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Breast cancer is one of the most prevalent cancers worldwide, with triple-negative breast cancer (TNBC)
representing a particularly aggressive subtype, making it difficult to treat, and is associated with a poor
prognosis. However, chemotherapy is associated with challenges such as drug resistance, off-target
toxicity, and limited efficacy, highlighting the need for more effective therapies. Nanocarriers, including
liposomes, micelles, and dendrimers, offer improved drug delivery efficacy and reduced toxicity but face
challenges in terms of stability and scalability. Metal-organic frameworks (MOFs) have emerged as
promising drug delivery systems, particularly for combination therapies to overcome resistance in TNBC.
In this study, cobalt—nickel metal-organic frameworks (CNMs) were synthesized and loaded with
a combination of cisplatin (Cis), doxorubicin (Dox), and 5-fluorouracil (5-Fu) (MD-CNM) to develop
a novel multidrug delivery system. The MD-CNM exhibited high biocompatibility, an efficient drug
loading capacity of 95.44 + 4.05%, and sustained release over 96 h. Moreover, the MD-CNM
demonstrated potent cytotoxicity against MDA-MB-231 breast cancer cells, with an 1Csg concentration
of 461 nM, which is two- to five-fold less than the ICsy value of individual drugs (Cis, Dox, and 5-Fu)
loaded with the CNM, indicating enhanced therapeutic efficacy. Additionally, flow cytometry analysis
revealed that the MD-CNM induced necrosis (77.59%) and late apoptosis (12.37%) with cell cycle arrest in
the Go/G; phase, further confirming its anticancer potential. Furthermore, the ex ovo chorioallantoic
membrane (CAM) assay demonstrated that the MD-CNM significantly inhibited tumor angiogenesis by

downregulating key pro-angiogenic factors, including vascular endothelial growth factor A (VEGFA),
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Accepted 2nd July 2025 fibroblast growth factor 2 (FGF2), and angiopoietin 1 (ANG1) within the tumor microenvironment. These

findings underscore the potential of CNMs as an innovative and efficient multidrug delivery platform for
DOI: 10.1035/d5n200193e targeted cancer therapy, particularly for treating TNBC, offering a promising alternative to conventional

rsc.li/nanoscale-advances chemotherapy with improved efficacy and reduced toxicity.

1 Introduction visceral organs such as the lungs and brain, complicating
treatment strategies.” Furthermore, patients diagnosed with
Triple-negative breast cancer (TNBC) accounts for approxi- TNBC are at an increased risk of recurrence, especially in the
mately 10-20% of all breast cancer cases, with higher preva- first few years after treatment. Additionally, the poor prognosis
lence in younger women and those of African descent.*> TNBC associated with breast cancer, particularly TNBC, is often linked
is recognized as particularly aggressive and difficult to treat.> to late-stage diagnosis and the absence of precise biomarkers.
TNBC is defined by the absence of estrogen receptors (ER), However, recent advances in diagnostic technologies, such as
progesterone receptors (PR), and human epidermal growth surface-enhanced Raman spectroscopy (SERS) and inflamma-
factor receptor 2 (HER2).* This lack of targeted receptors limits  tion index-based screening, offer potential for earlier detection
treatment options, making TNBC notably challenging to and risk stratification, enabling timely and personalized ther-
manage compared to other breast cancer subtypes. The apeutic interventions.®’
aggressive nature of TNBC is characterized by rapid tumor Chemotherapy is the cornerstone of TNBC treatment, with
growth and a higher likelihood of metastasis, often spreadingto common regimens including anthracyclines and taxanes.**
While chemotherapy can be effective in controlling tumors, it is
associated with significant limitations. Many patients resist
these chemotherapeutic agents over time, leading to reduced
t Electronic ~ supplementary information (ESI) available. See DOI: efficacy.”™ Furthermore, chemotherapy's nontarget action
https:/doi.org/10.1039/d5na00193¢ affects both cancerous and healthy cells, resulting in off-target
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toxicity and side effects such as nausea, fatigue, and increased
risk of infections. The overall survival (OS) for advanced TNBC
with chemotherapy is often limited, highlighting the need for
more effective and targeted treatment strategies that can
minimize systemic toxicity and improve clinical outcomes.*>*

Nanocarriers have garnered significant attention for their
potential to address the challenges of conventional chemo-
therapy in TNBC treatment. These nanoscale delivery systems
can enhance drug solubility, improve the targeting of tumor
sites, and minimize systemic toxicity."* These types of nano-
carriers include liposomes,™'® micelles,"”'® dendrimers,"
metals®® and polymeric nanoparticles.”

Despite their promise, the clinical translation of nano-
carriers faces several challenges. Issues such as poor stability in
biological environments, limited drug-loading capacity, and
potential immunogenic responses can reduce their effective-
ness.”>* For instance, some nanocarriers may degrade prema-
turely in the bloodstream, releasing the drug.>*** Research has
shown that poly(lactic-co-glycolic acid) (PLGA) nanoparticles
can undergo degradation when exposed to physiological
conditions, which can lead to the release of their drug payload
before reaching the targeted tissue.*® Alternatively, recent
advances in nanomedicine have explored stimuli-responsive
systems, such as redox-sensitive disulfide-linked assemblies,
which enable tumor-specific drug release via elevated intracel-
lular glutathione levels.?” However, manufacturing nanocarriers
with consistent quality and scaling up production for clinical
use remain significant hurdles.*®

To overcome the limitations of conventional chemotherapy
and nanocarriers, metal-organic frameworks (MOFs) have
emerged as innovative drug delivery platforms.* MOFs are
crystalline materials composed of metal ions and organic
linkers, offering a high surface area, tunable porosity, and
structural flexibility.*>** These properties make MOFs suitable
for encapsulating a wide range of therapeutic agents, including
small molecules, proteins, and nucleic acids. MOFs are partic-
ularly advantageous for combinational drug therapy, an
approach that uses multiple drugs to target different pathways
in cancer cells, thereby improving the therapeutic efficacy and
reducing the likelihood of drug resistance.*** The large surface
area and tunable pore size of MOFs allow for the co-loading of
multiple drugs with controlled release profiles. For instance,
MOFs can release one drug in response to a specific stimulus,
such as pH changes in the tumor microenvironment, while
simultaneously releasing another drug under different condi-
tions.**** This capability makes MOFs highly versatile for
developing multidrug delivery systems tailored to the complex
biology of TNBC.

Despite their advantages, MOFs face limitations that must be
addressed for clinical application. Stability under physiological
conditions is still a major concern. For instance, some MOFs
may degrade or release toxic components when exposed to
biological fluids.*® Additionally, the synthesis of MOFs is often
resource-intensive and may involve toxic solvents, raising
concerns about scalability and safety. Further research is
needed to optimize MOF stability, reduce cytotoxicity, and
streamline manufacturing processes. Previous reports suggest
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that, as compared to single elemental nanomaterials, the alloy-
based ones possess improved physicochemical properties like
enhanced stability and mitigated toxicity.”” Yet, this has not
been utilized effectively in developing alloy-based MOF nano-
carriers specifically in drug delivery applications. Also, MOFs'
application in the cancer therapeutic field is still in its nascent
stages.

Hence, in this work, we present a novel bimetallic cobalt-
nickel-based metal-organic framework (CNM) as a nanoscale
multidrug delivery platform for TNBC therapy which has not been
reported for the same purpose elsewhere. The CNM was trans-
formed into a multidrug nanocarrier platform (MD-CNM) by co-
encapsulating three chemotherapeutic drugs cisplatin (Cis),
doxorubicin (Dox), and 5-fluorouracil (5-Fu). The MD-CNM was
found to possess exceptionally high drug loading efficiency and
demonstrated sustained drug release. Furthermore, in vitro
studies were conducted to confirm the biocompatible nature of
CNM with NIH-3T3 cell lines and the potent cytotoxicity of MD-
CNM against MDA-MB-231 TNBC cells. Furthermore, the MD-
CNM's anti-angiogenic potential was validated using the ex ovo
chorioallantoic membrane (CAM) assay. Overall, this work shows
the potential of an MOF-based drug delivery platform in TNBC
therapeutics, offering an alternative to conventional monotherapy
and non-specific drug delivery strategies.

2 Materials and methodology

2.1. Synthesis of cobalt-nickel metal-organic frameworks
(CNMs)

The cobalt-nickel metal-organic frameworks (CNMs) were
fabricated via a modified hydrothermal method, as mentioned
by Abhishek Sasmal et al.®® First, 2.88 mM (0.4784 g) tereph-
thalic acid (benzene-1,4-dicarboxylic acid, BDC, 98% grade, SRL
Chemicals) was taken in a 70 mL dimethylformamide (DMF,
Merck, Mumbai, India), 5 mL distilled deionized water (Ever-
green, Chennai, India), and 5 mL absolute ethanol (Merck)
solvent mixture. Dissolution was carried out at room tempera-
ture while stirring the mixture with a magnetic stirrer. After the
complete dissolution of BDC, 1.44 mM nickel nitrate hexahy-
drate (Ni(NO3),-6H,0, 98% SRL Chemicals) was added along
with cobalt nitrate hexahydrate (Co(NO;),-6H,0O, 98% SRL
Chemicals) in turn under stirring and dissolved. The resulting
mixture was infiltrated with ultrasound for approximately 30
minutes and magnetically stirred for about 10-15 minutes. The
mixed solution was then transferred into a 100 mL Teflon-lined
stainless-steel autoclave, and the entire solution was kept in an
oven maintained at 125 °C for 15 hours. Then, the autoclave was
depressurized after allowing it to reach room temperature. A
centrifuge was employed to obtain the precipitate, which was
washed with distilled ethanol three times. Finally, the obtained
precipitate was placed in a 50 degrees Celsius oven for around 5
hours and lightly ground to get the Co-Ni MOF powder.

2.2. Characterization of the CNM

2.2.1. Scanning electron microscopy (SEM). The morpho-
logical characterization of the CNM was carried out using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a scanning electron microscope (Apreo S-SEM, EDS; Thermo
Scientific). A very dilute (1 : 100) dispersion of the MOF in water
was prepared and drop-cast (10 pL) onto a pre-cleaned glass
slide. The solvent was allowed to evaporate at room tempera-
ture. Afterward, the MOF sample was sputter-coated with a thin
layer of gold-palladium alloy using a Polaron SC7640 gold
sputter coater, operating at 5 kV and 20 mA with a deposition
rate of 10 nm per minute. Scanning electron microscopy (SEM)
analysis was performed at an operating voltage of 1-5 kV to
examine the morphology of the MOF. The elemental composi-
tion of the CNM was further confirmed using energy dispersive
X-ray spectroscopy (EDX).

2.3. Drug loading efficiency of the CNM

Before drug loading, a multidrug solution was prepared by
mixing cisplatin (Cis), 5-fluorouracil (5-Fu), and doxorubicin
(Dox) in a 1:1:1 molar ratio. To synthesize the multidrug-
loaded CNM (MD-CNM), equal volumes of CNM solution (1 mg
mL ") and the multidrug solution were mixed to yield the final
multidrug concentration as 50 uM, which correspond to 16.67
uM of each drug and stirred at 300 rpm on a magnetic stirrer
(BR Biochem) for 12 hours. After incubation, the samples were
centrifuged at 13 000 rpm for 30 minutes, and the supernatant
was collected to quantify drug loading using high-performance
liquid chromatography (HPLC) (Shimadzu LC-2050C) to assess
the free drug concentration.

For HPLC analysis, the sample was injected into a C18
analytical column at a flow rate of 1 mL min~" and maintained
at 37 °C. The mobile phase for cisplatin consisted of methanol
(HPLC grade) and 0.9% sodium chloride (NaCl) in a 10: 90 (v/v)
ratio.*” For doxorubicin, the mobile phase comprised acetoni-
trile (HPLC grade) and formic acid in a 99 : 1 (v/v) ratio.** For 5-
fluorouracil, methanol and water in a 10 : 90 (v/v) ratio with the
pH adjusted to 3.2 were used as the mobile phase.** The HPLC
data were processed using LC Solution software to quantify the
free drug concentration, and the drug loading efficiency (DLE%)
was calculated using the following formula.

total drug concentration — free drug concentration
DLE % = g £

total drug concentration
x 100

Post-drug loading, the MD-CNM was characterized using
SEM and EDX analyses similar to the CNM.

2.4. Fourier transform infrared (FTIR) spectroscopy

To further investigate the multi drug interactions with the
CNM, Fourier transform infrared (FTIR) analysis was conducted
using an FTIR spectrophotometer (TENSOR II, Bruker Optics) in
the transmission wavelength range of 600-4000 cm ™. For this
analysis, the samples were prepared by pelletizing the MOF with
potassium bromide (KBr) in a 1:100 (% w/w) ratio using
a hydraulic pressure mold, applying pressure in the range of
0.5-1.5 Pa.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5. In vitro multidrug release kinetics of CNM

The drug release kinetics of the MD-CNM were experimentally
evaluated using the dialysis membrane method.*»* In this setup,
a dialysis membrane pouch containing the MD-CNM was
submerged in a glass beaker filled with 1x phosphate-buffered
saline (PBS) at physiological pH (7.4), and also with acidic pH 6,
with continuous stirring at 150 rpm. At specific time intervals (0.5,
1,2, 3,4, 8, 12, 24, 36, 48, 60, 72, 84, and 96 h), fixed volumes of
the sample were withdrawn to measure the amount of drug
released. The drug concentration in the samples was quantified
using high-performance liquid chromatography (HPLC) (Shi-
madzu LC-2050C). The drug release percentage of the samples of
individual time was calculated using the following formula:

amount of released drug
total drug amount

Drug release% = x 100

2.6. Invitro cell culture studies

2.6.1. Cell lines and cell culture. The embryonic mouse
fibroblast cell line (NIH 3T3) and the multidrug-resistant
breast cancer cell line (MDA-MB-231) were obtained from the
National Centre for Cell Science (NCCS), Pune. Agar culture
confirmed that both cell lines were free from mycoplasma
contamination. The cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM), supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin antibiotic solu-
tion (containing 10000 units of penicillin and 10 mg of
streptomycin in 0.9% NacCl) (Himedia) and maintained in a 5%
CO, atmosphere at 37 °C.

2.6.2. Biocompatibility of CNM cell viability assessment
using MTT. The biocompatibility of the CNM was evaluated
using the NIH 3T3 embryonic mouse fibroblast cell line employ-
ing the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) assay, which measures the cell viability based on the
activity of mitochondrial dehydrogenase enzymes.**** Briefly, the
NIH 3T3 cells were seeded into 96-well tissue culture plates at
a density of 5 x 10* cells per well and allowed to adhere for 24
hours under a 5% CO, atmosphere at 37 °C using a Thermo
Scientific Forma Steri-Cycle incubator. Subsequently, NIH 3T3
cells were treated with varying concentrations of CNM (0.1, 0.5, 1,
1.5,and 2 ug mL ™) to assess biocompatibility. After the treatment
period of 24 hours, the culture media was removed, and 100 pL of
MTT solution (0.5 ug mL ") was added to each well. The plates
were then incubated for an additional 4 hours in the dark to allow
for the reduction of MTT by mitochondrial dehydrogenase
enzymes, resulting in the formation of formazan crystals.
Following incubation, the MTT solution was discarded, and 100
pL of dimethyl sulfoxide (DMSO) was added to dissolve the for-
mazan crystals. The absorbance was subsequently measured at
570 nm using a multimode microplate reader (BioTek H1M
Synergy). The percentage of cell viability was calculated using the
following formula:

Cell viability% — ( absorbance of treated cells ) 100

absorbance of control cells
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2.6.3. Cytotoxicity of the multidrug-loaded CNM (MD-
CNM). Additionally, the cytotoxicity of the MD-CNM was
assessed on the MDA-MB-231 multidrug-resistant breast cancer
cell lines using the MTT assay. Briefly, MDA-MB-231 cells were
seeded into 96-well tissue culture plates at a density of 5 x 10°
cells per well and allowed to adhere for 24 hours. Following
adhesion, for cytotoxicity evaluations, MDA-MB-231 cells were
exposed to different concentrations of CNM (1, 1.5, 2, 3, 4, 4.5,
and 5 pg mL™ "), as well as the MD-CNM, multidrug alone, and
individual drugs (cisplatin (Cis), 5-fluorouracil (5-Fu), and
doxorubicin (Dox)) at concentrations of 100, 200, 400, 600, 800,
1000, 2000, 5000, and 10 000 nM for 24 hours. The MTT assay
was then performed as described in the previous section to
evaluate cell viability.

2.7. Morphological studies of cells using acridine orange
(AO)/ethidium bromide (EBr) staining

The effect of MD-CNM on triple-negative breast cancer cell (MDA-
MB-231) toxicity was investigated morphologically using fluores-
cence microscopy, with cells labeled using acridine orange (AO)
and ethidium bromide (EBr)." Using this method, viable cells are
differentiated from the cells undergoing cell death (apoptosis or
necrosis). Briefly, MDA-MB-231 cells were seeded at a density of 1
x 10° cells per mL in a cell culture plate and treated with MD-
CNM at its IC5o concentration. After 24 hours of incubation, the
culture media was removed, and the cells were washed with 1x
phosphate-buffered saline (PBS) (pH 7.4). A fluorescent dye
solution containing equal amounts of AO and EBr (100 ug mL ™)
was added to the cells, followed by a 30 minute incubation. The
cells were then washed again with 1x PBS and observed under
a fluorescence microscope (inverted Nikon Eclipse Ti-U) for
morphological examination of cell toxicity.

2.8. Phalloidin/Hoechst staining for cytoskeletal analysis

To investigate the effect of MD-CNM on F-actin cytoskeletal
derangement, MDA-MB-231 cells were seeded in a 6-well culture
plate at a density of 2 x 10° cells per mL and incubated for 24
hours at 37 °C in a 5% CO, atmosphere. After the incubation
period, the cells were treated with MD-CNM at ICs, concentra-
tion and incubated further. Following treatment, the cells were
fixed with 4% paraformaldehyde (PFA) and 0.5% Triton-X for 15
minutes. After fixation, the cells were washed with 1x PBS. The
cells were then stained with 50 pL of phalloidin (1 x, Invitrogen)
to visualize F-actin filaments and incubated for 1 hour. Next, 10
uL of Hoechst (10 ug mL ™", Thermo Fisher) was used to counter-
stain the nuclei, followed by a 30 minute incubation and a final
wash with 1x PBS. Imaging was performed using a Nikon
Eclipse Ti-U fluorescence microscope. The merged images of
phalloidin-stained F-actin filaments and Hoechst-stained
nuclei were analyzed using Image] software to assess cytoskel-
etal changes.

2.9. Fluorescence-activated cell sorting (FACS) analysis

The mechanism of cell death (apoptosis or necrosis) induced by
MD-CNM in MDA-MB-231 cells was elucidated using flow

5364 | Nanoscale Adv.,, 2025, 7, 5361-5376

View Article Online

Paper

cytometry (FACS analysis) following the manufacturer's
instructions. Cell death was quantified using allophycocyanin
(APC)-labeled Annexin V, a calcium-binding protein that fluo-
rescently detects phosphatidylserine on the membrane of
apoptotic cells. To distinguish between apoptotic and necrotic
cells, propidium iodide (PI) was used as a co-stain.*” For this
analysis, MDA-MB-231 cells were seeded at a density of 1 x 10°
cells per plate and incubated for 24 hours. The cells were then
treated with MD-CNM at IC;, concentration for 24 hours. After
treatment, both non-adherent and adherent cells were
collected, centrifuged at 1500 rpm for 5 minutes, and washed
twice with cold 1x PBS. The cell pellet was resuspended in 1x
binding buffer (10 mM HEPES, 140 mM sodium chloride, and
2.5 mM calcium chloride) to enhance efficient dye binding.
Next, 2 uL of Annexin V-APC (4 ug mL ") and 2 pL of propidium
iodide (PI, 1 mg mL ") were added to the cell suspension, which
was gently vortexed and incubated in the dark. Unstained and
single-stained controls (for Annexin V and PI) were used for
fluorochrome compensation. Apoptosis and necrosis were then
quantified using flow cytometry (BD FACS CANTO II), and the
data were analyzed with CytExpert software version 2.4.

2.10. Cell cycle analysis

The cell cycle phases of MDA_MB-231 breast cancer cells were
analyzed using a Beckman Coulter flow cytometer equipped
with CytExpert software (version 2.4). Cells were treated with
MD-CNM at ICs, concentration and incubated for 24 h. After
incubation, the cells were harvested via centrifugation and
washed with ice-cold 1x PBS. Fixation was performed using
70% cold ethanol at —20 °C for a minimum of 2 h. The fixed
cells were subsequently rinsed with 1x PBS by centrifugation at
1500 rpm for 5 minutes. For staining, the cells were incubated
at 4 °C for 15 minutes in a solution containing propidium
iodide (12 pg mL™") and ribonuclease A (10 pg mL ') in 0.1%
Triton-X buffer. Flow cytometry analysis was conducted, and the
results were processed using CytExpert software (version 2.4).

2.11. Effect of MD-CNM on tumor-induced angiogenesis
through the CAM assay model

Next, the chick embryo chorioallantoic membrane (CAM) assay
was employed to evaluate the angiogenetic properties of the
MD-CNM. The CAM, an extraembryonic membrane in chick
embryos that is highly vascularized and immunodeficient,
makes it an ideal model for mimicking the tumor microenvi-
ronment (TEM). This model's exceptional properties allow us to
facilitate the study of tumor angiogenesis, including forming
new blood vessels and interacting with the tumor and its
surroundings.*® Tumors often establish a TEM characterized by
hypoxia, acidosis, and high interstitial pressure, which stimu-
late the release of pro-angiogenic factors, promoting blood
vessel formation to sustain tumor growth.*® The CAM assay
replicates these conditions, allowing for studying tumor-
induced angiogenesis. For this study, fertilized eggs were
incubated in a ventilated, humidified egg incubator at 37 °C. On
day 3, embryos were transferred into sterile containers (ex ovo)
and incubated for another 2-3 days. On day 5, the embryos were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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classified into four groups: (group-1) a control group, with no
sample or tumor added to the CMA bed; (group-2) tumor group,
wherein to induce tumor formation, 5 x 10> MDA-MB-231 cells
were pre-cultured on 18 mm coverslips and carefully placed on
the CAM surface of fertilized eggs on day 5 of incubation in an
ex ovo setup based on the protocols established elsewhere.*”*®
This setup allowed direct interaction between tumor cells and
the CAM, which facilitates localized tumor formation and
mimics tumor-induced angiogenesis. (group-3) MDA-MB-231
cells with bare CNM placed on the CAM bed; (group-4) as
a positive control for angiogenesis inhibition, a group of
embryos received Avastin (bevacizumab), a VEGF-targeting
monoclonal antibody, topically applied along with tumor cells
at a concentration of 10 mM as reported previously,*® and finally
MDA-MB-231 cells were treated with MD-CNM at IC5, concen-
tration and placed on the CAM bed. Angiogenesis was assessed
by imaging the CAM vasculature at 0, 5, and 10 h post-treatment
using a stereomicroscope (Olympus, India) equipped with
a Magnus digital camera. The acquired images were analyzed
with IKOSA CAM software (https://www.kmlvision.com/our-
offerings/ikosa-prisma/), = which  quantified  angiogenic
parameters, namely the vessel area, vessel length, mean vessel
thickness, and branching nodes. Comparison of these
parameters across the groups helps reveal the effects of CNM
and MD-CNM on tumor angiogenesis and determine their
impact on vascular network formation and functionality.
2.11.1. Anti-angiogenetic effect of MD-CNM using gene
expression study through RT-PCR. Additionally, to confirm the
anti-angiogenic effect of MD-CNM at the molecular level,
Reverse Transcription Polymerase Chain Reaction (RT-PCR) was
performed to evaluate the expression levels of angiogenic genes,
Vascular Endothelial Growth Factor A (VEGFA), Fibroblast
Growth Factor 2 (FGF2), and Angiopoietin 1 (ANG1). After CAM
exposure to MD-CNM (for 10 h), total RNA was isolated from the
CAM tissues using TRIzol reagent (Invitrogen, USA), following
the manufacturer's instructions. The RNA concentration and
purity were measured with a NanoDrop 2000 spectrophotom-
eter (Thermo Scientific, USA), ensuring an absorbance ratio of
260 : 280 nm within the range of 1.8-2.0. From 1 pg of total RNA,
complementary DNA (cDNA) was synthesized using a Reverse
Transcriptase Kit (Invitrogen, USA), adhering to the protocol
provided by the manufacturer. Gene expression levels were
analyzed using a KAPA SYBR FAST qPCR Kit (Kapa Biosystems,
MA, USA) with primers specific to VEGFA, FGF2, ANG1, and the

Table 1 The list of primers used for the study

Primers Sequence (5 to 3’ and 3’ to 5')

Chicken FGF-2 Forward AGAGGAGTAGTATCAATCAAAG
Reverse TGCCACATACCAATCAGAGT

Chicken ANG-1 Forward GAGTCTGGTCACTCGGCAAA
Reverse CTAGGCTGCCATCTTCTCGG

Chicken VEGFA Forward TGAGGGCCTAGAATGTGTCC
Reverse TCTTTTGACCCTTCCCCTTT

Chicken B-actin Forward TCTGACTGACCGCGTTACTC
Reverse CCATCACACCCTGATGTCTG

© 2025 The Author(s). Published by the Royal Society of Chemistry
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housekeeping gene p-actin (refer to Table 1 for primer
sequences). The qPCRs were carried out in a total reaction
volume of 20 pL under conditions of initial denaturation at 95 ©
C for 3 minutes, followed by amplification cycles (40 cycles) with
denaturation at 95 °C for 10 seconds and annealing/extension at
60 °C for 30 seconds, during which fluorescence data were
collected. Then, the C; values were normalized to the house-
keeping gene (B-actin), and the fold change in gene expression
was calculated using the delta-delta C, (AAC,) method.*® This
analysis provides insights into the regulation of angiogenic
markers, allowing for a detailed understanding of the molecular
impact of MD-CNM on tumor-induced angiogenesis.

3 Results and discussion

3.1. Characterization of the CNM and MD-CNM

The morphology of the CNM and MD-CNM was analyzed by
scanning electron microscopy (SEM), as shown in Fig. 1. The
pristine CNM (Fig. 1a) exhibits a smooth, crystalline surface
with well-defined polyhedral structures, indicative of its highly
ordered and rigid framework. The absence of visible deforma-
tion in the pristine CNM confirms the stability and robustness
of its architecture. In contrast, post-drug loading, the surface of
MD-CNM shows slight distortion of polyhedral edges, likely due
to the deposition of drug molecules on the MOF surface and
within the pores (Fig. 1b). This could be attributed to the
interaction between the MOF and multidrug molecules.
Furthermore, the elemental analysis using EDX showed the
presence of Co and Ni in CNM and the elements corresponding
to the respective drugs over the surface of the MD-CNM (refer
Fig. SI-17).

3.2. Multidrug encapsulation efficiency and release kinetics
of multidrug-loaded CNM (MD-CNM)

To evaluate the drug loading of the cobalt-nickel metal-organic
framework (CNM) and release kinetics of multidrug-loaded
CNM (MD-CNM), the HPLC technique was employed. The CNM
was incubated with a combinational drug solution (50 pM) for
12 h at room temperature, and multidrug loading was deter-
mined. Table 2 presents the load concentration of each drug in
the MD-CNM formulation and also the corresponding drug
loading efficiency. We then quantified the multidrug loading
efficacy of the MD-CNM as 97.5 + 3.4% (48.75 uM). The high
efficiency underscores the potential of CNM as a versatile drug
carrier system. The observed high loading efficiency can be

Fig.1 SEM images showing the surface morphologies of (a) CNM and
(b) MD-CNM. Scale bar: 1 um.
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Table 2 Loading efficiency of each drug in MD-CNM

Individual concentration Individual loading

Drug of the loaded drug (uM) percentage of drug (%)
Cisplatin 16.33 98 + 3.3
Doxorubicin 16.25 97.5 £ 2.8
5-Fluorouracil 16.17 97 £ 4

Total 48.75 97.5+ 3.4

attributed to the unique structural and chemical properties of
CNM, including its large surface area,”** and the presence of
functional groups® that enable effective drug absorption and
binding. These properties enable the encapsulation of diverse
drugs with different physiochemical characteristics, expanding
the scope of the CNM for multidrug delivery applications and
highlights the potential of the CNM as a robust multidrug
carrier system for cancer therapy.

Next, the release kinetics of MD-CNM were analyzed under
two physiologically relevant pH conditions of pH 7.4, repre-
sentative of normal physiological environments, and pH 6.0,
simulating the acidic tumour or endosomal microenvironment.
The drug release experiment was conducted over 96 hours
(Fig. 2). A distinct pH-dependent release behaviour was
observed, characterized by a markedly faster release at acidic
PpH, which is highly desirable for targeted cancer drug delivery.
At 0.5 hours, cumulative drug release was 1.61 + 0.03% at pH
7.4 and 2.13 + 0.09% at pH 6.0, which increased to 4.03 £ 0.06%
and 6.74 + 0.14% at 1 hour, and further to 5.99 + 0.20% and
10.83 £ 0.61% at 2 hours, respectively. A burst-type release
under acidic conditions became evident by 3 hours, with 7.99 +
0.53% at pH 7.4 and 17.66 £ 0.92% at pH 6.0. At 4 hours, the
values reached 12.66 + 1.31% and 23.50 + 1.31% at pH 7.4 and
6.0, respectively. This continued to diverge at 8 hours, where
cumulative release reached 21.66 + 1.59% (pH 7.4) and 53.67 +
1.57% (pH 6.0). After 12 hours, release was 35.99 £ 1.50% at pH

t+=—pH74
100{—*—PH6

H <2 (2]
o o o
1 1 1

Cumulative Drug Release (%)
N
o

o
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Fig. 2 Cumulative multidrug release profiles of MD-CNM at pH 7.4
(physiological) and pH 6.0 (acidic) across increasing time intervals.
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7.4 and 70.68 £ 1.77% at pH 6.0. By 24 hours, release at pH 6.0
achieved a near-complete release of 91.01 &+ 1.80%, while only
49.33 +1.62% was observed at pH 7.4. A full 100% release at pH
6.0 was achieved by 36 hours and maintained thereafter. In
contrast, pH 7.4 showed a more gradual increase: 57.66 £ 1.54%
at 36 hours, 76.91 + 1.77% at 48 hours, 91.63 + 1.70% at 60
hours, 96.65 + 2.06% at 72 hours, and 100% by 96 hours.

This drug release profile confirms the pH-responsiveness of
the MD-CNM system, with an accelerated release under acidic
conditions and a sustained and controlled release under phys-
iological pH. The acidic environment likely triggers protonation
and partial framework degradation, promoting drug diffu-
sion.*>*® This ensures the effective accumulation of drugs at the
tumor site while minimizing systemic exposure. Furthermore,
the total multidrug release was normalized to 48.75 uM, and the
molarity-based cumulative release profile is provided in Fig. SI-
2a,t with individual drug release profiles (cisplatin, 5-fluoro-
uracil, and doxorubicin) plotted separately in Fig. SI-2b and cf
corresponding to pH 7.4 and 6, respectively, confirming
consistent proportional release relative to the initial loading.
The multidrug release profiles in terms of molarity at pH 7.4
and pH 6 provide better clarity of the release profiles of indi-
vidual drugs.

Comparison of the release profiles between the drugs
showed that a significant difference was observed, with
cisplatin exhibiting a slower release rate than doxorubicin and
5-fluorouracil. This slower release can be attributed to stronger
interactions between cisplatin and the CNM, likely through
metal-ligand coordination.> This biphasic release pattern
observed in MD-CNM aligns with previously reported MOF-
based drug delivery systems,”® where the initial burst release
ensures an immediate drug payload, followed by a sustained
release phase that maintains therapeutic drug levels over an
extended period. This controlled release mechanism reduces
the dosing frequency and minimizes potential side effects,
enhancing the treatment efficacy.”®

3.3. Fourier transform infrared spectral analysis of MD-CNM

Next, to confirm the successful incorporation of 5-fluorouracil,
cisplatin, and doxorubicin into the CNM, forming the multi-
drug-loaded CNM (MD-CNM) (Fig. 3), FTIR analysis was per-
formed. For 5-fluorouracil, the distinctive C=O stretching at
1666 cm™ ' and peaks at 833 cm ™" and 625 cm ™ for out-of-plane
bending vibrations were preserved, confirming its presence.*”**
Similarly, cisplatin exhibited its characteristic N-H bending at
1626 cm~ ' and Pt-Cl stretching at 802 cm ™', which were also
detected in MD-CNM with slight shifts, indicating successful
interaction with the MOF.** Doxorubicin's signature O-H
stretching at 3284 cm ™" and C=0 stretching at 2730 cm™ " were
similarly observed, confirming its interaction with the MOF.*
Shifts in peaks such as the O-H stretching at 3599 cm ™, along
with new bands at 2924 cm™" and 2851 cm™* for C-H stretch-
ing, indicate the formation of hydrogen bonds and interactions
between the drugs and the MOF matrix.

The structural integrity of the CNM was maintained after
drug loading, as evidenced by the retention of key peaks like the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectral analysis of CNM, MD-CNM, and individual drugs
(cisplatin, doxorubicin, and 5-fluorouracil), illustrating characteristic
functional group vibrations and confirming successful drug incorpo-
ration into the MOF.

carboxylate asymmetric and symmetric stretching at 1583 cm ™"
and 1414 cm ™, characteristic of the MOF structure. Additional
peaks in the fingerprint region (1000-700 cm™*) further confirm
that the CNM remained intact. The spectral changes, such as
broadening and intensity variations, highlight interactions
such as hydrogen bonding and coordination between the drugs
and the MOF metal centres. The stability of the framework and
the shifts in drug-specific peaks are consistent with reports of
MOFs, forming stable host-guest complexes through hydrogen
bonding, -7 interactions, and metal-ligand coordination.***
Overall, the FTIR analysis confirms the successful preparation
of the MD-CNM with all three drugs loaded synergistically while
preserving the structural stability of the MOF.

3.4. Biocompatibility of the CNM in NIH 3T3 cells

The application of cobalt-nickel metal-organic frameworks
(CNMs) in anticancer therapy necessitates a comprehensive
understanding of their safety and biological effects. Therefore,
we evaluated the biocompatibility of CNMs using the MTT assay
on NIH 3T3 fibroblast cell lines. Fig. 4 presents the biocom-
patibility of the CNM evaluated using NIH 3T3 fibroblast cells at
concentrations (0.1, 0.5, 1, 1.5, and 2 pg mL™ "), and the results
demonstrated excellent cell viability.

At the lowest concentration of 0.1 pg mL™", the cell viability
was 100 £ 1.16%, indicating no cytotoxic effects. Even as the
concentration increased, the cell viability remained constant,
with 99 £ 2.17%, 98 + 2.5%, 98 4 3.1%, and 97 + 2.7% observed
at 0.5, 1, 1.5, and 2 pg mL™", respectively. These findings
confirm that the CNM exhibits remarkable biocompatibility
even at higher concentrations.

3.5. Invitro cytotoxic effect of MD-CNM in triple-negative
breast cancer cells MDA-MB-231

3.5.1. In vitro cytotoxicity analysis. Next, the in vitro anti-
cancer efficacy of multidrug-loaded CNM (MD-CNM) was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 MTT assay result depicting the cell viability (%) of control
(untreated) and CNM (0.1-2 pg mL™Y)-treated NIH-3T3 cells after 24
hours of incubation. Statistical analysis was done by the T test. The
symbol “ns” denotes no statistical difference between the cell viability
values at different concentrations.

evaluated against MDA-MB-231 breast cancer cells at various
concentrations (100, 200, 400, 600, 800, 1000, 2000, 5000, and
10 000 nM), and the results were compared with CNM alone,
multidrug alone, and CNM loaded with individual drugs
(cisplatin, doxorubicin, and 5-fluorouracil) at the same
concentrations. The cell viability significantly decreased (p <
0.05) with increasing concentrations of MD-CNM. At concen-
trations of 100, 200, 400, 600, 800, 1000, 2000, 5000, and 10 000
nM, the observed cell viabilities were 99 + 3.48%, 80 + 2.8%, 60
+ 3.08%, 42 + 3.6%, 21 + 4.38%, 2 + 2.8%, 1 + 0.58%, 0 =+
0.08%, and 0 + 0.08%, respectively (Fig. 5a). In comparison,
individual drug-loaded CNMs exhibited reduced cytotoxicity at
equivalent concentrations (Fig. 5b). Cisplatin-loaded CNMs
showed cell viabilities of 100 + 3.2%, 100 + 2.6%, 90 + 2.8%, 80
+3.4%, 70 + 4.1%, 60 + 2.4%, 40 + 1.3%, 25 + 1.8%, and 13 +
0.6%, respectively. Similarly, for 5-fluorouracil-loaded CNMs,
the corresponding viabilities were 99 £ 2.6%, 95 £+ 1.5%, 90 £
2.8%, 80 + 2.3%, 82 + 1.6%, 71 + 1.7%, 59 + 1.3%, 30 & 0.6%,
and 14 + 0.63%. Doxorubicin-loaded CNMs demonstrated
viabilities of 98 + 1.8%, 90 + 2.6%, 80 + 2.4%, 70 + 1.7%, 62 +
1.6%, 51 £ 2.3%, 30 + 1.2%, 15 + 2.1%, and 3 £ 1%.

From the cell viability assay, we quantified the IC5, concen-
tration of multidrug loaded MD-CNM to be 461 nM, which gives
the final concentration of each drug as 154.4 nM, 153.8 nM, and
153.0 nM for cisplatin, doxorubicin, and 5-fluorouracil,
respectively, and the corresponding CNM concentration is 4.61
pg mL ", Additionally, we observed that CNM alone exhibited
minimal inherent cytotoxicity towards MDA-MB-231 breast
cancer cells (Fig. SI-3at) with cell viability >75% at the highest
tested concentration of 5 pg mL™". Studies reveal that MOFs
based on cobalt have anticancer properties at higher concen-
trations. For example, cobalt MOFs have been demonstrated to
trigger apoptosis in cancer cells, decreasing the cell viability and
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with p > 0.05.

tumor development by inducing reactive oxygen species
(ROS).***> The distinct characteristics of the nickel and cobalt
ions in MOFs may potentially improve the efficacy of combi-
nation treatments.®** Through enhanced medication transport
and increased local concentrations of therapeutic drugs at
tumor locations, these metal ions can reduce systemic toxicity
and enhance anticancer effects in combination.** However, the
MD-CNMs were found to be cytotoxic against cancer cell lines at
very low concentrations, and comparison of the same with bare
CNM at similar concentrations confirms that the cell death
induced by the MD-CNM is due to the drugs loaded into the
CNM nanoplatform. Furthermore, the multidrug alone treat-
ment also showed cytotoxicity, with an ICs, concentration of
743 nM (Fig. SI-3bt), which is 1.6-fold higher than that of MD-
CNM, further demonstrating the superior effectiveness of MD-
CNM. Also, the MD-CNM's ICs,, value is significantly lower than
the ICs, values of the free drug-loaded CNMs, which were 1.5
uM, 2.84 uM, and 1.1 puM for cisplatin, 5-fluorouracil, and
doxorubicin, respectively. As for the free drugs (cisplatin,
doxorubicin, and 5-fluorouracil), their cytotoxic effects on MDA-
MB-231 triple-negative breast cancer cells have been extensively
studied and reported in the literature. For instance, a previous
study reported the ICs, concentration of 40 pM for cisplatin
against MDA-MB-231 TNBC cell lines.®® Furthermore, doxoru-
bicin and 5-fluorouracil were found to exhibit IC5, concentra-
tions of 6.5 uM and 29 uM, respectively, in the same cell line.***”
In comparison, the MD-CNM's extremely low ICs, value vali-
dates its enhanced therapeutic potential as compared with the
free drugs’ values from the literature. This superior efficacy of
MD-CNM can be attributed to its ability to deliver a synergistic
combination of anticancer drugs in a controlled manner,
enhancing the therapeutic effect. The results emphasize the
potential of MD-CNM as a highly effective platform for combi-
nation therapy, reducing drug dosages while maintaining

5368 | Nanoscale Adv, 2025, 7, 5361-5376

robust anticancer activity. This finding supports the growing
interest in MOF-based drug delivery systems, promising strat-
egies for overcoming the limitations of conventional single-
drug treatments.

3.5.2. Cell death effect of MD-CNM on MDA-MB-231 cells
by AO/EBr dual staining. To further evaluate what MD-CNM on
MDA-MB-231 cells exhibit cell death (apoptosis or necrosis), we
performed an acridine orange/ethidium bromide (AO/EB) dual
staining assay (Fig. 6). This assay allows differentiation between
viable, apoptotic, and necrotic cells based on the integrity of the
cellular and nuclear structures. In untreated control cells,
normal cellular morphology was observed, characterized by
intact nuclei emitting green fluorescence, indicative of healthy,
viable cells. In contrast, MD-CNM-treated cancer cells exhibited
significant morphological changes associated with apoptosis,
such as extensive nuclear condensation and late apoptotic-
related cell death. These changes were evident from the orange
and red fluorescence emitted by the stained cells after 24 hours
of treatment, highlighting the induction of both apoptotic and
necrotic pathways.

The observed nuclear damage in MD-CNM-treated cells may
be attributed to oxidative stress induced by the framework.
Cobalt and nickel ions within the MD-CNM are known to
generate reactive oxygen species (ROS), which can disrupt
mitochondrial function and damage nuclear DNA, triggering
apoptotic pathways.®® The dual staining results underscore the
effectiveness of MD-CNM in inducing programmed cell death
through apoptosis alongside necrosis, offering a dual-mode
cytotoxicity mechanism that enhances the therapeutic efficacy.
Importantly, MD-CNM demonstrated a high degree of speci-
ficity in targeting MDA-MB-231 cells, a triple-negative breast
cancer (TNBC) model, without exhibiting cytotoxicity toward
normal cells as it minimizes off-target effects and preserves the
viability of healthy tissues. The combinatorial drug delivery

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Fluorescence images of (a) untreated cells and (b) MD-CNM (461 nM)-treated MDA-MB-231 cells using the AO/EBr staining method (Live/
Dead assay), with each column corresponding to (i) AO stained, (ii) EBr stained, and (iii) merged images of cells stained with AO/EBr.

capability of MD-CNM enables synergistic effects, allowing
multiple drugs to act on different pathways® within cancer
cells.

3.5.3. Effect of MD-CNM on cytoskeleton organization of
MDA-MB-231 cells. To further investigate the impact of MD-
CNM on cytoskeletal organization, a phalloidin-Hoechst
staining assay was conducted on MDA-MB-231 cell lines, and
the results are presented in Fig. 7. In untreated cells, normal
cytoskeletal architecture was evident, characterized by orga-
nized actin filaments and intact nuclear structures (Fig. 7a).
However, MD-CNM treatment at ICs, concentration induced

Phalloidin

Hoechst

significant alterations in the cytoskeletal arrangement. The
treated cells displayed disrupted actin filament organization
and nuclear disarray compared to the untreated control group
(Fig. 7b). MD-CNM treatment significantly disrupts the cyto-
skeletal organization in MDA-MB-231 cells, a process likely
driven by the generation of reactive oxygen species (ROS).
Cytoskeletal components in healthy cells are highly organized,
playing essential roles in maintaining the cell shape and their
transport, and division. However, elevated ROS levels, induced
by chemotherapeutic agents like cisplatin (Cis), 5-fluorouracil
(5-Fu), and doxorubicin (Dox), can destabilize actin filaments

Fig. 7 Phalloidin—Hoechst staining of MDA-MB-231 cell lines that are (a) untreated (control) and (b) treated with MD-CNM (461 nM), with each
column corresponding to (i) phalloidin stained, (ii) Hoechst stained, and (iii) merged images of cells stained with phalloidin and Hoechst.
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and associated proteins.”>”*”* This disruption leads to struc-
tural abnormalities and ultimately results in cellular apoptosis
Or necrosis.

The study demonstrates that the MD-CNM effectively alters
the actin cytoskeleton, impairing critical cellular functions such
as adhesion, motility, and division.”” This disruption of cyto-
skeletal dynamics highlights the role of ROS-mediated oxidative
stress in the cytotoxicity of the MD-CNM.”® The findings
emphasize its dual therapeutic potential: inducing cell death
and limiting metastasis in aggressive cancers like triple-nega-
tive breast cancer (TNBC).”

3.5.4. FACS analysis of MD-CNM-treated MDA-MB-231
cells. To gain a deeper understanding of the cellular mecha-
nisms underlying the cytotoxicity of MD-CNM, flow cytometry-
based detection of apoptosis and necrosis was performed using
Annexin V-APC/PI staining. Annexin V, a calcium-binding
protein, was fluorescently labeled to detect phosphatidylserine
externalization on the membranes of apoptotic cells. Propidium
iodide (PI) co-staining was employed to differentiate necrotic
cells from apoptotic ones, providing a comprehensive assess-
ment of cell death modes, including necroapoptosis, a regu-
lated form of cell death exhibiting features of both apoptosis
and necrosis.

The analysis began by identifying a homogeneous pop-
ulation of MDA-MB-231 cells using forward and side scatter
plots (Fig. 8a). Following treatment with MD-CNM, a signifi-
cant induction of necrosis was observed, with 77.59% of cells
undergoing necrosis (Fig. 8c). In contrast, the control group
exhibited 95.73% cell viability (Fig. 8b). Late apoptosis was
observed in 12.37% of treated cells, while early apoptosis was
minimal, accounting for only 0.05%. The results also indi-
cated potential necroapoptosis in the MD-CNM-treated cells,
as the overlap between apoptotic and necrotic markers sug-
gested a regulated pathway contributing to the cell death
profile. Necroapoptosis, which bridges the mechanisms of
necrosis and apoptosis, can provide therapeutic advantages by
enabling controlled cell death without triggering excessive
inflammation.

Control: All events
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These findings underscore the robust cytotoxic effect of MD-
CNM on MDA-MB-231 cells, with a significant predominance of
necrosis over apoptosis. The increase in necrotic cells, the
minimal early apoptosis, and the possibility of necro apoptosis
suggest that the MD-CNM exerts a multifaceted mechanism of
cell death. Importantly, the predominance of necroapoptosis
may reduce inflammatory responses often associated with
uncontrolled cell death,” making MD-CNM a promising
candidate for therapeutic applications. This characteristic is
particularly advantageous in cancer treatment, where achieving
controlled and effective cytotoxicity is critical for improving
treatment outcomes. The MD-CNM may cause necroptosis
mechanistically by phosphorylating Mixed Lineage Kinase
Domain-Like protein (MLKL), disrupting membranes, and
activating Receptor-Interaction Protein Kinase (RIPK) RIPK1/
RIPK3 signaling.”® Oxidative stress and activation of the nec-
roptotic pathway might result from the metal ions in the CNM
increasing ROS. Furthermore, the MD-CNM may suppress cas-
pase activation, causing necroptosis rather than apoptosis in
cell death. DAMPs may be released by mitochondrial failure
brought on by the MD-CNM, which would further trigger nec-
roptosis.”””® This mechanism provides regulated cell death and
possible immunogenic effects in cancer therapy, increasing the
therapeutic effectiveness of MD-CNM, especially in apoptosis-
resistant MDA-MB-231 cells.

3.5.5. Effect of MD-CNM on cell cycle arrest. Next, flow
cytometry cell cycle analysis was conducted to evaluate cells’
distribution across different cell cycle phases. As shown in
Fig. 9a, the control cells exhibited the following phase distri-
bution: shows that around Sub-G1 (5.57%), GO/G1 (69.18%), S
(18.65%), and G2/M (6.6%). In the MD-CNM-treated cells
(Fig. 9b), 11.9%, 82.64%, 3.66%, and 1.8% cells were observed
at the Sub-G1, G0/G1, S, and G2/M phases. The findings indicate
that the MD-CNM induced significant cell cycle arrest at the
Sub-G1, and G0/G1 phases compared to the control. Specifically,
MD-CNM treatment resulted in 2.13-fold and 1.19-fold
increased cell arrest in the Sub-G1 and G0/G1 phases related to
control cells (Fig. 9¢). Moreover, a pronounced reduction in the

Control MD- CNM (461 nM)
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Fig. 8 FACS evaluation of MDA-MB-231-labeled cells for quantification of apoptosis/necrosis induced by MD-CNM: (a) MDA-MB-231 cells
gated on forward and side scatter dot plots; (b) and (c) dot plots of untreated and treated cells with MD-CNM, respectively. The lower left
quadrant (Q1) shows the percentage of total living cells (Annexin V and Pl negative). The lower right quadrant (Q2) indicates early apoptotic cells
(Annexin V positive/Pl negative), the upper left quadrant (Q3) represents necrotic cells (Annexin V negative/PI positive), and the upper right
quadrant (Q4) represents late apoptotic cells (both Annexin V and Pl positive).
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(461 nM)-treated breast cancer cells (MDA-MB-231) through flow
cytometry with propidium iodide staining. (c) Bar graph showing the
percentage of cell cycle distribution between control and treated cells.
The symbol “*" represents the significance level at p < 0.05 as
compared to control.

proportion of cells in the S and G1/M phases was observed with
5-fold and 3.6-fold decreases, respectively, in the MD-CNM-
treated cells compared to controls.

These results are consistent with the idea that MD-CNM
induces apoptosis or programmed cell death. The increased
Sub-G1 population reflects apoptosis, which may be driven by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DNA damage, mitochondrial dysfunction, or endoplasmic
reticulum stress. DNA damage activates checkpoint proteins
that can trigger apoptotic pathways if the damage is irreparable.
Additionally, mitochondrial dysfunction, a common target of
anticancer drugs, may release pro-apoptotic factors, and ER
stress can also promote apoptotic signals.” The G0/G1 phase
arrest further implies that MD-CNM inhibits progression into
the S phase. This may occur through the inhibition of cyclin-
dependent kinases (CDKs), which are critical for the G1/S
transition, or through the upregulation of CDK inhibitors that
suppress the CDK activity.® Additionally, interference with key
growth signaling pathways that regulate cell cycle progression
could play a role in this arrest.** Finally, while the MD-CNM
does not seem to induce a direct G2/M arrest, its effect on early-
phase progression could indirectly affect G2/M by disrupting
mitotic processes and causing a backlog in earlier stages of the
cycle.” Together, these findings underscore the potent anti-
cancer efficacy of MD-CNM, particularly against triple-negative
breast cancer (TNBC). By effectively inducing cell cycle arrest at
the early interphase stages, MD-CNM limits the proliferative
capacity of cancer cells, providing a strong foundation for its
potential therapeutic applications.

3.6. Angiogenic effect of MD-CNM using the CAM assay

Angiogenesis is crucial in tumor progression and metastasis.
This study evaluated the anti-angiogenic potential of MD-CNM
using the CAM assay. Images of the CAM model were captured,
processed through Image] software and analyzed with a tool
named IKOSA (Fig. 10a). The key angiogenic parameters,
including vessel area, total vessel length, vessel thickness, and
vessel nodes were measured at 0, 5, and 10 h (Fig. 10b), where
vessel area indicates the overall extent of the vascular network,
vessel length reflects the vascular complexity and density, mean
vessel thickness represents the structural integrity of blood
vessels, and branching nodes measure the network's capacity
for blood distribution.

The tumor group showed a significant increase in all
angiogenic parameters compared to the control, emphasizing
the tumor microenvironment's (TEM) pro-angiogenic effects. At
5 and 10 h, the vessel area (2.18- and 2.4-fold), vessel length
(2.14- and 1.8-fold), thickness (1.6- and 2-fold), and nodes (1.8-
and 1.4-fold) were increased markedly, indicative of abnormal
and excessive angiogenesis, a hallmark of tumor progression.
Vascular disorganization is a characteristic of pathological
angiogenesis, with an irregular vessel structure and branching
patterns.® CNM treatment alone resulted in a slight reduction
in angiogenic parameters compared to the tumor group, sug-
gesting that the CNM carrier itself has some anti-angiogenic
effects that can counteract the angiogenic stimulus induced by
the tumor microenvironment. Additionally, the CNM demon-
strated cytotoxicity against MDA-MB-231. Consequently,
embryos treated with MD-CNM exhibited a profound reduction
in the vessel area (2.47- and 2.5-fold), vessel length (2.02- and 2-
fold), thickness (1.5- and 2.06-fold), and nodes (1.73- and 1.82-
fold) in all angiogenic parameters at 5 and 10 hours compared
to the tumor group, demonstrating the potent anti-angiogenic
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effects of the drug-loaded MOF. The data underscore the critical
role of the embedded drugs cisplatin, doxorubicin, and 5-fluo-
rouracil in inhibiting angiogenesis.

Cisplatin is known to induce oxidative stress in endothelial
cells, impairing their proliferation and migration, thereby
reducing vessel formation.*® 5-Fluorouracil modulates the
tumor microenvironment by inhibiting matrix metal-
loproteinases (MMPs), essential for extracellular matrix
remodeling and angiogenesis.*® Doxorubicin suppresses
vascular endothelial growth factor (VEGF) expression, disrupt-
ing endothelial cell signaling and reducing vessel growth.** The
combination of these drugs likely creates a synergistic effect,
amplifying the inhibition of angiogenesis. Additionally, the
cytotoxic effects of cobalt and nickel ions are often linked to
their ability to regulate gene expression related to apoptosis. For
instance, studies have reported downregulation of anti-
apoptotic genes (like Bcl-2) and upregulation of pro-apoptotic

5372 | Nanoscale Adv., 2025, 7, 5361-5376

genes (like Bax and caspases) in response to treatment with
cobalt-containing nanocarriers, enhancing the apoptosis rate in
MDA-MB-231 cells.* The sustained drug release from MD-CNM
ensures continuous therapeutic action over time. This extended
inhibition of angiogenesis is crucial in reducing the tumor's
blood supply, limiting growth and metastasis. Significant
reduction in vessel nodes and branching points further reflects
the suppression of capillary sprouting, highlighting the efficacy
of MD-CNM as an anti-angiogenic agent. As a result, the MD-
CNM significantly reduced angiogenesis compared to the tumor
and CNM groups, as evidenced by reductions in the vessel area,
length, thickness, and nodes. These findings demonstrate the
potential of multidrug-loaded CNM as an effective strategy for
inhibiting tumor angiogenesis and underscore its promise in
anti-cancer therapy.

3.6.1. Anti-angiogenetic effect of MD-CNM downregulating
VEGFA, FGF2, and ANG1 expression. To further investigate the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effect of MD-CNM at the genetic level, the mRNA expression of
key angiogenesis-related genes was analyzed using RT-PCR in
the CAM model. Angiogenesis, forming new blood vessels from
the existing vasculature, is critical in tumor growth and
metastasis. The process is tightly regulated by a balance of pro-
angiogenic and anti-angiogenic factors.*> Among the most
critical pro-angiogenic regulators are VEGFA, FGF2, and ANG1,
which synergistically promote endothelial cell proliferation,
migration, and stabilization of newly formed vessels. As shown
in Fig. 11, in tumor-induced samples, a substantial upregula-
tion of VEGFA, FGF2, and ANG1 was observed, with VEGFA
expression increasing approximately by fivefold (Fig. 11).
VEGFA not only stimulates endothelial cell migration but also
enhances the expression of other pro-angiogenic factors,
creating a feed-forward loop that drives angiogenesis within the
tumor microenvironment (TME). In Fig. 11, FGF2, another
potent angiogenic factor, was upregulated fourfold, suggesting
its role in promoting the proliferation of endothelial cells and
the formation of capillary-like structures. ANG1, which is vital
for vessel stabilization and maturation, showed a 4.5-fold
increase, indicating that tumors actively enhance vascular
integrity to ensure a consistent supply of oxygen and nutrients,
supporting their growth and metastasis (Fig. 11).

Treatment with MD-CNM demonstrated remarkable anti-
angiogenic effect by significantly downregulating the expres-
sion of VEGFA, FGF2, and ANG1 genes, which correspondingly
reduced by 2-, 1.8-, and 2-fold compared to the tumor group.
This is similar and comparable to the positive control, Avastin
(tumor + Avastin), where the downregulation of VEGFA, FGF2,
and ANG1 genes was 2.24-, 1.58-, and 3.75-fold, respectively, as
compared to the tumor group. VEGFA downregulation disrupts
the endothelial migration necessary for the formation of new
capillaries, directly impairing the initial stages of angiogenesis.
The suppression of FGF2 expression further inhibits endothe-
lial cell proliferation, limiting the expansion of vascular
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Fig. 11 Bar graphs showing the fold changes in gene expression of
selected markers VEGFA, FGF2, and ANG1. The symbol "*" indicates
a significant increase compared to the control and "***" indicates
a significant decrease compared to the tumor.
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networks within the TME.*” ANG1 downregulation is particu-
larly noteworthy as it destabilizes the already-formed vascula-
ture, leading to a breakdown of vessel integrity and disrupting
the tumor's ability to establish a stable blood supply. Addi-
tionally, CNM alone also exhibited cytotoxicity against MDA-
MB-231 breast cancer cells, highlighting its inherent anti-
cancer properties. Research indicates that cobalt-nickel MOFs
can exhibit enhanced cytotoxicity compared to other formula-
tions. For instance, specific cobalt-nickel formulations are
more effective against MDA-MB-231 cells than traditional
chemotherapeutic agents, highlighting their potential as alter-
native therapeutic options.*® The ability of MD-CNM to inhibit
VEGFA expression suggests its potential to interfere with
hypoxia-driven signaling pathways commonly activated in
tumors. Furthermore, the simultaneous downregulation of
FGF2 and ANG1 highlights the multi-targeted action of MD-
CNM, addressing both the initiation and stabilization phases of
angiogenesis.®® In addition to MD-CNM treatment, a positive
control group receiving Avastin (tumor + Avastin) was included
to benchmark the anti-angiogenic activity. RT-PCR analysis
(Fig. 11) showed significant downregulation of angiogenic
markers (VEGFA, FGF2, and ANG1) in this group, supporting
the reliability of the CAM model and validating MD-CNM's
comparable anti-angiogenic potential.*

This dual-action mechanism not only inhibits the formation
of new vasculature but also disrupts the structural integrity of
the existing tumor blood vessels. The resulting reduction in
blood vessel density and stability can effectively starve the
tumor of essential nutrients and oxygen, impeding its growth
and metastatic potential.

The ability of MD-CNM to modulate the key angiogenic
factors underscores its therapeutic potential in addressing the
challenges of tumor angiogenesis. By targeting multiple path-
ways involved in vascular formation and stabilization, the MD-
CNM presents a novel strategy for anti-cancer therapy. This
approach not only suppresses angiogenesis but also reduces the
likelihood of the resistance mechanisms often observed with
single-target therapies. The findings provide a strong founda-
tion for further exploration of MD-CNM as a multidrug platform
with robust anti-angiogenic and anti-tumor effects. Recent
reports highlight the role of m6A modifications in TNBC
progression, wherein a study has reported that METTL3-medi-
ated m6A methylation stabilizes KIF15 mRNA, promoting TNBC
aggressiveness.** While our current study focused on classical
angiogenic regulators (VEGFA, FGF2, and ANG1), these findings
underscore the need to explore whether MOF-based systems
like MD-CNM can be adapted to modulate epitranscriptomic
targets for better clinical translation.

4 Conclusions

This study demonstrates the potential of cobalt-nickel metal-
organic frameworks (CNMs) as a promising multidrug carrier
for triple negative breast cancer (TNBC) therapy, addressing key
challenges such as drug resistance in cancer treatment. The
CNM demonstrated superior multidrug loading capacity, and
the multidrug loaded CNM (MD-CNM) exhibited sustained drug
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release for 96 h in PBS at physiological pH 7.4 and a faster
release profile at acidic pH 6 that mimics the tumour micro-
environment. Furthermore, the MOFs showed biocompatibility
in normal cells and effectively induced necro-apoptosis in
multidrug-resistant breast cancer cells at lower concentrations
as compared to the individual drug-loaded MOF. Furthermore,
ex ovo studies confirmed that the MD-CNM suppressed tumor-
induced angiogenesis and downregulated the key pro-angio-
genic genes (VEGFA, FGF2, and ANG1), demonstrating potential
to inhibit tumor growth and metastasis. Collectively, these
findings underscore the potential of CNMs as an innovative and
efficient multidrug delivery platform, presenting a therapeutic
strategy for combating multidrug-resistant cancer.
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