activation in GSH-rich tumor cells. Although the rate 
difference was modest, it suggests that redox conditions could 
help shape the spatial and temporal profile of Pt(II) generation 
within the TME.

Design, Development and Optimization of OXA‑OA 
Alb NPs

Preparation of OXA‑OA Alb NPs

OXA-OA Alb NPs were prepared by a simple desolvation 
approach followed by genipin crosslinking, as previously 

Fig. 4   Stability and reductive conversion of OXA-OA with kinetic 
analysis: Reduction studies comprising (A) percentage of OXA-OA 
remaining in PBS (pH 7.4), GSH, and ascorbate during 12 h incuba-
tion at 37°C; each data point represents mean ± SD (n = 3); and (B) 
representative mass spectrum of sample drawn from ascorbate solu-

tion incubated OXA-OA at 12 h time point. Kinetic evaluation com-
prising (C) ln(Cₜ/C₀) vs time plot in GSH at 37°C, (D) ln(Cₜ/C₀) vs 
time plot in ascorbate at 37°C, and (E) reduction half-lives (t1/2) of 
OXA-OA in GSH and ascorbate
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reported [23]. To maximize matrix consolidation and drug 
retention, formulation variables were systematically opti-
mized within an alkaline pH window (pH 8.5–9.0) by vary-
ing the genipin concentration, crosslinking time, and drug 
amount. Each condition was assessed by hydrodynamic size 
and size distribution, zeta potential, drug loading, entrap-
ment efficiency (%EE), and crosslinking-associated read-
outs. The effects of individual parameters on NPs perfor-
mance are summarized in the Supplementary file.

Crosslinking Efficiency and Time

After NPs formation, genipin crosslinking conditions were 
optimized to ensure structural stabilization and batch-to-
batch reproducibility. Gen Alb NPs formed a stable col-
loidal dispersion, with a mean hydrodynamic diameter of 
92.48 ± 0.25 nm and a PDI of 0.38 ± 0.01. Crosslinking 
progression was supported by high amino-group utilization 
(85.24 ± 3.87%), consistent with substantial consumption 
of accessible Alb primary amines and formation of a more 
crosslinked protein network. Mechanistically, genipin pri-
marily reacts with primary amines via nucleophilic attack to 
form intra- and intermolecular linkages, and a slower path-
way can involve substitution at genipin’s ester functionality, 

contributing additional amide-type stabilization within the 
crosslinked matrix [41]. In line with amine consumption 
during crosslink formation, time-dependent fluorescence 
monitoring (Fig. 5A) showed a progressive decrease in the 
fluorescence signal associated with free primary amines, and 
the signal reached a plateau by 24 h under the tested condi-
tions. Based on this endpoint, 24 h was selected as the stand-
ard crosslinking duration for all subsequent formulations.

Optimization of Genipin Concentration

After fixing the crosslinking time, we assessed how geni-
pin concentration influenced NPs attributes and drug reten-
tion. As the genipin level increased, particle size, PDI, zeta 
potential, and encapsulation efficiency shifted accordingly, 
consistent with crosslink density-dependent tightening of the 
Alb network and changes in colloidal stability. The complete 
concentration-dependent comparison is provided in Supple-
mentary Table S3. Based on the overall balance between 
dispersion stability and drug entrapment, 0.8% (w/v) genipin 
was selected as the optimized concentration and was used 
for subsequent studies.

Fig. 5   Characterization of formulations: (A) Comparison of 
crosslinking times for preparing Alb NPs; each data point represents 
mean ± SD (n = 3); $; #; *p < 0.0001 4 h, 8 h, and 12 h versus 24 h. 

(B) morphological and size characterization comprising (i) TEM 
image of OXA-OA Alb NPs and (ii) Size distribution plot. (C) CD 
Spectra of Alb; Glu Alb NPs, Gen Alb NPs
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Optimization of Drug Loading

Finally, we optimized the theoretical drug loading to maxi-
mize entrapment without compromising colloidal quality. 
Across the tested loading levels, NPs attributes and encap-
sulation efficiency changed in a loading-dependent man-
ner (Supplementary file Table S4). Among the conditions 
evaluated, 7.5% drug loading provided the best overall bal-
ance between colloidal characteristics and %EE and was 
therefore selected as the optimized loading for downstream 
experiments.

Characterization of OXA‑OA Alb NPs

Particle Size, Shape and Morphology Determination

The optimized OXA-OA Alb NPs formed a compact and 
uniform nanosuspension, with a mean hydrodynamic diam-
eter of 140.52 ± 4.35 nm and a PDI of 0.25 ± 0.05. This 
degree of dispersity supports a predominantly unimodal pop-
ulation, which is typically considered suitable for nanopar-
ticle systems. In practice, PDIs in the ~ 0.20–0.30 range are 
commonly reported and interpreted as acceptable uniform-
ity for protein-derived colloids, whereas higher values com-
monly reflect broader heterogeneity and a greater likelihood 
of aggregation [42, 43]. For example, Das et al. reported 
Alb NPs with PDI < 0.25 and described this as confirming 
a uniform population, while Skoll et al. similarly reported 
PDI ≈ 0.24 for HSA nanoparticles developed for paren-
teral delivery. They carried a stable negative surface charge 
(−30.54 ± 2.04 mV) which is expected for Alb systems at 
near-neutral pH because Alb remains net anionic above its 
pI (~ 4.7) [44]. Importantly, during genipin optimization 
(Table S3), increasing genipin from 0.1% to 0.8% shifted 
zeta potential from − 37.15 ± 2.35 mV to − 28.15 ± 3.45 mV, 
suggesting that higher crosslinking density progressively 
moderates the apparent surface charge by consuming acces-
sible amines and altering the charge environment at the par-
ticle-medium interface; a similar shift toward less-negative 
zeta potential with increasing genipin has been reported for 
Gen Alb NPs [45, 46]. Encapsulation efficiency remained 
high (84.55 ± 4.49%), confirming effective incorporation of 
OXA-OA within the Alb matrix. TEM and the correspond-
ing size distribution profile (Fig. 5B(i-ii)) further confirmed 
predominantly spherical nanoparticles with a uniform size 
population.

CD Spectroscopy

To understand how crosslinking reshaped albumin’s second-
ary structure, we compared the CD spectra of plain Alb, Glu 
Alb NPs, and Gen Alb NPs across 190–250 nm. Figure 5C. 
Plain Alb displayed the expected α-helical signature, with 

a positive band near ~ 193 nm and negative bands at ~ 208 
and ~ 222 nm, consistent with native Alb [47]. When Alb 
was crosslinked with glutaraldehyde, this signature weak-
ened substantially. The ~ 193 nm band dropped, and the 
minima at ~ 208 and ~ 222 nm became less pronounced, indi-
cating partial loss of α-helical order and a more perturbed 
conformation. This pattern was consistent with aldehyde-
driven covalent modification of lysine and other nucleophilic 
residues, which can constrain local packing and promote 
unfolding [47, 48]. In contrast, Gen Alb NPs preserved the 
α-helical features more closely to plain Alb even at the same 
crosslinker concentration (0.8% w/v). Taken together, the 
CD data supported genipin as the gentler crosslinker in this 
system, helping maintain a more native-like Alb conforma-
tion, an advantage when structural integrity is important for 
downstream performance.

Lyophilization Study

Freeze-drying was evaluated as a practical approach to 
improve the storage stability of OXA-OA Alb NPs, and post-
lyophilization performance was assessed by particle size, 
size distribution, and reconstitution behavior in the presence 
of different lyoprotectants. Figure 6A. Based on our observa-
tions, most lyoprotectants showed a measurable decline in 
colloidal quality after freeze–thaw stress, whereas trehalose 
preserved the pre-lyophilization attributes more consistently. 
Notably, trehalose-containing samples reconstituted readily 
in PBS in < 1 min and yielded an intact, fluffy cake on visual 
inspection, suggesting minimal aggregation and good cake 
integrity. Figure 6A(i)&(ii). Recovery after lyophilization 
was quantified using the particle size ratio (Sf/Si). An Sf/
Si value close to 1 indicates recovery toward the original 
dispersion, whereas Sf/Si > 1.5 is typically associated with 
poor reconstitution [49]. In line with this criterion, 5% (w/v) 
trehalose yielded Sf/Si ≈ 1.25, supporting near-original size 
recovery after rehydration. Figure 6A(i)&(ii). Furthermore, 
based on preliminary experiments the concentration of 
trehalose was optimized within the range of 1–10% (w/v) 
Fig. 6A(iii)&(iv). Visual inspection showed that higher 
concentrations produced denser lyophilized cakes, with 5% 
trehalose yielding the most favorable outcome. This likely 
reflects the formation of a protective glassy matrix that sta-
bilizes nanoparticles during storage and enables rapid, com-
plete reconstitution. At this concentration, the rehydrated 
formulation remained uniformly suspended without visible 
aggregation, indicating preserved nanoparticle quality and 
performance.

In Vitro Release Study

To gauge how effectively the genipin-crosslinked Alb matrix 
moderates drug escape under physiological conditions, 
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we compared the diffusion of the OXA-OA conjugate in 
buffer with its release from the optimized OXA-OA Alb 
NPs. As expected in the absence of a structural scaffold, 
the free OXA-OA rapidly traversed the dialysis membrane, 

reaching ~ 93.45 ± 2.89% cumulative release by 8 h in PBS 
(pH 7.4, 37°C), as shown in Fig. 6B. In sharp contrast, 
OXA-OA Alb NPs released only ~ 29.23 ± 3.87% over the 
same interval and progressed slowly thereafter to ~ 48.56% 

Fig. 6   Evaluation of cryoprotectant effects, drug-release behavior, 
and hemocompatibility of OXA-OA Alb NPs: (A) optimization of 
cryoprotectants comprising (i) lyophilized samples of NPs with dif-
ferent agents, (ii) Sf/Si ratios with various cryoprotectants, (iii) lyo-
philized samples of NPs with various concentrations of Trehalose, 
and (iv) comparative Sf/Si ratio with various concentration of treha-

lose. (B) Cumulative release profiles at pH 7.4 and pH 5.5 over 48 
h. (C) hemocompatibility study showing (i) % hemolysis after 6 h 
incubation with OXA-OA, OXA-OA Alb NPs, saline, and Triton X 
(mean ± SD, n = 3) and (ii) SEM images of RBCs after exposure to 
the same treatments
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at 48 h under identical conditions. This sustained pattern 
points to reduced diffusivity imposed by Alb encapsula-
tion: the protein network provides a hydrated yet sterically 
restrictive environment and, when crosslinked by genipin, 
behaves as a molecular shield that curbs premature efflux 
and helps stabilize the conjugate [23]. Acidic conditions 
further modulated release. At pH 5.5, OXA-OA Alb NPs 
discharged ~ 46.63% of payload by 8 h and ~ 74.50% by 48 h, 
consistent with pH-induced loosening of the Alb network 
and accelerated transport. Fitting the NP data to the Peppas-
Sahlin model yielded m ≈ 0.53, k₁ ≈ 19.5, and k₂ ≈ −1.28, 
with higher correlation (R2 = 0.9964) and linearity [50], sup-
porting diffusion-dominated kinetics (0 < m < 1) with a mod-
est counteracting relaxation component, shown in Table S5. 
Together, these results show that genipin-crosslinked Alb 
nanostructures markedly temper OXA-OA diffusion at phys-
iological pH while permitting faster payload liberation in an 
acidic milieu—an advantageous profile for tumor-relevant 
environments.

In Vitro Hemolytic Toxicity

We next examined hemocompatibility of the OXA-OA con-
jugate and OXA-OA Alb NPs in an RBC hemolysis assay, 
because membrane-active liabilities are often unmasked 
early when lipophilic prodrugs or amphiphile-like motifs 
are introduced for intravenous delivery. The % hemolysis 
is summarized in Fig. 6C(i). Under the tested conditions, 
the free conjugate produced significantly greater hemoly-
sis compared to the formulation (p < 0.001), although the 
extent remained well below the positive control (Triton X). 
SEM images offered an orthogonal readout (Fig. 6C(iii)): 
RBCs exposed to the conjugate showed marked shape dis-
tortion with loss of the typical biconcave morphology and 
increased surface irregularity, supporting the quantitative 
hemolysis signal rather than an assay-only effect. Mechanis-
tically, this pattern is consistent with a composition-driven 
membrane interaction, where the OA domain can partition 
into the phospholipid bilayer and promote membrane desta-
bilization [51, 52], while the Pt center may further amplify 
injury through surface protein/thiol interactions that reduce 
membrane resilience [53]. In contrast, OXA-OA Alb NPs 
closely mirrored the negative control (PBS, pH 7.4) in both 
the hemolysis readout and SEM, with RBC morphology 
largely preserved and no appreciable evidence of mem-
brane damage. Collectively, these results support that Alb 
encapsulation attenuated the hemolytic liability of the free 
conjugate, likely by shielding the hydrophobic OA function-
ality and limiting direct RBC contact, thereby strengthening 
the hemocompatibility rationale for proceeding to in vivo 
administration [54].

In Vitro Cell Line‑Based Performance Evaluation

Qualitative Cellular Uptake Analysis

To visualize intracellular delivery and infer subcellular dis-
tribution of the OXA-OA, C-6 loaded NPs were prepared 
using the same desolvation method as a model compound. 
CLSM was then used to compare uptake of free C-6 ver-
sus NP-encapsulated C-6 in 4T1 and MDA-MB-231 cells 
after a 3 h incubation (Fig. 7A&B). In both cell lines, free 
C-6 produced only faint intracellular fluorescence, whereas 
NP-encapsulated C-6 yielded a markedly stronger green 
signal. The fluorescence from the formulation was distrib-
uted throughout the cell body with a prominent perinuclear 
pattern relative to DAPI staining, consistent with substan-
tially higher intracellular accumulation than the free dye. 
This uptake profile is in line with how Alb-based carriers 
are internalized at the cellular level. Alb can engage caveo-
lae-associated gp60-mediated transcytosis pathways and is 
also associated with SPARC-rich tumor phenotypes, which 
together can favor receptor-associated endocytosis and intra-
cellular trafficking of Alb constructs [55–57]. Moreover, 
reports suggest that TNBC can adopt macropinocytic protein 
scavenging when nutrients are limited, which may contribute 
to the higher uptake observed with Alb-formulated cargo 
[58, 59]. This is extremely important as the localization of 
drug conjugate within specific cellular compartments can 
dramatically influence its biological efficacy [60]. By con-
trast, the weak signal from free C-6 was consistent with the 
practical limitations of delivering hydrophobic molecules, 
including poor solubility, rapid clearance, and potential 
non-specific binding [61]. Therefore, these results not only 
support the use of Alb NPs but also highlight the potential 
to improve the therapeutic index of drug conjugates when 
delivered in this manner.

Quantitative Cellular Uptake Analysis

Building on the imaging readout, we next quantified intra-
cellular OXA-OA accumulation to determine whether the 
higher fluorescence observed with Alb-formulated cargo 
translated into a measurable gain in cellular delivery 
(Fig. 7C). In both 4T1 and MDA-MB-231 cells, OXA-OA 
Alb NPs showed the highest uptake at the 3 h time point, 
indicating that the Alb carrier increased net cellular expo-
sure relative to the free formulations. In 4T1 cells, uptake 
at 3 h was 2.21-fold higher for OXA-OA Alb NPs than for 
free OXA and 1.07-fold higher than for free OXA-OA. A 
similar pattern was observed in MDA-MB-231 cells, where 
OXA-OA Alb NPs increased uptake by 2.13-fold versus 
OXA and 1.18-fold versus OXA-OA. Notably, the magni-
tude of improvement was larger when OXA-OA Alb NPs 
were compared with free OXA than with the free OXA-OA, 
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suggesting that the carrier primarily enhanced cell associa-
tion and internalization efficiency rather than simply increas-
ing the intrinsic membrane affinity of the OA-modified drug 
[62]. This quantitative hierarchy also supports a practical 
interpretation for the weaker performance of free OXA-
OA, where protein sequestration in biological media and 
the need for intracellular activation of the Pt(IV) conjugate 
can reduce the fraction that reaches intracellular targets [63].

In Vitro Cell Cytotoxicity Assay

In vitro cytotoxicity assessment revealed a clear, concen-
tration-dependent reduction in cell viability in 4T1 and 
MDA-MB-231 cells treated with OXA, OA, OXA-OA, or 

OXA-OA Alb NPs. Across the full concentration range, 
OXA-OA Alb NPs consistently produced the greatest loss 
of viability, translating into the lowest IC50 values in both 
models (0.19 ± 0.36 µg/mL in 4T1 and 0.20 ± 0.16 µg/mL in 
MDA-MB-231). Relative to the free OXA-OA combination, 
these IC50 values represented ~ 3.73-fold (4T1) and 4.20-fold 
(MDA-MB-231) greater potency [62, 63]. The advantage 
was even more pronounced versus the single components, 
with ~ 25- and 30-fold lower IC50 values compared with free 
OXA and ~ 50- and 58-fold lower IC50 values compared with 
free OA, respectively [64, 65]. Notably, the formulation also 
outperformed the physical mixture (OXA + OA) by > ten-
fold in both cell lines, indicating that co-delivery in an Alb 
matrix provided more than simple additivity (Table I). This 

Fig. 7   Evaluation of cellular uptake, cytotoxicity, and apopto-
sis induction of formulation: CLSM images of (A) 4T1 (B) MDA 
MB-231 cell lines treated with free C-6 and C-6 Alb NPs. In all 
images; (a) DAPI is used as counterstain, (b) green fluorescence 
channel, (c) superimposition of (a) and (b), and (d) differential inter-

face contrast images; (C) Quantitative cell uptake study in 4T1 (left 
panel) and MDA-MB-231 (right panel) cell line; each data point rep-
resents mean ± SD (n = 3). Apoptosis evaluation comprising (D) 4T1 
and (E) MDA-MB-231; panels shown as DIC, green channel, annexin 
(red), conjugate/overlay, and apoptosis index
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potency hierarchy was consistent with two converging con-
siderations. First, Alb-based carriers have been reported to 
enhance intracellular exposure by reducing effective drug 
efflux and improving productive internalization [66]. Sec-
ond, OA has also been reported to sensitize tumor cells to 
cytotoxic therapy in combination settings (e.g., with taxol), 
supporting a functional contribution when OA is co-deliv-
ered at the cellular level [67]. In our system, the enhanced 
cytotoxicity could plausibly reflect intracellular activation 
of the OXA(IV) conjugate with regeneration of OXA(II) 
alongside OA, thereby favoring concurrent exposure to both 
components and a cooperative cytotoxic response.

Annexin V Apoptosis Assay

The apoptosis effects of previously mentioned compounds 
were evaluated in the 4T1 (Fig. 7D) and MDA-MB-231 
(Fig. 7E) cell lines and revealed substantial outcomes. Cells 
treated with OA showed apoptosis indices of 0.35 (4T1) 
and 0.31 (MDA-MB-231), consistent with a modest pro-
apoptotic effect. In contrast, OXA showed higher apopto-
sis indices (0.60 and 0.56, respectively), consistent with 
its known ability to engage cell-death pathways in cancer 
cells. OXA-OA further increased the apoptosis index to 
0.83 (4T1) and 0.75 (MDA-MB-231), which was consistent 
with improved cellular association of the more lipophilic 
conjugate [63]. To benchmark simple co-administration, the 
physical mixture (OXA + OA) yielded indices of 1.09 (4T1) 
and 1.01 (MDA-MB-231), supporting enhanced apoptosis 
relative to either component alone. Because Pt(IV) prodrugs 
are typically activated by intracellular reduction in GSH-
rich environments, the higher activity of OXA-OA was 
also consistent with more efficient intracellular conversion 
to the active platinum species following uptake. In addi-
tion, OA has been reported to augment FASN expression in 
TNBC, which may further shape the lipid-metabolic con-
text relevant to OA-bearing constructs [68]. The apoptosis 
effect, however, was most pronounced in cells treated with 
OXA-OA Alb NPs, which displayed an apoptosis index of 
1.47 (4T1) and 1.42 (MDA-MB-231), the highest among 
all the examined groups. The index was approximately 4.19 
and 2.43-fold (4T1); 4.50- and 2.53-fold (MDA-MB-231) 
greater than that produced by OA and OXA individually, 
and roughly 1.32 and 1.26-fold greater than that of the free 
OXA-OA respectively. Although absolute indices were 
higher in 4T1, the relative gain with Alb NPs was greater in 
MDA-MB-231. It appears that the amplification in apoptosis 
was achieved through the targeted delivery of Alb NPs to 
tumor cells, which improved cellular uptake and conjugate 
delivery, as shown qualitatively. Moreover, encapsulating 
OXA-OA into Alb NPs likely enhanced its bioavailability 
and stability. Overall, the apoptosis profile aligned with the 

uptake findings and supported enhanced cytotoxic efficacy 
of OXA-OA Alb NPs in TNBC cells.

In Vivo Antitumor Activity

The in vivo antitumor efficacy was evaluated in a 4T1 ortho-
topic BALB/c model following a reported protocol [69]. 
Across readouts, OXA-OA Alb NPs produced the most 
pronounced tumor growth control relative to free OXA and 
the OXA-OA conjugate. As illustrated in Fig. 8A, tumors 
in the control group expanded rapidly and reached ~ 2,000 
mm3 by day 20. In contrast, the group treated with OXA-OA 
Alb NPs maintained tumor volumes below ~ 400 mm3 over 
the same period, indicating substantially stronger growth 
suppression than OXA alone. Quantitatively, tumor size was 
reduced 5.89-fold versus free OXA and 2.16-fold versus the 
OXA-OA conjugate, consistent with improved therapeu-
tic performance of the final formulation. This pattern was 
reinforced by tumor inhibition rates (Fig. 8B): OXA-OA 
Alb NPs achieved ~ 90% inhibition, compared with ~ 40% 
for OXA and ~ 78% for OXA-OA. The higher inhibition 
rate observed with OXA-OA Alb NPs was consistent with 
improved tumor delivery by the Alb NPs platform and 
reduced premature loss of the OXA-OA prodrug, support-
ing sustained intratumoral exposure and controlled release. 
Alb can enhance cellular uptake through receptor-mediated 
endocytosis, including pathways involving gp60 and SPARC 
(secreted protein acidic and rich in cysteine), which are 
reported to be overexpressed in TNBC [48], thereby favoring 
tumor accumulation. Consistent with the tumor-volume find-
ings, OXA-OA Alb NPs produced the greatest reductions in 
tumor weight and burden, achieving up to ~ 80% reduction 
versus the untreated control group (Fig. 8C&D). The excised 
tumor images further supported these quantitative results, 
with substantially smaller tumors in the OXA-OA Alb NP 
group than in the other groups (Fig. 8E). The differences 
between treatment groups were statistically significant, sup-
porting the improved antitumor efficacy of OXA-OA Alb 
NPs in this model and warranting follow-up studies to assess 
post-treatment recurrence and metastatic burden.

Table I   IC50 Values based on MTT Assay; All the Values are Repre-
sented as Mean ± SD (n = 3)

Formulation IC50 values (µg/mL)

4T1 MDA-MB-231

Free OA 10.18 ± 0.84 12.01 ± 0.55
Free OXA 4.86 ± 0.56 6.06 ± 0.68
Free OXA + OA 2.26 ± 0.48 3.51 ± 0.89
Free OXA-OA conjugate 0.71 ± 0.98 0.84 ± 0.14
OXA-OA Alb NPs 0.19 ± 0.36 0.20 ± 0.16
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Toxicity Study

We determined the systemic toxicity of OXA, OXA-OA, 
and OXA-OA Alb NPs by profiling serum liver and kid-
ney biomarkers and by examining histological changes in 
major organs. Liver injury markers, ALT (Fig. 9A) and 
AST (Fig. 9B) showed no significant differences among 
the control, OXA, OXA-OA, and OXA-OA Alb NP groups 
(P > 0.05), indicating no evident hepatotoxicity across treat-
ments under the tested regimen. By contrast, renal function 
indices displayed a clearer treatment-dependent trend. Both 
BUN (Fig. 9C) and creatinine (Fig. 9D) were elevated in 
the free OXA group relative to the control [70]. OXA-OA 
and OXA-OA Alb NPs showed a reduction toward baseline, 
suggesting a potential nephroprotective effect of the conju-
gate and nanoformulation. Histopathological analysis further 
corroborated these biochemical findings. Figure 9E. Animals 
treated with OXA exhibited mild-to-moderate structural 
alterations in the kidney and additional signs of organ stress 
in the heart, spleen, liver, and lung. By comparison, OXA-
OA and especially OXA-OA Alb NPs showed less pro-
nounced changes, with tissue architecture in the OXA-OA 
Alb NP group appearing close to the control. Collectively, 
the combined biomarker and histology readouts support a 
reduced off-target organ injury profile after prodrug modi-
fication and Alb encapsulation, with the strongest improve-
ment observed for OXA-OA Alb NPs.

Conclusion

In summary, this study positions lipid-metallodrug conjuga-
tion coupled with protein nanoencapsulation as a strategy 
to overcome key barriers in treating TNBC, an aggressive 
breast cancer subtype with limited targeted options. We 
designed the OXA-OA conjugate and formulated it within 
Alb NPs to address major therapeutic constraints associ-
ated with free OXA, including systemic toxicity, subopti-
mal bioavailability, and inadequate tumor-selective delivery. 
OXA-OA significantly enhanced apoptosis and cytotoxicity 
in tumor cells. This effect is plausibly enabled by GSH-
mediated OXA(IV) reduction. It is also consistent with com-
plementary contributions from OXA-driven DNA damage 

and OA-linked pro-apoptotic effects. Alb NPs encapsula-
tion further improved therapeutic performance by promot-
ing tumor accumulation via the EPR effect and facilitating 
receptor-mediated endocytosis, thereby increasing intratu-
moral delivery and retention. The optimized OXA-OA Alb 
NPs provided controlled release, achieved marked tumor 
growth inhibition in vivo, and improved tolerability rela-
tive to free OXA, as reflected by preserved liver and kidney 
biomarkers and minimal histopathological injury in major 
organs. Collectively, these results support a dual-functional 
platform that integrates lipid-drug conjugates with nano-
technology-enabled delivery to enhance antitumor activity; 
however, lack of in vivo PK data remains a key limitation. 
Based on its preliminary performance, this platform can be 
explored in aggressive, lipid-enriched cancers, including to 
determine whether it can also suppress metastasis, while 
assessing durability and compatibility with immunotherapy/
checkpoint blockade. Overall, OXA-OA Alb NPs represent a 
robust and adaptable framework for advancing metallothera-
peutic conjugates toward safer and more effective treatment 
paradigms across aggressive malignancies.
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