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ethotrexate conjugated multi-
walled carbon nanotubes for the evaluation of
cytotoxic potential at biochemical and molecular
level modulating BAX, BCL-2 and telomerase
expression
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Anurag Kumar Singh, c Avanish Singh Parmar, b Santosh Kumar Singha

and Vibhav Gautam *a

Cancer is one of the leading causes of mortality all across the world, and the clinical applications of numerous

chemotherapeutic agents are limited by major side effects. Among these, methotrexate (MTX) is a widely used

anticancer drug which exhibits certain limitations related to biocompatibility and solubility. Therefore, to

address these limitations, MTX was covalently conjugated to multi-walled carbon nanotubes (MWCNTs) to

develop a stable and targeted nanotherapeutic system. MWCNTs were first subjected to purification

followed by carboxylation which was validated through dispersion solubility test. MTX-MWCNT was then

subjected to characterization to validate successful conjugation after which the cytotoxic potential of MTX-

MWCNT was assessed by cell viability assay on MCF-7 (hormone-positive breast cancer), MDA-MB 231

(triple-negative breast cancer), and HeLa (cervical cancer) cells. The evaluation of safety profile and

hemocompatibility was done using non-cancerous HEK 293T (human embryonic kidney) cells and in vitro

hemolysis assay respectively. The cytotoxic potential of MTX-MWCNT was assessed through cell viability

assay which demonstrated a dose-dependent reduction in cancer cell viability after treatment with MTX-

MWCNTs with minimal toxicity toward normal cells and blood. The anti-angiogenic potential of MTX-

MWCNT was also tested further through ex vivo chick chorioallantoic membrane (CAM) assay which

revealed significant reduction in vessel branching. The cytotoxic activity of MTX-MWCNT was also

confirmed by biochemical assays, including cell proliferation assay, glucose estimation assay, and total

antioxidant status (TAS). Moreover, the cytotoxic potential of MTX-MWCNT was further assessed at the gene

level through quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis which

demonstrated upregulation of the pro-apoptotic BAX gene and downregulation of the anti-apoptotic BCL-2

gene. Furthermore, kit-based enzyme-linked immunosorbent assay (ELISA) quantification further confirmed

increased BAX, decreased BCL-2, and reduced telomerase protein expression. Lastly, the alteration in

nuclear morphology in all three cancer cells post treatment with MTX-MWCNTs was evaluated through

40,6-diamidino-2-phenylindole (DAPI) staining followed by fluorescence microscopy. Collectively, the

obtained findings highlight that MTX-MWCNT efficiently induces apoptosis and inhibits angiogenesis while

maintaining significant biosafety, establishing it as an emerging nanoscale platform for targeted cancer therapy.
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1. Introduction

Cancer continues to be a major global health challenge, esti-
mating an increase to 29.9 million new cases and 15.3 million
mortalities projected by 2040.1 Despite signicant advancements
in early detection and therapeutic modalities, the complexity and
heterogeneity of cancer cells still remain the leading challenges
in achieving effective and sustained therapeutic outcomes.
Conventional therapies, including chemotherapy, radiotherapy,
and surgery, oen face limitations such as systemic toxicity,
multidrug resistance, and off-site targeting, due to which the
RSC Adv., 2026, 16, 18679–18696 | 18679
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development of innovative therapeutic strategies is highly
required. Nanotechnology has revolutionized the biomedical
sector by offering novel and unique platforms for drug delivery
and therapeutic interventions, particularly in cancer treatment.
Nanocarriers offer unique advantages such as improved phar-
macokinetic proles, enhanced solubility, controlled release,
selective targeting, and precise diagnosis.2 These properties are
oen exploited in cancer therapeutics because conventional
chemotherapeutic drugs oen face challenges including
systemic toxicity, non-specic distribution, rapid clearance, and
poor bioavailability, leading to suboptimal therapeutic outcomes
and severe side effects.3 For example, recent studies have re-
ported that doxorubicin induces signicant cardiotoxicity even at
clinically relevant doses resulting in long-term cardiac dysfunc-
tion in cancer patients.4 Similarly, cisplatin has also been re-
ported to display renal toxicity, oen necessitating dose
reduction and compromising therapeutic efficacy.5 MTX, another
widely used chemotherapeutic agent, has also been reported to
cause hepatotoxicity and gastrointestinal toxicity, which signi-
cantly affect patient compliance and treatment outcomes.6 These
adverse effects highlight the pressing need for advanced drug
delivery systems capable of enhancing therapeutic efficacy and
improved biocompatibility. Among these chemotherapeutic
agents, MTX stands out as a widely used drug with signicant
anticancer and immunosuppressive potential.

MTX is a well-known chemotherapeutic drug and folic acid
antagonist that blocks DNA replication by inhibiting the activity
of the enzyme dihydrofolate reductase crucial for the synthesis
of purines and pyrimidines. It has been widely used for the
treatment of various malignancies including breast, lung,
leukaemia, head and neck.7 However, the drug has various
adverse effects such as hepatotoxicity, teratogenic effects, bone
marrow suppression, and inammation, which are oen dose-
dependent and require dose adjustments to minimize toxicity
while maintaining therapeutic efficacy.8,9 Various nanocarriers
such as polymeric NPs, dendrimers, metallic nanoparticles
(NPs), carbon nanotubes (CNTs), lipid-based NPs and magnetic
NPs have been used for conjugation with MTX to enhance its
targeted delivery and reduce the toxicity.10 Among wide range of
nanomaterials, MWCNTs have been exploited due to their
physio-chemical attributes, thermal conductivity and chemical
stability. MWCNTs are well arranged cylindrical structures of
graphene layers that have emerged as novel candidates for their
applications in biomedical eld due to their versatility.
MWCNTs are generally preferred over single-walled carbon
nanotubes (SWCNTs) due to larger surface area and higher
tensile strength. Multiple researches on the functionalization
and applications of MWCNTs have been performed in recent
years. Several different types of drugs and biomolecules can be
conjugated with MWCNTs because of their opto-electronic,
structural and mechanical properties.11 The conjugation of
any therapeutic agent withMWCNTs has beenmade possible by
subjecting them to chemical modications. For example, in
a recent work, researchers demonstrated the effectiveness of
using functionalized MWCNTs as a vehicle for efficient co-
delivery of curcumin and MTX in cancer therapeutics, high-
lighting the potential of MWCNTs in combination therapies.12
18680 | RSC Adv., 2026, 16, 18679–18696
The present study focuses on the synthesis and character-
ization of MTX conjugated with MWCNTs. In this study,
MWCNTs were rst carboxylated to introduce carboxyl groups,
which were subsequently used for covalent conjugation with
MTX through amide bond formation. The resulting MTX-
MWCNT nanoconjugate was characterized using spectroscopic
and microscopic techniques to conrm successful functionali-
zation and conjugation. In this study, MCF-7, MDA-MB-231, and
HeLa cells were selected as representative models to evaluate
the anticancer potential of MTX-MWCNTs. MCF-7 cells are
widely used as a model of hormone receptor-positive breast
carcinoma, whereas MDA-MB 231 cells represent triple-negative
breast cancer which is a highly aggressive and metastatic
subtype.13 HeLa cells, derived from cervical carcinoma, were
also included additionally to assess the broader applicability of
the nanoconjugates across different cancer types. Apart from
these, HEK 293T cells were used as representative model for
non-cancerous cells for the evaluation of safety prole of MTX-
MWCNTs. Aer thorough characterization, the synthesized
nanoconjugate was evaluated for its cytotoxic potential through
cell viability, cell proliferation and biochemical assays, followed
by evaluation of hemocompatibility and anti-angiogenic
activity. Furthermore, qRT-PCR was also employed for the
analysis of differential expression of pro-apoptotic (BAX) and
anti-apoptotic (BCL-2) genes followed by kit-based sandwich
ELISA assays to quantify relevant levels of BAX, BCL-2 and
telomerase proteins. Lastly, DAPI staining was performed to
study morphological alteration in nucleus employing uores-
cence microscopy. While previous studies have explored MTX
conjugation to MWCNTs, our method involving carboxylation
followed by amide bond formation is reported here for the rst
time. The combination of cell viability assay, in vitro hemolysis
assay, ex vivo CAM assay, DAPI staining-based uorescence
microscopy, biochemical assays including cell proliferation
analysis, glucose estimation and TAS, along with detailed gene
and protein analyses at molecular level across diverse cancer
cell lines (MCF-7, MDA-MB 231, and HeLa), has also been per-
formed for the rst time. This study highlights the novelty of
our approach, and the synthesized nanoconjugate demon-
strates signicant potential as a targeted nanocarrier for cancer
therapy.

2. Experimental section
2.1 Materials

Raw MWCNTs (purity: >98%, length: 2.5–20 mm, diameter: 6–13
nm), N-hydroxysuccinimide (NHS), dicyclohexylcarbodiimide
(DCC) and gene-specic primers were purchased from Sigma
Aldrich, USA. MTX (98%), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulphoxide
(DMSO) (99.5%), trypan blue, crystal violet and Bradford
reagent were purchased from SRL, India. DAPI staining solution
was purchased from Puregene, Genetix. HPLC grade water was
obtained from Merck, Germany. Hydrochloric acid (HCl),
sulfuric acid (H2SO4), nitric acid (HNO3), methanol and abso-
lute ethanol of analytical grade were used for the experiments.
Trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA),
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Dulbecco's Modied Eagle Medium (DMEM), bovine serum
albumin (BSA) and phosphate buffer saline (PBS) were
purchased from Himedia, India. Antibiotic–antimycotic solu-
tion containing penicillin, amphotericin B, and streptomycin
was obtained from Cell Clone, India. Fetal bovine serum (FBS)
and PowerUp SYBR Green master mix were procured from
Thermo Fisher Scientic, USA. The human cell lines MCF-7,
MDA-MB 231, HeLa and HEK 293T were procured from
National Centre for Cell Science (NCCS), Pune, India.
2.2 Methodology

2.2.1 Synthesis of MTX-MWCNT
2.2.1.1 Purication of raw MWCNTs. Acidic purication of

raw MWCNTs (r-MWCNTs) was done through a non-oxidative
approach to remove the impurities and amorphous carbon.
Briey, 500mg of r-MWCNTswere dissolved in 10mL of 20%HCl
followed by 20 minutes sonication with repeated swirling. The
dispersion was subjected to magnetic stirring at room tempera-
ture for 24 hours. Aer 24 hours, MWCNTs were ltered and
rinsed with deionized water and the process was repeated until
neutral pH was maintained. The neutralized MWCNTs were then
ltered and were kept in oven until completely dried.14 The
puried MWCNTs (p-MWCNTs) were ready for further use.

2.2.1.2 Carboxylation of puried MWCNTs. The carboxyla-
tion of p-MWCNTs was done through an oxidative approach in
which HNO3 and H2SO4 were mixed in 1 : 3 ratio to prepare
100 mL of mixture. 400 mg of p-MWCNTs were added to the
prepared acidic mixture followed by 2 hours of sonication with
repeated swirling. The dispersion was then subjected to
magnetic stirring at room temperature for 24 hours. Aer 24
hours, 400 mL of deionized water was added and le overnight
on magnetic stirrer and then ltered. This process was repeated
till neutrality aer which c-MWCNTs were ltered and kept in
oven until completely dried.15 The carboxylated MWCNTs (c-
MWCNTs) were now ready for conjugation with MTX.

2.2.1.3 Conjugation of carboxylated MWCNTs with MTX.
Briey, 100 mg of c-MWCNTs, 720 mg DCC and 400 mg NHS
were dissolved in 20mL DMSO and allowed to react for 48 hours
at room temperature in dark under nitrogenous environment.
Aer 48 hours, dicyclohexylurea was produced as precipitate
which was ltered to obtain pure MWCNT-NHS. 60 mg of MTX
was then added to the produced MWCNT-NHS and the reaction
mixture was sonicated for 10 minutes at room temperature aer
which it was allowed to react in dark for 48 hours. 100 mL of
deionized water was then added to the reaction mixture to
precipitate MTX-MWCNT conjugate which was then ltered and
was allowed to dry in oven.16

2.2.2 Characterization of MTX-MWCNTs
2.2.2.1 Dispersion solubility test. The preliminary conrma-

tion of the carboxylation of MWCNTs was done by the disper-
sion solubility test. Briey, 5 mg each of r-MWCNTs, p-
MWCNTs and c-MWCNTs were dispersed in 5 mL deionized
water and each mixture was sonicated for 10 minutes. The
dispersions were le undisturbed for 30 days and the images
were captured at 0 hours, aer 1 day, 7 days and 30 days.17
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2.2.2 Fourier transform infra-red (FTIR) spectroscopy. FTIR
analysis of r-MWCNTs, p-MWCNTs, c-MWCNTs, MTX andMTX-
MWCNT was done aer preliminary characterization to conrm
the presence of characteristic functional groups corresponding
to the chemical modication. The samples were prepared in the
form of KBr pellets aer which the FTIR spectra were recorded
in the range of 500–4000 cm−1 using PerkinElmer FT-IR
spectrophotometer.

2.2.2.3 Raman spectroscopy. Raman spectra were recorded
for the analysis of functional properties of the synthesized
nanoconjugate using Raman spectroscopy (WITec, Oxford
Instruments, Alpha 300 RS Model). The spectrophotometer was
operated at an excitation wavelength of 532 nm for p-MWCNTs
and MTX-MWCNTs while for MTX, the excitation wavelength
was increased to 785 nm to observe the spectra. The operating
power for p-MWCNTs andMTX-MWCNTs was in the range of 2–
5 mW while for MTX, the operating power was 40 mW.

2.2.2.4 X-ray photoelectron spectroscopy (XPS). XPS analysis
was done for the elemental analysis of the synthesized nano-
conjugate and it was executed by using XPS spectrophotometer
(Thermo Fisher Scientic, K-Alpha Model) which is equipped
with a monochromatic K-Alpha radiation source. Carbon 1s
peak at 284.5 eV was used as internal standard for calibration
and identication of characteristic binding energies. XPS peak
tting soware was used for recording the data by the aid of
energy at 93.3 eV at room temperature and under ultra-high
vacuum conditions.

2.2.2.5 Transmission electron microscopy (TEM). Trans-
mission Electron Microscopy (TEM) was performed for the anal-
ysis of two-dimensional (2D) morphology of the synthesized
nanoconjugate. The samples were dissolved in absolute ethanol
and a drop of this solution was placed on a carbon grid aer
which it was subjected to drying at room temperature. The images
were captured using a transmission electron microscope (Tecnai
G220 S-TWIN TEM) at an accelerating voltage of 200 kV. At last,
the average diameter was measured using Image J soware.

2.2.2.6 Field emission scanning electron microscopy (FE-SEM).
Field Emission Scanning Electron Microscopy (FE-SEM)
imaging was to used analyze the three-dimensional (3D)
morphology and the surface topology of the synthesized nano-
formulation using a eld emission scanning electron micro-
scope (Carl Zeiss, Gemini 560). The dried nanotubes were
placed on a carbon tape and subjected to imaging at an accel-
erating voltage of at 100k×magnication. The average diameter
was then measured using Image J soware.

2.2.2.7 Dynamic light scattering (DLS) and zeta potential. Zeta
potential and poly dispersity index (PDI) were analyzed using
a Zeta Sizer Ultra ZSU5700 instrument (Malvern Panalytical,
UK). The synthesized nanoconjugates were dispersed in
deionized water followed by brief sonication. The phenomena
of angular DLS and electrophoretic light scattering were used
for recording the PDI and zeta potential respectively.

2.2.3 Evaluation of cytotoxic potential of MTX-MWCNTs
2.2.3.1 Cell growth and maintenance. DMEM supplemented

with 10% heat-inactivated FBS and 1% antibiotic-antimycotic
solution was used to culture MCF-7, MDA-MB 231, HeLa and
RSC Adv., 2026, 16, 18679–18696 | 18681
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HEK 293T cells. The cells were maintained in healthy condition
at 37 °C in 5% CO2 incubator (Panasonic, Sakata, Japan). The
cells were allowed to proliferate until 80–90% conuency of
adherent monolayer cells was attained and were observed
regularly for any contamination or morphological change.

2.2.3.2 Cell viability assay. The cytotoxic activity was assessed
using MTT assay to calculate IC50 value which is the minimum
concentration of the compound required for 50% cell death. The
adherent cells were harvested aer attaining sub-conuency
using trypsin for clearing the adherence. The harvested cells
were stained using trypan blue followed by counting using
hemocytometer. 1 × 104 cells per well were seeded in a 96-well
plate and were allowed to adhere overnight at 37 °C in 5% CO2

incubator. For cytotoxicity evaluation, both MTX and MTX-
MWCNT were initially dissolved in 0.1% (v/v) DMSO and
further diluted with complete culture medium to the desired
concentrations. The nal DMSO concentration in all wells was
maintained at 0.1%, which is non-toxic to cells.18 MTX-treated
cells were used as the positive control, while cells receiving
only culture medium containing 0.1% DMSO served as the
vehicle control. Aer the cells were adhered, they were treated
with different concentrations of MTX-MWCNTs and MTX (5, 10,
25, 50, 100, 150 and 200 mg mL−1) and incubated at 37 °C in 5%
CO2 incubator for 24 hours. Aer 24 hours of incubation, 10 mL of
5 mg mL−1 MTT dissolved in 1X PBS was added to each well
followed by 4 hours of incubation. The plate was then centrifuged
at the rate of 3000 rpm for 20 minutes aer which the superna-
tant was discarded. 100 mL of DMSO was then added to each well
to dissolve the pelleted formazan crystals properly by rigorous
pipetting. Aer the violet-coloured formazan crystals were
completely dissolved, the absorbance was recorded using
a microplate reader (Thermo Fisher Scientic) at 570 nm.19 The
percentage cell viability was calculated using the formula:

% cell viability = (OD(570) of treated cells/OD(570) of control cells)

× 100

2.2.3.3 In vitro hemolysis assay. Aer the investigation of
cytotoxicity, the hemolysis assay was performed to determine
the action of MTX-MWCNTs on RBCs for the evaluation of its
hemocompatibility. The experiment has been approved by
Institutional Ethics Committee, Institute of Medical Sciences,
Banaras Hindu University, Varanasi under the approval letter
number IMS/IEC/2025/7913 and informed consent was ob-
tained from all donors. Fresh blood from healthy donors was
collected in citrate tube through venipuncture aer which the
blood sample was subjected to centrifugation at the rate of
1500 rpm for 10 minutes for harvesting the RBCs. The harvested
RBCs were washed with 1× PBS thrice aer which they were
nally suspended in PBS. The collected RBCs were treated with
different concentrations of MTX-MWCNTs (5, 10, 25, 50, 100,
200, 500 and 1000 mg mL−1). RBCs suspended in 0.1% DMSO in
1× PBS were used as vehicle control, while RBCs suspended in
1× Triton X-100 were used as positive control. The complete
reaction mixture was then incubated in an oscillator at the rate
of 600 rpm for 3 hours at 37 °C. The RBCs were then subjected
to centrifugation at the rate of 8000 rpm for 5 minutes following
18682 | RSC Adv., 2026, 16, 18679–18696
which the supernatant was transferred to a 96 well plate.20 At
last, the absorbance was recorded at 540 nm and the percentage
hemolysis was calculated using the formula:

% hemolysis

= (OD(540) of sample − OD(540) of negative control)/

(OD(540) of positive control − OD(540) of negative control)

× 100

The microscopic visualization of the RBCs was done subse-
quently using bright-eld microscope (Olympus, CX43, Tokyo,
Japan) at 100× magnication with 10 mm scale bar.

2.2.3.4 Ex vivo chorioallantoic membrane (CAM) assay. Aer
the evaluation of cytotoxic potential and safety prole, the ex
vivo CAM assay was conducted to assess the anti-angiogenic
potential of the synthesized nanoformulation. Briey, fertil-
ized chicken eggs were procured and incubated at 37 °C under
humid conditions. Aer seven days of incubation, a square
window was aseptically created on each egg. The CAM was then
treated with different concentrations of MTX-MWCNT (10, 25,
50, and 100 mg mL−1). MTX-MWCNTs were dissolved in 0.1%
DMSO diluted with 1× PBS to the desired concentrations. MTX
(10 mg mL−1) and 0.1% DMSO in 1× PBS served as positive and
vehicle controls, respectively. The windows were subsequently
sealed with paralm, and photographs of the CAM were
captured aer 0, 24, and 48 hours of treatment for macroscopic
evaluation of vessel branching and effect on angiogenesis.
Furthermore, the quantication of the vascular parameters
including total vessel length, number of branching points,
number of junctions and vessel thickness was also performed
aer 0 and 48 hours of incubation using FIJI (Image J) soware.

2.2.3.5 Investigation of cell proliferation. Cell proliferation
assay was further performed to examine the percentage cell
proliferation of cancer cells post treatment with MTX-MWCNTs
at IC50 concentration using crystal violet stain. Briey, 1 × 104

cells per well were seeded in a 96-well plate and were allowed to
incubate overnight at 37 °C in 5% CO2 incubator. Aer 24
hours, the cells were given treatment with vehicle control (0.1%
DMSO in culture medium) and IC50 concentration of MTX-
MWCNTs and MTX. Aer next 24 hours of treatment, the
existing media was discarded to proceed further. The cells were
then allowed to x for 10 minutes in absolute ethanol. Aer
xation, the cells were stained with 0.05% crystal violet in 20%
ethanol and were allowed to incubate for 10 minutes. Aer
incubation, the cells were rinsed with distilled water and the
formed crystals were solubilized using methanol. At last, the
absorbance was recorded at 595 nm and percentage cell
proliferation was calculated using the formula:

% cell proliferation

= (OD(595) of treated cells/OD(595) of control cells) × 100

2.2.3.6 Estimation of glucose uptake. Cancer cells oen
prioritize increased glucose uptake through aerobic glycolysis
for enhanced cell proliferation. Therefore, aer examining the
effect of MTX-MWCNT on cell proliferation, glucose estimation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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was done for the evaluation of alteration in glucose uptake of
cancer cells post treatment with MTX-MWCNTs at IC50

concentration. 0.1% DMSO in cell culture medium was used as
vehicle control, while MTX at IC50 concentration was used as
positive control. The assay was performed using glucose esti-
mation kit from Beacon Diagnostics, India as per the manu-
facturer's protocol and the absorbance of control cells and
treated cells was recorded at 505 nm. The concentration of
unconsumed glucose content in the media was calculated in mg
dl−1 using a reference standard of known concentration
provided in the kit and the data was analyzed statistically. The
concentration of glucose in media was calculated using the
formula:

Glucose concentration (mg dl−1)

= (OD(505) of sample/OD(505) of standard) × 100

2.2.3.7 Determination of total antioxidant status (TAS). Total
antioxidant assay was performed for the determination of
oxidative stress-mediated apoptosis of the cells aer treatment.
Briey, aer treatment with vehicle control (0.1% DMSO in cell
culture medium) and IC50 concentrations of MTX-MWCNTs and
MTX for 24 hours, cell culture supernatants were harvested and
used for analysis according to the manufacturer's instructions.
The TAS of treated cells was determined from the harvested cell
culture supernatants using a colorimetric ABTS kit from
Elabscience. The absorbance was recorded at 660 nm to calcu-
late TAS using the obtained standard curve (Fig. S4A) and the
results were expressed in mmol Trolox equiv. per L.

2.2.3.8 Differential expression of BAX and BCL-2 genes using
qRT-PCR. Aer the investigation of cytotoxicity at biochemical
level, the cytotoxic potential of MTX-MWCNTs was further
validated at molecular level by analysing the relative expression
level of pro-apoptotic (BAX) and anti-apoptotic (BCL-2) gene
using qRT-PCR (QuantStudio 5 Real-Time PCR System, Thermo
Fisher Scientic, USA) according to the MIQE guidelines.21 The
cancer cells were seeded and were allowed to attain 80% con-
uency aer which they were treated with vehicle control (0.1%
DMSO in cell culture medium) and IC50 concentrations of MTX-
MWCNTs and MTX. Aer 24 hours, total RNA was isolated from
vehicle control and treated cells using total RNA isolation kit
(Thermo Fisher Scientic, USA). The purity and the concentra-
tion of the isolated RNA were determined using NanoDrop
(Thermo Scientic, USA). 2 mg RNA from each group was sub-
jected to reverse transcription using High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientic, USA) for
synthesizing the respective cDNA as per the manufacturer's
protocol. qRT-PCR was then performed using gene-specic
primers (Table S2), PowerUp SYBR Green Master Mix and the
synthesized cDNA as template. 18s gene was used as an
endogenous control for normalization and the calculation of
DCT values. The difference between the DCT values of vehicle
control and treated samples (DDCT) was then calculated and the
relative gene expression levels corresponded to the calculated
fold change values determined using 2−DDCT method. The
results are presented as the mean of two independent
© 2026 The Author(s). Published by the Royal Society of Chemistry
experiments, with each sample analyzed in triplicate across
three data sets.

2.2.3.9 Quantication of BAX, BCL-2 and telomerase protein
levels using sandwich ELISA. Aer the evaluation of cytotoxicity at
gene level, sandwich ELISA assay was further performed to
validate the expression of BAX, BCL-2 and telomerase protein
levels in cell extracts aer treatment with MTX-MWCNTs at IC50

concentration. The cancer cells were seeded and treated with
vehicle control (0.1% DMSO in cell culture medium) and IC50

concentrations of MTX-MWCNTs and MTX aer which they
were harvested using trypsinization. The harvested cells were
then washed thrice using 1× PBS and were resuspended in it.
The resuspended cells were then subjected to probe sonication
and repeated freeze–thaw process for disruption of cell
membrane and protein extraction. The supernatant in the form
of cell lysate was then collected and proceeded for ELISA. The
concentration of the harvested protein was determined using
the Bradford assay, in which the absorbance of each sample was
measured and compared against a standard curve prepared
using known concentrations of BSA. The protein levels of BAX,
BCL-2 and telomerase were quantied using Human ELISA Kits
(Elabscience) as per the provided manufacturer's protocol.
Briey, each assay is based on colorimetric sandwich ELISA in
which the absorbance measured at 450 nm is proportional to
the analyte concentration. The standard curve was generated
using the standards provided with each kit, which were subse-
quently applied to calculate the concentrations of BAX
(Fig. S4B), BCL-2 (Fig. S4C) and telomerase (Fig. S4D) (ng mL−1)
in the test samples.

2.2.3.10 Evaluation of alteration in nuclear morphology using
DAPI staining. The alteration in nuclear morphology of cancer
cells aer treatment was evaluated using DAPI staining. Briey,
1 × 105 cells were seeded onto sterile coverslips placed in 6-well
culture plates and allowed to attach overnight under standard
culture conditions. Aer achieving appropriate conuency, the
cells were treated with vehicle control, MTX-MWCNT and MTX
at their respective IC50 concentrations. Aer 24 hours, the cells
were washed twice with PBS and xed with 4% para-
formaldehyde for 15 minutes at room temperature. The xed
cells were again washed with PBS and were then permeabilized
with 0.1% Triton X-100 for 5 minutes to facilitate nuclear dye
penetration. The permeabilized cells were again subjected to
PBS washing and subsequently incubated with DAPI solution (1
mg mL−1) for 10 minutes in dark to stain the nuclear DNA.
Excess stain was removed by washing with PBS, and the images
were captured under a uorescence microscope (Leica, Ger-
many) to evaluate nuclear morphological alterations.

2.2.3.11 Statistical analysis. All experiments were performed
in triplicates, and the data are presented as the mean ± SEM.
The IC50 values were calculated using GraphPad Prism 8.0.2 by
interpolation of the experimental data. One-way analysis of
variance (one-way ANOVA) followed by Dunnett's multiple
comparisons test was applied to analyze cell viability, in vitro
hemolysis and sandwich ELISA data. The data of biochemical
assays and qRT-PCR was analyzed by two-way ANOVA followed
by Dunnett's and Tukey's multiple comparison tests respec-
tively.22 Statistical signicance is indicated in each graph
RSC Adv., 2026, 16, 18679–18696 | 18683
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relative to the vehicle control, with p < 0.05 represented as *, p <
0.01 as **, p < 0.001 as ***.

3. Results and discussion
3.1 Dispersion solubility test in aqueous medium conrmed
the carboxylation of p-MWCNTs

The dispersibility of r-MWCNTs, p-MWCNTs and c-MWCNTs
was evaluated through a sedimentation experiment in which
it was observed that c-MWCNTs get easily dispersed in a polar
solvent such as water as compared to r-MWCNTs and p-
MWCNTs. The sedimentation of r-MWCNTs and p-MWCNTs
started within few hours which pertains to their ability to
agglomerate in aqueous solvents because of their high surface
energy and weaker affinity with the dispersing solvent.23 On the
other hand, as observed in Fig. S1, c-MWCNTs remain well
dispersed in water even aer 30 days of dispersion. The
underlying reason behind this is the presence of carboxyl and
hydroxyl groups on the outer walls of c-MWCNTs that result in
the formation of stronger hydrogen bonds with water than the
existing weaker van der Waals interactions among MWCNTs.24

Therefore, the oxidation of MWCNTs results in their improved
dispersibility in polar solvents making them a suitable candi-
date to be conjugated with the target drug.

3.2 Fourier transform infrared (FTIR) spectroscopy analysis

FTIR of r-MWCNTs, p-MWCNT, c-MWCNTs and MTX-MWCNTs
revealed the presence of characteristic functional groups
Fig. 1 Spectroscopy-based characterization of MWCNTs, MTX, and M
MWCNT, MTX, andMTX-MWCNT nanoconjugate revealing the presence
and MTX-MWCNT nanoconjugate highlighting the D and G bands of CN
successful conjugation. (C) XPS spectra of MTX, p-MWCNT, andMTX-MW
regions, further confirming drug attachment onto MWCNTs.

18684 | RSC Adv., 2026, 16, 18679–18696
corresponding to the functionalization (Fig. 1A). In r-MWCNTs
and p-MWCNTs, peaks at 3446 cm−1 and 3449 cm−1 are
attributed to O–H stretching vibrations respectively.25 Further-
more, the characteristic peaks at 1459 cm−1 and 1556 cm−1 are
attributed to C]C stretching in r-MWCNTs and p-MWCNTs
respectively.26 Two sharp peaks in the region of 2800 cm−1

and 3000 cm−1 are attributed to C–H bond stretching of inside
surface of r-MWCNTs and p-MWCNTs.27 However, these peaks
appear sharper in case of c-MWCNTs due to strong aliphatic
C–H stretching vibrations and acidic functionalization.28 In case
of c-MWCNTs, characteristic peaks at 1734 cm−1, 1117 cm−1

and 1641 cm−1 corresponds to C]O, C–O and C]C stretching
bands respectively indicating possible carboxylation.29 In native
MTX, strong peaks at 3411 cm−1 and 1646 cm−1 are attributed
to N–H bending and C]O stretching vibrations respectively.30

Peaks in the region of 1600 cm−1 and 1500 cm−1 corresponds to
C]C stretching vibrations and C–N vibrations of the aromatic
ring respectively.30 Furthermore, peaks in the region of
1450 cm−1 and 1208 cm−1 are attributed to C–C and C–H bonds
stretching vibrations.30 The FTIR spectra of MTX-MWCNT
conjugate was almost same as the native MTX with some
minor changes incorporated due to its conjugation with
MWCNTs. Here, in this case, conjugation is most probably ex-
pected by the formation of amide bond between MTX and f-
MWCNT.12 Peak shi from 1646 cm−1 to 1773 cm−1 in MTX-
MWCNT is attributed to C]O stretching vibrations of the
amide bond.31 Furthermore, peaks shi at 1574 cm−1,
1437 cm−1 and 1160 cm−1 and 1088 cm−1 are attributed to N–H
TX-MWCNT conjugate. (A) FTIR spectra of r-MWCNT, p-MWCNT, c-
of characteristic functional groups. (B) Raman spectra MTX, p-MWCNTs
Ts along with the additional peaks corresponding to MTX, indicating
CNT nanoconjugates displaying binding energies of C 1s, N 1s, andO 1s

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and C–N bending and stretching vibrations respectively.32

Moreover, the rise in intensity of the dual peaks in the region
between 2800 cm−1 and 3000 cm−1 of MTX-MWCNT as
compared to r-MWCNTs also corresponds to the conjugation of
MWCNT with MTX.28
3.3 Raman spectroscopy analysis

Raman spectroscopy-based characterization was done for the
analysis of lattice structure and vibrational properties of p-
MWCNTs and MTX-MWCNTs (Fig. 1B). The two prominent
central peaks at 1339 cm−1 and 1575 cm−1 in p-MWCNTs
reects D band and G band respectively.33 On the other hand,
the peak shi of D and G band in MTX-MWCNTs was observed
at 1352 cm−1 and 1590 cm−1 respectively due to drug conjuga-
tion. The D band is attributed to the heteroatomic structure,
pentagonal–heptagonal pairs, vacancies among the tubular
Fig. 2 Electron microscopy-based characterization of p-MWCNTs and
hollow structure of p-MWCNTs. (B) TEM images of MTX-MWCNT nanoco
images of p-MWCNTs revealing tubular and entangled structure of MW
bundled clusters and thickened walls as a result of surface modification

© 2026 The Author(s). Published by the Royal Society of Chemistry
walls of MWCNTs and presence of impurities. Beside this, the G
band corresponds to the tangential intraplanar vibrations
among sp2 graphitic carbon atoms.34 The intensities of D band
and G band (ID/IG) ratio is used to determine the degree of
lattice defects in carbonaceous materials. The ID/IG ratio of p-
MWCNTs and MTX-MWCNTs conjugate was found to be 1.007
and 1.0005 respectively. This lowering of the ID/IG ratio is due to
the conjugation of the drug MTX with the functionalized
MWCNTs on the defective lattice sites.34 Apart from this, no
such prominent dual peaks were present in Raman spectra of
MTX drug. However, in case of MTX, peaks at 1605 cm−1,
1209 cm−1, 1658 cm−1 and 772 cm−1 corresponds to NH2

bending vibrations, CH2 bending, C]O stretching and C–N
stretching vibrations respectively.35 These peaks of the native
drug along with D and G band can be clearly observed in MTX-
MWCNTs conjugate which implies the successful conjugation
of MTX with the surface of MWCNTs.
MTX-MWCNTs. (A) TEM images displaying the characteristic tubular
njugate showing rougher surface with increased diameter. (C) FE-SEM
CNTs. (D) FE-SEM images of MTX-MWCNTs showing the presence of
and drug conjugation. Scale bar – TEM = 50 nm; FE-SEM = 200 nm.

RSC Adv., 2026, 16, 18679–18696 | 18685
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Table 1 Tabular representation of zeta potential (mV), PDI, and
particle size (nm) of p-MWCNTs and MTX-MWCNTs. The table
summarizes the surface charge (zeta potential), PDI and average
hydrodynamic diameter of p-MWCNTs and MTX-MWCNTs as deter-
mined by dynamic light scattering (DLS) analysis. Values are expressed
as mean ± SEM of three independent measurements

Compounds Zeta potential (mV) PDI Particle size (nm)

p-MWCNT −21.915 � 0.8 0.7 � 0.14 126.5 � 11
MTX-MWCNT −32.73 � 0.4 0.3 � 0.07 231.5 � 20
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3.4 X-ray photoelectron spectroscopy (XPS) analysis

X-ray Photoelectron Spectroscopy (XPS) was further done for the
evaluation of elemental structure conrm the conjugation of
MTX with MWCNTs by analysing the presence of nitrogen peak
in MTX-MWCNT conjugate (Fig. 1C). Sharp peaks at binding
energies of 284.08 eV and 532.08 eV corresponded to carbon 1 s
and oxygen 1s respectively in p-MWCNTs which is associated to
its graphitic structure.15 The carbon peak is consistent with sp2

C–C bonds with graphitic carbon.36 In case of MTX, prominent
peaks at binding energies 285.08, 399.08 and 532.08 corre-
sponded to carbon 1s, nitrogen 1s and oxygen 1s respectively.37

The 1s nitrogen peak arises due to the presence of amine and
heterocyclic nitrogen groups present in the MTX molecule.15

The presence of sharp peak at 399.08 eV corresponding to
nitrogen 1s in addition to carbon 1s and oxygen 1s peaks at
284.08 eV and 532.08 eV respectively provides direct evidence of
MTX attachment onto MWCNT.
3.5 Transmission electron microscopy (TEM) analysis

Transmission Electron Microscopy (TEM) was used for the
analysis of the 2D morphology and the nanometric size of the
synthesized nanoconjugate. MWCNTs appeared as long tubular
intertwined hollow structures suitable for drug loading.38 The
average diameter of the p-MWCNTs (Fig. 2A) and MTX-
MWCNTs (Fig. 2B) was found to be 9.65 ± 1.3 nm and 17.05
± 2.2 nm respectively which clearly indicated signicant
increase in the diameter of p-MWCNTs aer its conjugation
with MTX.31 Furthermore, the surface of MTX-MWCNTs was
observed to be rougher and irregular as compared to the p-
MWCNTs due to oxidation and surface modication. The
formation of interconnected networks corresponds to the
surface functionalization and drug conjugation (Fig. S2).39

However, no signicant alteration was observed in the struc-
tural integrity of MWCNT even aer rigorous oxidation followed
by MTX conjugation.40
3.6 Field emission scanning electron microscopy (FE-SEM)
analysis

Field Emission Scanning Electron Microscopy (FE-SEM)
revealed high resolution 3D morphology and surface topology
of p-MWCNTs (Fig. 2C) and MTX-MWCNTs (Fig. 2D). The long,
tubular and loosely entangled network of cross connected
MWCNTs can be clearly evidenced by FE-SEM. In contrast, MTX-
MWCNTs exhibited pronounced surface roughening, and the
presence of bundled clusters along the tube walls. These
morphological changes coincide with the localized thickening
of tube walls in MTX-MWCNTs and such structural distortion is
expected aer covalent conjugation of MTX with MWCNTs.41

The average diameters of p-MWCNTs and MTX-MWCNTs were
found to be 12.05 ± 1.0 nm and 25.93 ± 2.0 nm, respectively.
This increase in diameter signicantly aligned with the TEM
ndings and size analysis. The conjugation of MTX with
MWCNTs has not signicantly altered the native tubular
structure, however minor differences can be observed aer the
non-uniform conjugation of MTX with MWCNTs which may be
18686 | RSC Adv., 2026, 16, 18679–18696
due to the targeted drug conjugation at particular functional
groups.42
3.7 Zeta potential and DLS analysis

Zeta potential and DLS analysis was carried out for the analysis of
the stability and dispersibility of the MWCNTs in colloidal
dispersion. The zeta potential, polydispersity index (PDI) values
and particle size of p-MWCNTs and MTX-MWCNTs has been
mentioned in Table 1. The lower magnitude of zeta potential of p-
MWCNTs indicates weak electrostatic repulsion between the
particles and higher tendency to form agglomerates.23 On the
other hand, the zeta potential of MTX-MWCNTs became more
negative because of the engagement of the free amine groups in
the formation of amide bond which reduces the availability of
positively charged amine groups resulting in an increased overall
negative charge.43,44 Moreover, the increase in the magnitude of
the zeta potential of MTX-MWCNTs pertains to stronger electro-
static repulsion between the particles with signicant electrical
stability thereby preventing the formation of agglomerates.43 The
observed increase in particle size aer conjugation align signi-
cantly with the TEM and FE-SEM ndings that revealed increased
diameter and this can be attributed to the successful addition of
MTXmolecules onto the surface of p-MWCNTs.15 Apart from this,
the PDI of MTX-MWCNTs was found to be lower as compared to
the native drug which signies that the drug nanoconjugates have
better particle size distribution, enhanced solubility and
improved homogenous dispersion.16
3.8 MTX-MWCNTs demonstrated potent cytotoxicity in
cancer cells with minimal effects on normal cells

The synthesized nanoconjugate displayed signicant cytotoxic
activity against MCF-7, MDA-MB 231 and HeLa cells (Fig. 3). The
cytotoxic potential of MTX-MWCNTs increased with increasing
dose resulting in reduced cell viability in a dose-dependent
manner. The IC50 value which is the minimum concentration
of MTX-MWCNTs required to inhibit 50% cell viability was
found to be 28.04 ± 1.3, 20.4 ± 1.6 and 21.8 ± 1.3 mg mL−1 for
MCF-7, MDA-MB 231 and HeLa cancer cells respectively. On the
other hand, the IC50 value of the positive control MTX was
found to be 34.4 ± 1.1, 24.5 ± 2.7 and 25.7 ± 0.4 mg mL−1

against MCF-7, MDA-MB 231 and HeLa cancer cells respectively.
Apart from this, the IC50 values of MTX-MWCNTs and MTX
against HEK 293T cells was found to be 193.81 ± 3.2 and 84.3 ±

5.3 mg mL−1 respectively45 (Fig. S3). The IC50 values of MTX-
MWCNTs in non-cancerous cells was found to be higher than
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representation of cytotoxic potential of MTX-MWCNTs and MTX through MTT assay. The experiment was performed against (A and B)
MCF-7 (C and D) MDA-MB 231 and (E and F) HeLa cancer cells performed in triplicates and the data is presented as mean± SEM of % cell viability.
Statistical analysis was carried out using one-way ANOVA followed by Dunnett's multiple comparison test by comparing mean of each treated
group to vehicle control. Statistical significance is indicated as follows: *p < 0.05, **p < 0.01 and ***p < 0.001.
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that of cancerous cells, which suggested signicant anti-
proliferative potential of MTX-MWCNTs against cancer cells
and biocompatibility toward normal cells.19 In past investiga-
tions, several studies have focused on targeting breast cancer by
loading therapeutic agents onto CNTs. For instance, in a recent
research work, the cytotoxicity of mitoxantrone loaded SWCNTs
was assessed against MDA-MB 231 breast cancer cells.46 In
a past study, MTX was conjugated to aminated MWCNTs to test
its cytotoxicity against MDA-MB 231 cells in which cytotoxic
effect was observed at relatively higher dose.32 However, it has
been evidenced that carboxylated MWCNTs are more stable as
compared to the aminated ones.47 Based on this work, our
research was focused on the evaluation of cytotoxicity of MTX
conjugated to carboxylated MWCNTs against cancer cells and
the IC50 was attained at lower dose. In addition to this, MTX has
been co-delivered by being loaded onto several other nano-
platforms including mesoporous NPs,48 dendrimers,49 magnetic
NPs,50 pullulan NPs51 and QDs52 for targeting HeLa cancer cells.
Therefore, in addition to breast cancer cells, the cytotoxicity of
MTX-MWCNTs were also evaluated against HeLa cells that di-
splayed signicant results supporting their further investiga-
tion in subsequent in vitro studies.
3.9 MTX-MWCNTs exhibited minimal hemolytic activity
indicating signicant hemocompatibility

Hemolysis assay is an in vitro experiment conducted to assess
the extent of damage to the RBC membrane caused in response
© 2026 The Author(s). Published by the Royal Society of Chemistry
to increasing concentrations of MTX-MWCNTs for evaluating
its hemocompatibility. Several chemotherapeutic drugs have
been reported to trigger the rupture of RBCs resulting in
hemolytic anaemia which is considered as a major toxicity
related side effect.53 Therefore, the safety prole of MTX-
MWCNTs was evaluated against human RBCs to assess its
hemocompatibility. As shown in Fig. 4A, MTX-MWCNTs di-
splayed negligible hemolytic effects up to a concentration of 100
mg mL−1, with no observable signicant hemolysis under these
conditions. From the graphical representation as shown in
Fig. 4B, it can be observed that the% hemolysis remained below
50% even at the highest tested concentration of 1000 mg mL−1,
indicating a dose-dependent response but relatively low overall
hemolytic potential. Microscopic examination of RBC
morphology further supported these ndings (Fig. 4C). No signs
of RBC rupture were observed at concentrations below 100 mg
mL−1.54 However, at concentrations $100 mg mL−1, a gradual
increase in damaged RBCs was evident correlating with
increasing dose. These results suggest that MTX-MWCNTs are
hemocompatible at lower concentrations, with mild to
moderate hemolytic effects at higher doses.
3.10 MTX-MWCNTs inhibited blood vessel formation in
CAM assay displaying signicant anti-angiogenic potential

The anti-angiogenic effect of MTX-MWCNTs at different
concentrations was evidenced through ex vivo CAM assay as
depicted in Fig. 5. Aer 48 hours of incubation, the vehicle
RSC Adv., 2026, 16, 18679–18696 | 18687
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Fig. 4 In vitro hemolysis assay of MTX-MWCNTs for the evaluation of hemocompatibility. (A) Visual representation of increasing hemolytic effect
of MTX-MWCNTs on RBCs in a dose-dependent manner. (B) Graphical representation of % hemolysis with increasing concentration of MTX-
MWCNTs revealing less than 50% hemolysis even at the highest tested concentration of 1000 mg mL−1 and the statistical significance was
analyzed by comparing mean of vehicle control to the mean of each treated groups using one way ANOVA followed by Dunnett's multiple
comparison test (*p < 0.05, **p < 0.01 and ***p < 0.001). (C–L) Microscopic illustration of hemolytic effect of MTX-MWCNTs on RBCs depicting
minimal damage at concentrations below 100 mg mL−1. Scale bar = 10 mm.
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control group (Fig. 5C) demonstrated normal embryonic
development and well-organized, branching of blood vessels
pertaining to actively vascularized CAM. In contrast, embryos
treated with MTX-MWCNTs exhibited dose-dependent inhibi-
tion of blood vessel formation. At lower concentrations, a mild
decrease in branching of vessels was observed, while at higher
concentrations, a marked reduction in blood vessel formation
was evident. The quantitative analysis also validated signicant
reduction in angiogenic parameters in the 10 mg mL−1 treated
group compared with the control (Table S1). However, at higher
concentrations, prominent suppression of angiogenesis was
visually observed aer 48 hours of incubation due to which
soware-based quantication of vascular parameters was not
feasible for further treated groups. Angiogenesis is a critical
hallmark of cancer progression, as rapid tumor progression
requires sustained vascular support for oxygen and nutrient
supply. Therefore, inhibition of neovascularization is consid-
ered as a powerful therapeutic strategy in oncology. Recent
studies have demonstrated that nanoformulations can signi-
cantly enhance the anti-angiogenic potential of traditional
chemotherapeutics. For instance, polymeric nano-encapsulated
systems combining metal oxide NPs with doxorubicin have
18688 | RSC Adv., 2026, 16, 18679–18696
demonstrated synergistic inhibition of tumor vascularization in
both CAM and in vivo melanoma models, with improved ther-
apeutic outcomes compared to native drug alone.55 Similarly,
folic acid-targeted liposomal nanoformulations have also di-
splayed enhanced tumor specicity and stronger anti-
angiogenic effects in CAM assays, highlighting the importance
of nano-enabled targeting and controlled drug delivery in di-
srupting tumor vasculature.56 The anti-angiogenic properties of
MWCNTs have also been reported previously, not only in ex vivo
CAM assays but also in in vivomodels, where they were shown to
inhibit neovascularization.57 Therefore, the performed CAM
assay suggests that MTX-MWCNTs interfere with the angiogenic
processes required for cell proliferation.
3.11 MTX-MWCNTs demonstrated signicant
antiproliferative potential in cancer cells

Cancer cells are signicantly characterized by rapid cell prolif-
eration resulting in the formation of malignant tumor in some
cases. The degree of proliferation of the adherent cells was
evaluated by using crystal dye stain. Crystal dye is a basic dye that
binds with the negatively charged protein and DNA of live and
adhered cells. The cell viability is reduced upon treatment with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Ex vivo CAM assay showing the effect of MTX-MWCNTs on angiogenesis at different concentrations. Representative CAM images after
treatment with (A–C) vehicle control; (D–F) MTX-MWCNTs at 10 mg mL−1; (G–I) MTX-MWCNTs at 25 mg mL−1; (J–L) MTX-MWCNTs at 50 mg
mL−1; (M–O) MTX-MWCNTs at 100 mg mL−1 and (P–R) positive control at 0 hours, 24 hours, and 48 hours respectively. The images represent
distinct vascular responses, where the control groups have demonstrated well-developed progressive vasculature over time, whereas MTX-
MWCNTs treated groups have displayed significant reduction in vessel branching with increasing incubation time in a dose and time-dependent
manner.

Fig. 6 Evaluation of cytotoxic potential of MTX-MWCNTs against MCF-7, MDA-MB 231 and HeLa cells through biochemical assays. (A) Reduced
% cell proliferation demonstrated significant anti-proliferative potential of MTX-MWCNTs. (B) The elevated concentration of residual glucose in
the medium after treatment indicated decreased glucose uptake due to cell death. (C) Decreased TAS (mmol Trolox equiv. per L) after treatment
revealed the induction of significant oxidative stress responsible for increased cell death. Representative data of three independent experiments
are expressed as mean ± SEM and two-way ANOVA followed by Dunnett's multiple comparison test was applied to determine the statistical
significance by comparing the mean of vehicle control to the mean of treated groups (*p < 0.05, **p < 0.01 and ***p < 0.001).
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MTX-MWCNTs which was examined by determining and
comparing the percentage of stained control and treated cells.
The dead and non-viable cells exhibit reduced colour intensity as
compared to the viable ones, which aids in the determination of
the cell proliferation rate. Upon treatment withMTX-MWCNTs at
IC50 concentration, all three cancer cells displayed reduced% cell
proliferation rate as compared to the control ones which signif-
icantly aligned with the results obtained from cell viability assay
(Fig. 6A). The percentage cell proliferation of MTX-MWCNTs
treated MCF-7, MDA-MB 231 and HeLa cells was found to be
© 2026 The Author(s). Published by the Royal Society of Chemistry
65.1± 2.38, 44.36± 0.81 and 55.03± 2.78 respectively whereas in
case of MTX treated MCF-7, MDA-MB 231 and HeLa cells, % cell
proliferation was found to be 76.4 ± 1.33, 51.1 ± 0.69 and 50.2±
1.12 respectively. One of the previous ndings have also used
crystal violet assay to assess the cytotoxic potential of zinc ferrite
NPs against breast cancer cells.58 In another work, the cytotoxic
potential of cisplatin loaded ZnO NPs was evaluated against SiHa
cervical squamous cancer cells.59 Recently, crystal violet assay has
also been used to test the anticancer activity of pirfenidone which
is an FDA-approved drug against TNBC cells.60 Therefore, the
RSC Adv., 2026, 16, 18679–18696 | 18689
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Fig. 7 qRT-PCR data displaying differential expression of pro-apoptotic (BAX) and anti-apoptotic (BCL-2) genes. Representative graphs
demonstrate the upregulation of BAX and downregulation of BCL-2 genewith respect to vehicle control after treatment with MTX-MWCNTs and
MTX at IC50 concentration against (A) MCF-7, (B) MDA-MB 231, and (C) HeLa cancer cells. Representative data of two independent experiments
are expressed as mean ± SEM and two-way ANOVA followed by Tukey's multiple comparison test was used to determine the statistical
significance by comparing mean of the vehicle control to the mean of treated groups (*p < 0.05, **p < 0.01 and ***p < 0.001).
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obtained results clearly demonstrate that MTX-MWCNTs treated
cancer cells displayed lesser cell proliferation rate as compared to
native MTX.

3.12 MTX-MWCNTs indicated signicant metabolic
alteration through reduced glucose uptake

Aer the evaluation of the hemocompatibility prole and anti-
angiogenic activity, the biochemical alteration in cancer cells
post treatment with MTX-MWCNTs at IC50 concentration was
assessed. Cancer cells rely on aerobic glycolysis to meet their
high demand of glucose for rapid proliferation. Glucose esti-
mation was performed to explore whether the synthesized
nanoconjugate could inuence cellular metabolism post treat-
ment with MTX-MWCNTs at IC50 concentration. The glucose
concentration in the culture media of treated cells was
compared with that of control cells, revealing a higher level of
unconsumed glucose content in the treated cells due to altered
glucosemetabolism (Fig. 6B). The glucose content in the culture
media of MCF-7, MDA-MB 231 and HeLa control cells was found
to be 204.54 ± 4.9, 154.36 ± 1.05 and 137.29 ± 10.04 mg dl−1

respectively. However, aer treatment with MTX-MWCNTs, the
increased glucose content was found to be 255.92± 2.45, 301.54
± 7.2 and 272.92 ± 18.5 mg dl−1 for MCF-7, MDA-MB 231 and
HeLa cells respectively. In case of treatment with positive
control MTX, the glucose content was slightly lower than MTX-
MWCNTs treated cells and was found to be 237.4 ± 5.65, 288.81
± 6.11 and 203 ± 17.36 mg dl−1 for MCF-7, MDA-MB 231 and
HeLa cells respectively. According to one of the past ndings,
reduced glucose metabolism of CT26 cancer cells when treated
with resveratrol-loaded polymeric NPs under in vitro conditions
was correlated with suppressed tumor proliferation.61 Further-
more, fungal-mediated green-based AgNPs have also resulted in
suppressed glucose metabolism in breast cancer cells in one of
the recent ndings.62 Hence, the aforementioned results
suggest that the synthesized nanoconjugates were capable of
altering glucose metabolism which correlated with reduced
glucose uptake and decreased cancer cell viability.
18690 | RSC Adv., 2026, 16, 18679–18696
3.13 MTX-MWCNTs demonstrated reduced TAS due to
oxidative stress-mediated cell death

Cancer cells inherently maintain higher basal ROS levels than
normal cells due to accelerated metabolism, mitochondrial
dysfunction, and oncogene-driven signaling. To prevent ROS
from reaching cytotoxic levels, they rely heavily on NADPH-
dependent glutathione (GSH) and other enzymatic antioxi-
dants to neutralize ROS and maintain redox homeostasis. The
TAS of the vehicle control treated cells was found to be signi-
cantly higher compared to the treated groups (Fig. 6C). Aer
treatment, amarked decrease in TAS was observed in bothMTX-
MWCNT and MTX treated groups, with the reduction being
more prominent in MTX-MWCNT treated cells. This suggests
that the MWCNT mediated delivery of MTX may have enhanced
the cellular uptake resulting in elevated oxidative stress. From
a research in vivo, it has been evidenced that MWCNTs are
capable of inducing oxidative stress resulting in decreased total
antioxidant status and increased oxidative stress markers.63 The
observed decline in TAS in MTX-MWCNT and MTX treated
cancer cells indicates a disruption of the cellular redox balance
and antioxidant defense system with subsequent induction of
oxidative stress.
3.14 MTX-MWCNT nanoconjugates modulated pro-
apoptotic BAX and anti-apoptotic BCL-2 gene expression to
promote apoptosis

The expression levels of apoptosis-related genes BAX and BCL-2
were analyzed in MCF-7, MDA-MB 231, and HeLa cells aer
treatment withMTX-MWCNTs andMTX by real-time amplication
using qRT-PCR (Fig. 7). The vehicle control was set as the reference
groupwith a fold change of 1 for both genes. InMCF-7 cancer cells,
BAX gene expression was upregulated with a fold change of 2.76 ±

0.46 (p-value 0.004) and 1.6 ± 0.22 (p-value 0.275) while relative
expression of BCL-2 gene was downregulated with a fold change of
0.45 ± 0.13 (p-value 0.543) and 0.52 ± 0.09 (p-value 0.451) in MTX-
MWCNT and MTX treated cells respectively. Likewise, in MDA-MB
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Quantitative analysis of BAX, BCL-2, and telomerase protein levels determined by kit-based sandwich ELISA. Representative graphs
correspond to the relative expression levels of BAX, BCL-2 and telomerase after treatment with MTX-MWCNTs in (A–C) MCF-7, (D–F) MDA-MB
231, and (G–I) HeLa cancer cells respectively. Data are expressed as mean ± SEM of three independent experiments and statistical significance
was determined by comparing mean of vehicle control to the mean of treated groups using one-way ANOVA followed by Dunnett's multiple
comparison test (*p < 0.05, **p < 0.01 and ***p < 0.001).
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231 cancer cells, the expression of BAX gene was upregulated with
a fold change of 5.8 ± 0.11 (p-value 0.000) and 5.23 ± 0.51 (p-value
0.000) while the expression of BCL-2 gene was downregulated with
a fold change of 0.34± 0.07 (p-value 0.166) and 0.51± 0.04 (p-value
Table 2 Tabular representation of quantitative analysis of BAX, BCL-
compared with MTX treated and vehicle control groups in MCF-7, MDA-
experiment performed in triplicates

Compounds BAX (ng mL−1) B

Vehicle control MCF-7 – 1.79 � 0.007 M
MDA-MB 231 – 18.21 � 0.029 M
HeLa – 28.28 � 0.037 H

MTX-MWCNT MCF-7 – 3.24 � 0.001 M
MDA-MB 231 – 39.88 � 0.074 M
HeLa – 48.92 � 0.141 H

MTX MCF-7 – 2.67 � 0.014 M
MDA-MB 231 – 28.25 � 0.014 M
HeLa – 33.25 � 0.079 H

© 2026 The Author(s). Published by the Royal Society of Chemistry
0.335) in MTX-MWCNT and MTX treated cells respectively. Simi-
larly, in HeLa cancer cells, BAX gene expression was upregulated
with a fold change of 2.72 ± 0.34 (p value 0.001) and 3.65± 0.05(p-
value 0.000) whereas BCL-2 gene was downregulated with a fold
2 and telomerase protein levels after treatment with MTX-MWCNT
MB 231 and HeLa cancer cells. Data are presented as mean ± SEM of

CL-2 (ng mL−1) Telomerase (ng mL−1)

CF-7 – 1.26 � 0.0008 MCF-7 – 37.15 � 0.415
DA-MB 231 – 0.89 � 0.016 MDA-MB 231 – 46.65 � 0.324
eLa – 1.41 � 0.001 HeLa – 38.65 � 0.343
CF-7 – 0.61 � 0.0005 MCF-7 – 26.99 � 0.214
DA-MB 231 – 0.52 � 0.006 MDA-MB 231 – 32.7 � 0.521
eLa – 0.48 � 0.004 HeLa – 30.78 � 0.114
CF-7 – 0.98 � 0.002 MCF-7 – 32.05 � 0.371
DA-MB 231 – 0.59 � 0.002 MDA-MB 231 – 38.08 � 0.081
eLa – 0.78 � 0.015 HeLa – 33.52 � 0.172

RSC Adv., 2026, 16, 18679–18696 | 18691
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Fig. 9 Evaluation of alteration in nuclear morphology using DAPI staining at IC50 concentration. Representative DAPI images of (A–C) vehicle
control; (D–F) MTX-MWCNTs-treated group and (G–I) MTX-treated group of MCF-7, MDA-MB 231 and HeLa cancer cells. The images displayed
significant alteration in nuclear morphology in the treated groups as compared to the vehicle control groups in all three cancer cells. Scale bar=
50 mm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 4
:0

2:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
change of 0.52± 0.24 (p-value 0.243) and 0.9 ± 0.16 (p-value 0.998)
inMTX-MWCNT andMTX treated cells respectively. The presented
results signicantly indicate that MTX-MWCNTs treatment
strongly induce pro-apoptotic signaling in cancer cells by altering
BAX and BCL-2 gene expression levels.64

3.15 MTX-MWCNTs demonstrated signicant alteration in
BAX, BCL-2 and telomerase protein levels

The quantication of expression level of BAX, BCL-2 and telo-
merase proteins aer treatment was done by kit-based sand-
wich ELISA in MCF-7, MDA-MB-231, and HeLa cells for further
validation of qRT-PCR ndings. The results revealed a signi-
cant upregulation of BAX protein, indicating enhanced pro-
apoptotic activity, whereas a marked downregulation of BCL-2
and telomerase proteins was observed across all three cell lines
compared to the vehicle control (Fig. 8). BAX, BCL-2 and telo-
merase protein concentration of vehicle control, MTX-MWCNT
and MTX treated cells in MCF-7, MDA-MB 231and HeLa cancer
18692 | RSC Adv., 2026, 16, 18679–18696
cells have been presented in tabular form in Table 2. In a past
study, it has been demonstrated that valproic acid-treated MCF-
7 cells exhibited reduced telomerase activity which resulted in
signicant upregulation of the pro-apoptotic protein BAX and
downregulation of the anti-apoptotic protein BCL-2, suggesting
a mechanistic link between telomerase suppression and
enhanced apoptotic signaling.65 Our ndings also correlate with
the qRT-PCR results, conrming that MTX-MWCNT nano-
conjugates effectively induce apoptosis and inhibit tumor
proliferation at the protein level.

3.16 MTX-MWCNTs induce signicant alteration in nuclear
morphology

The evaluation of alteration in nuclear morphology was then
performed through DAPI staining for the assessment of
apoptosis induced by MTX-MWCNT treatment (Fig. 9). DAPI is
a widely used uorescent dye that selectively binds to the
adenine-thymine rich regions of double stranded DNA. Aer
© 2026 The Author(s). Published by the Royal Society of Chemistry
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binding to DNA, DAPI exhibits strong blue uorescent signal
upon excitation, allowing for clear visualization of the nuclear
structure under uorescence microscope. The vehicle control
group (Fig. (9A–C)) displayed uniformly stained nuclei with intact
morphology, indicating normal cellular architecture. In contrast,
cells treated withMTX-MWCNT (Fig. 9D–F) andMTX (Fig. 9(G–I))
at their respective IC50 concentrations exhibited signicant
nuclear alterations characteristic of apoptosis. Specically,
treated cells displayed nuclear shrinkage, chromatin condensa-
tion and greater number of irregular nuclei and apoptotic bodies.
The observed nuclear morphological changes signicantly align
with the cytotoxicity results and indicate signicant apoptotic
potential of the synthesized nanoconjugate.

4. Conclusion

In the present research work, MTX-MWCNT nanoconjugate was
successfully developed as a potential anticancer delivery system
with enhanced efficacy and biocompatibility. r-MWCNTs were
rst puried and then p-MWCNTs were carboxylated to intro-
duce carboxyl groups, enabling efficient covalent conjugation of
MTX through amide bond formation. This modication not
only facilitated drug conjugation but also enhanced aqueous
dispersibility and colloidal stability of the MWCNTs, as
conrmed by dispersion solubility test. Following synthesis,
comprehensive physicochemical characterization of the nano-
conjugate was done using FTIR, Raman spectroscopy, XPS,
TEM, FE-SEM, and DLS which validated the successful conju-
gation of MTX onto the functionalized nanotube surface. The
spectral shis in FTIR and Raman spectra, along with charac-
teristic binding energy changes in XPS proles, conrmed the
presence of characteristic functional groups and the formation
of amide bond. On the other hand, microscopic evaluation
through TEM and FE-SEM revealed signicant increase in
roughness and localized thickening aer conjugation. The DLS
data further supported improved dispersion and reduced
aggregation, indicative of enhanced surface modication.

The biological evaluations of MTX-MWCNT nanoconjugate
exhibited signicant cytotoxic and anti-angiogenic potential.
The cell viability assay revealed effective cytotoxicity of MTX-
MWCNT against the tested cancer cells and signicant
biosafety toward normal cells. In vitro hemolysis assay further
conrmed the hemocompatibility of MTX-MWCNT and anti-
angiogenic potential assessed through CAM assay revealed
a dose-dependent inhibition of neovascularization in MTX-
MWCNT treated chick embryos. The cytotoxicity-induced
metabolic alteration was further validated through biochem-
ical assays. Glucose uptake and cell proliferation assays corre-
sponded to the decreased metabolic activity and viability of the
treated cells as compared to the vehicle control. Likewise,
signicant reduction in TAS was observed in MTX-MWCNT
treated cells compared to vehicle control, indicating oxidative
stress-mediated cell death responsible for apoptosis. Further-
more, molecular analysis through qRT-PCR showed a distinct
upregulation of the pro-apoptotic BAX gene and downregulation
of the anti-apoptotic BCL-2 gene which also validated the acti-
vation of apoptosis. These ndings were further supported by
© 2026 The Author(s). Published by the Royal Society of Chemistry
ELISA-based protein quantication, where increased BAX and
decreased BCL-2 protein levels, along with downregulation of
telomerase expression, conrmed the promotion of apoptosis.
Lastly, DAPI staining was performed to further validate the
apoptotic potential of the synthesized nanoconjugate. The
alteration in nuclear morphology in the treated groups signi-
cantly indicated a shi towards apoptosis through chromatin
condensation and nuclear fragmentation. Conclusively, the
results demonstrated that covalent conjugation of MTX to
functionalized MWCNTs effectively enhances its therapeutic
potential by improving stability and apoptotic efficacy while
maintaining signicant biocompatibility. The MTX-MWCNT
nanoconjugate not only addresses the limitations such as
poor bioavailability and solubility, but also provides a prom-
ising nanoplatform for targeted cancer therapy. Future studies
involving in vivo pharmacokinetic will further establish its
translational potential as an efficient nanotube-based chemo-
therapeutic system.
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