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Reyhan Yanıkoglu,*[a] Canan Yagmur Karakas,[b] Mert Akın Insel,[c] Merve Sevgi,[a]

Esmahan Caglar,[a] Hasan Berkay Abdioğlu,[d] Yagmur Isık,[d] Hilal Calık,[a] Ali Can Zaman,[e]

Fatih Ciftci,[f] Rabia Cakır,[a] Huseyin Uvet,[d] and Cem Bulent Ustundag[a, g]

In this study, we developed a graphene oxide (GO)-based
nanocarrier system co-loaded with methotrexate (MTX) and
cyclophosphamide (CP) and functionalized with folic acid (FA)
for targeted drug delivery. The synthesized CP/MTX/FA/GO sys-
tem and its individual components were characterized by zeta
potential analysis, FTIR spectroscopy, FE-SEM imaging, and DSC
analysis. Structural characterization revealed that the 3D mor-
phology of the CP/MTX/FA/GO formulation was denser com-
pared to CP/FA/GO and MTX/FA/GO systems. FTIR and DSC
results confirmed the successful oxidation of graphite and the
physicochemical incorporation of CP, MTX, and FA into the GO
structure through functional groups such as carboxylic, hydroxyl,
epoxide, and carbonyl. In vitro release studies using Franz dif-

fusion demonstrated that the drug release profile followed the
Higuchi model with a high correlation coefficient (R2 = 0.9837),
indicating that the release was primarily governed by Fickian
diffusion, where drug transport occurs along a concentration
gradient through the GO matrix. Stiffness analysis indicated that
FA functionalization enhanced cell targeting and facilitated drug
internalization. Cytotoxicity assays showed that CP/MTX/FA/GO
exerted a significantly higher antiproliferative effect on MDA-MB-
231 breast cancer cells compared to free MTX, free CP, CP/FA/GO,
and MTX/FA/GO. Collectively, these findings suggest that the
CP/MTX/FA/GO nanocarrier exhibits strong potential for dual-
drug targeted therapy, offering synergistic cytotoxic effects and
efficient drug delivery.

1. Introduction

Cancer continues to be the second leading cause of death world-
wide, and its incidence has been steadily increasing.[1] In men,
the most frequently diagnosed cancers include prostate, lung
and bronchus, colorectal, and bladder cancers. Among women,
breast, lung, colorectal, uterine, and thyroid cancers are the
most prevalent. These statistics indicate that prostate cancer in
men and breast cancer in women remain the most common
types.[2]

While conventional therapies—especially chemotherapy—
have long been the cornerstone of cancer treatment, they are
not always sufficient to prevent mortality during or after the

course of treatment.[3,4] This has led researchers to explore
alternative approaches that may offer improved outcomes.
In recent years, considerable attention has been directed
toward emerging strategies such as gene therapy, stem cell-
based interventions, natural antioxidants, photodynamic ther-
apy, nanotechnology-enabled platforms, and precision medicine.
Among these, targeted drug delivery systems have shown signif-
icant promise and form the basis of the current investigation.[3]

The periodic table’s Group IVA contains carbon, which is
the lightest element. Carbon nanomaterials, which come in a
variety of allotropes, are the only substances that have been
shown to exist steadily in all dimensions, including 1D carbon
nanotubes, 2D graphene, 3D diamond, and graphite.[5] These car-

[a] R. Yanıkoglu, M. Sevgi, E. Caglar, H. Calık, R. Cakır, C. B. Ustundag
Department of Bioengineering, Faculty of Chemical and Metallurgical
Engineering, Yıldız Technical University, Istanbul 34210, Türkiye
E-mail: reyhanyanikoglu@gmail.com

[b] C. Y. Karakas
Department of Food Engineering, Faculty of Chemical and Metallurgical
Engineering, Yıldız Technical University, Istanbul 34210, Türkiye

[c] M. Akın Insel
Department of Chemical Engineering, Faculty of Chemical and Metallurgical
Engineering, Yıldız Technical University, Istanbul 34210, Türkiye
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bon nanomaterials have attracted attention in recent years with
their use in much research and many applications. Such studies
include supercapacitors,[6] environmental applications,[7,8] tis-
sue engineering,[9–11] electronic devices,[12] bio-imaging,[13] and
sensors,[14] including drug delivery systems. Among these nano-
materials, graphene oxide (GO) stands out as a 2D sheet com-
posed of a single atomic layer of sp2-hybridized carbon atoms
functionalized with oxygen-containing groups such as hydroxyl,
carboxyl, and epoxy moieties.[15] This ultrathin, flexible struc-
ture not only enables a high surface area for drug loading
but also facilitates chemical conjugation with various therapeu-
tic agents.[16] Due to these unique physicochemical properties,
GO has emerged as a promising nanoplatform for drug deliv-
ery applications, particularly in cancer therapy.[17,18] Although
the lateral dimensions of GO-based carriers may exceed the
conventional nanocarrier range of 10–1000 nm, their nanometer-
scale thickness (typically 1–10 nm) allows them to retain critical
nanoscale behavior in biological environments.[19]

Methotrexate (MTX), a WHO “essential medicine,” was cre-
ated more than 70 years ago as an anti-folate chemotherapeutic
agent and is currently used extensively as a first-line treatment
for inflammatory and autoimmune illnesses such as Crohn’s dis-
ease, psoriasis, and rheumatoid arthritis (RA).[20] This medication
is used to treat ectopic pregnancy as well as a number of
malignant conditions, including leukemia and cancers of the
breast, uterus, and lung.[21] There have been various studies
on drug delivery systems for this drug in recent years.[22–24]

Since the 1960s, cyclophosphamide (CP), an alkylating drug, has
been used to treat severe symptoms of autoimmune inflamma-
tory disease.[25] Many cancers, including multiple myeloma,[26]

breast cancer,[27] and renal disorders, such as focal segmen-
tal glomerulonephritis and nephrotic syndrome unresponsive
to corticosteroid,[28–30] are treated with cyclophosphamide. In
recent years, scientists have been investigating the use of CP
in drug delivery systems.[31,32] Vitamin B9, commonly known as
folate, is a water-soluble vitamin present in a wide range of
foods. It exists in two main forms: the oxidized synthetic form
known as folic acid and the reduced, naturally occurring form
referred to simply as folate.[33] FA, sometimes referred to as vita-
min B9, has been studied for its potential in targeted delivery of
drugs, especially in the context of cancer therapy.[34,35] Targeted
delivery of therapeutic drugs using specific cellular markers can
enhance efficacy while minimizing off-target toxicity. The folate
receptor (FR), which exists in two isoforms—FR-α and FR-β—is
anchored to the cell membrane via a glycosylphosphatidylinosi-
tol (GPI) linkage. Folate receptor-targeted therapies have shown
promising results in preclinical models and hold considerable
potential for future clinical applications across a wide range of
diseases.[36,37]

The nanosystem developed in this study serves two primary
purposes: (i) to enable targeted delivery of chemotherapeutic
agents—methotrexate (MTX) and cyclophosphamide (CP)—to
cancer cells by co-loading them onto a graphene oxide (GO)
carrier functionalized with folic acid (FA), and (ii) to enhance
therapeutic efficacy through the synergistic interaction of the
two drugs. This strategy is intended to maximize drug effec-
tiveness while minimizing adverse effects on healthy tissues,

potentially reducing side effects and lowering required dosages.
A recent study by Yanikoglu et al.[18] reported the development
of a folic acid-functionalized graphene oxide (FA-GO) nanocarrier
for MTX delivery. While that study laid important groundwork
for FA-mediated targeting, it was limited to single-drug deliv-
ery and did not explore combination chemotherapy or the
biophysical responses of cancer cells. In contrast, the present
study introduces a dual-drug delivery system in which both
MTX and CP are co-loaded onto FA-functionalized GO, aiming
to achieve synergistic cytotoxicity and improved targeting via
folate receptor-mediated uptake. Additionally, this work extends
the characterization of the delivery system by including Franz
diffusion modeling, cell stiffness analysis, and comparative eval-
uation of single- versus dual-drug formulations. To the best of
the authors’ knowledge, this is the first study to investigate
the combined loading of MTX and CP onto a FA-functionalized
GO carrier. Accordingly, the synergistic cytotoxic effects of the
dual-drug system were assessed on MDA-MB-231 breast can-
cer cells and compared with the effects of single-drug-loaded
systems.

2. Materials and Methods

2.1. Materials

The synthesis chemicals used in this study, including graphene
flake (mesh size 300), ethanol, methotrexate, cyclophosphamide,
sulfuric acid (H2SO4), potassium permanganate (KMnO4, 99.9%),
phosphoric acid (H3PO4), and hydrogen peroxide (H2O2, 30%),
were acquired from Merck and Sigma-Aldrich (St. Louis, MO,
USA). The source of folic acid was Ruber Biotechnology, located
in Ankara, Turkey. The American Type Culture Collection pro-
vided the MDA-MB-231 cell line (ATCC). Gibco (New York, NY,
USA) provided the fetal bovine serum (FBS), phosphate-buffered
saline (PBS), Dulbecco’s modified Eagle medium/nutrient mixture
F-12 (DMEM/F-12), penicillin-streptomycin, trypsin-EDTA, and try-
pan blue. Santa Cruz Biotechnology (Dallas, TX, USA) provided
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide) and phenazine methosulfate (PMS).

2.2. Synthesis of Graphene Oxide

The synthesis materials used in this work, including graphite
flake (mesh size 300), hydrogen peroxide (H2O2 30%), potas-
sium permanganate (KMnO4, 99.9%), sulfuric acid (H2SO4), and
phosphoric acid (H3PO4), were acquired from Merck and Sigma-
Aldrich. To put it briefly, 1 g of NaNO3 and 2 g of graphite were
placed in a flask at 0 °C. After that, the mixture was agitated
for 30 min at 5 °C with 50 mL of concentrated H2SO4. The reac-
tion system was then gradually filled with 7 g of KMnO4 over
the course of 1 h, all the while maintaining the mixture’s tem-
perature below 20 °C. After that, the mixture was agitated for
2 h at 35 °C. Once 90 mL of deionized distilled (DD) water was
gradually added to the solution, the reaction system’s temper-
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ature immediately increased to 70 °C. Eventually, a vivid yellow
suspension formed in the reaction system after 7 mL of 30%
H2O2 and 55 mL of DD water were added. Filtration was used
to isolate the GO, which was subsequently distributed in DD
water after being cleaned three times with diluted HCl (3%). In
order to exfoliate GO, 200 w of sonication was applied to DD
water at room temperature for 1 h, producing homogenous GO
dispersions.[38]

2.3. Production of Cyclophosphamide (CP), Methotrexate
(MTX)-Loaded Folic Acid (FA)-Linked Graphene Oxide (GO)
Drug Delivery System

The anticancer medication was loaded by combining 1 mL of
MTX (100 μg/mL; Sigma-Aldrich) with 4.0 mL of GO in buffer solu-
tion (25 μg/mL) and letting it sit at room temperature in the
dark for 48 h. Folic acid (FA) was conjugated to the surface of
graphene oxide (GO) via a passive adsorption method. In accor-
dance with previously published methods,[39] 0.08 g of FA was
added to the GO dispersion and mixed with 12 mL of distilled
water. The mixture was stirred under dark conditions for 24 h at
room temperature to promote binding between the functional
groups on GO and FA.

The anticancer drug was loaded by mixing 4.0 mL of GO in
buffer solution (25 μg/mL) with 1 mL of CP (100 μg/mL; Sigma-
Aldrich) and allowing it to stand at room temperature in the
dark for 48 h. According to the literature, GO and FA molecules
were conjugated.[39] The ready GO and 0.08 g of FA were mixed
together. Twelve milliliters of water were added to the mixture.
Stirring the mixture for a full day in the dark was necessary for
binding.

The anticancer medicine was loaded by mixing 4.0 mL of GO
in buffer solution (25 μg/mL) with 0.5 mL of MTX (100 μg/mL;
Sigma-Aldrich) and 0.5 mL of CP (100 μg/mL; Sigma-Aldrich) for
48 h at room temperature in the dark. According to the litera-
ture, FA molecules were conjugated to the GO.[39] The ready GO
was mixed with 0.08 g of FA. Twelve milliliters of water were
added to the blend. The mixture was left to stir in the dark for 24
h for binding. The GO, MTX, CP, MTX-FA-GO, CP-FA-GO, and CP-
MTX-FA-GO nanostructures are the working groups discussed in
this study (Figure 1). For the CP/MTX/FA/GO drug delivery sys-
tem, an in vitro release kinetics investigation was conducted.
Here, the CP/MTX combination’s release kinetics efficiency was
measured and contrasted. In addition, kinetic models were
acquired for the CP/MTX/FA/GO system, and their efficacy was
evaluated.

2.4. Characterization of GO and Drug Delivery Systems

2.4.1. Particle Size and Zeta Potential Analysis

Using dynamic light scattering on a Zetasizer Nano ZS (Malvern
Instruments Ltd., Malvern, Worcestershire, UK), the zeta potential
of the GO and CP/MTX/FA/GO was determined. Measurements
were performed three times per sample on newly prepared GO

and CP/MTX/FA/GO after all samples had been diluted 100 times
(v/v).

2.4.2. Morphology of the GO and Drug Delivery Systems

GO, MTX/FA/GO, CP/FA/GO, and CP/MTX/FA/GO were imaged
with Thermo Scientific Apreo 2S. 10 μL of supernatants were
dropped on TEM grids after centrifugation (5000 rpm; 1 min)
of suspensions. Ted Pella carbon Type B TEM grids were used
in analysis. Bright field and dark-field transmission images were
obtained by using a STEM detector equipped in FE-SEM.

2.4.3. Fourier Transform Infrared Spectroscopy (FTIR)

Bruker Tensor 27 (Karlsruhe, Germany) FTIR spectrophotometer
(ATR-FTIR) was utilized to obtain Fourier transform infrared spec-
tra of all materials. All the spectra were recorded in absorption
mode at 4 cm−1 resolution, covering a wavelength range of
4000–500 cm−1.

2.4.4. Differential Scanning Calorimetric Analysis (DSC)

The samples’ thermal properties were assessed by DSC (SDT
Q600, TA Instruments, New Castle, DE, USA) under nitrogen gas
flow. Samples weighing 5–8 mg were carefully weighed, placed
inside metal vials, and sealed. The sealed samples were heated
at a rate of 10 °C/min between 20 and 250 °C, with a nitrogen
flow rate of 20 mL/min.

2.5. In Vitro Study: Franz Diffusion Drug Delivery Kinetics

The most popular in vitro method for determining dermal
absorption involves coating a skin sample’s surface with an
adequate formulation of the active substance.[40,41] The Franz dif-
fusion device was employed for the majority of CP/MTX/FA/GO
dissolution test techniques.[42,43] The sample active substances
for CP/MTX/FA/GO were applied to the membranes using Franz
diffusion cells. The Franz device’s membrane is situated in its
center. The samples of the CP/MTX/FA/GO drug delivery sys-
tem were put on the membrane. The sample (1.5 mL) to be
studied was inserted through the upper part of the cells, and
media (2.5 mL) was supplied to the lower section of the cells.
The experiment was conducted with constant speed mixing and
a constant ambient temperature of 37 °C. 2.5 mL of the sam-
ple was removed from the lower section at the 15 and 30 min
marks, as well as the 1st, 2nd, 4th, 6th, 8th, 24th, 30th, 36th,
42nd, and 48th hours. The sample was then replaced with fresh
medium that had been heated to 37 °C. The trial was carried
out once more. HPLC was used to measure the amount of active
ingredient in the samples that were collected. Plotting the per-
centage cumulative amount of active substance passing through
the cells versus time allowed for the calculation of the percent-
age cumulative amount passed after a full day. CP/MTX/FA/GO
cumulative mass losses were statistically examined using the
Minitab 19 software. The following equation were used to com-
pute the encapsulation efficiency and drug loading of MTX and
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Figure 1. Experimental setup illustrating the synthesis of graphene oxide (GO), loading of cyclophosphamide (CP) and methotrexate (MTX), functionalization
with folic acid (FA), and characterization of the resulting nanocarrier. The schematic also outlines the methods used to evaluate the effects of the
CP/MTX/FA/GO system on MDA-MB-231 breast cancer cells. CP: cyclophosphamide, MTX: methotrexate, FA: folic acid. GO: graphene oxide.

CP.

EE% =
(
Total concentration of MTX − Total concentration of free MTX

)
Total concentration of MTX

× 100 (1)

The drug release kinetics of CP/MTX/FA/GO was examined
using MATLAB R2023a. The zero-order model (Equation (2)),
first-order model (Equations (3)–(4)), Korsmeyer–Peppas model
(Equation 5), and Higuchi model (Equation 6) were applied to
the releasing data since they are widely used in investigations
on drug release kinetics.[44,45]

Q = Q0 + Kt (2)

d (100 − Q)
dt

= −K (100 − Q) (3)

Q = 100 − (100 − Q0 ) e−Kt (4)

Q = Klog (t ) + Q0 (5)

Q = Q0 + K t0.5 (6)

Here, cumulative drug release (%) represents the total amount
of drug released over time; the initial drug release refers to the
amount released at the beginning of the experiment; the rate
constant corresponds to the specific model applied; and time
indicates the duration of the release study.

The model’s performances were evaluated by calculating the
R2 and root-mean-square error (RMSE) values (Equations (7) and
(8)).[46,47] The R2 value quantifies the level of correlation between
the model and the data, while the RMSE calculates the average

deviation between the model’s predictions and the actual val-
ues, which assesses the accuracy of the model in estimating the
target value.[48]

R2 = 1 −
[∑m

i=1

(
yi − ŷi

)2
∑m

i=1

(
yi − ȳ

)2
]

(7)

RMSE =
√∑m

i=1

(
yi − ŷi

)2
m

(8)

Here, represents the ith experimental data point; is the corre-
sponding value predicted by the model for the ith data point;
denotes the sum of all experimental data points; and is the total
number of samples.

Ultimately, the acquired models were compared and eval-
uated based on their performance. The model that performed
the best was then presented, along with its 95% prediction
boundaries, to emphasize the uncertainties seen during the
experiment.

2.6. Stiffness

The impact of synthesized cyclophosphamide-loaded
graphene oxide, methotrexate-loaded graphene oxide, and
cyclophosphamide-methotrexate-loaded graphene oxide formu-
lations on the biomechanical properties of the MDA-MB-231
breast cancer cell line was analyzed using an acousto-
holographic method.[49] Initially, the cells were seeded onto
microfluidic chips integrated with transducers. Subsequently, in
the setup designed for this method, signals generated by a wave
generator (Siglent SDG6032X) were amplified with a voltage
amplifier (Falco Systems, WMA-300) for the production of waves.
These signals were then transmitted to a PZT (lead zirconate
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titanate) transducer (Steminc SMBA25W73T05PV) to be con-
verted into acoustic waves. The cells were subjected to acoustic
pressure at a frequency of 10 Hz and a voltage of 75 V, inducing
vibrations in the cell membrane. These vibrations were observed
using a high-speed camera (CCD camera). The displacement in
the cell membrane was calculated to assess cell stiffness by
measuring the elasticity of control cells, cyclophosphamide-
loaded graphene oxide, methotrexate-loaded graphene oxide,
and cyclophosphamide-methotrexate-loaded graphene oxide
groups.

2.7. Cell Culture

The MDA-MB-231 cell line was cultivated in DMEM/F-12 media
supplemented with 10% FBS and 1% penicillin-streptomycin in a
CO2 incubator at 37 °C. Upon achieving confluence, the cells had
been washed with PBS (pH: 7.2) and subsequently removed from
the substrate utilizing trypsin-EDTA. The cells were centrifuged at
1000 rpm for 5 min, the supernatant was discarded, and the pel-
let was stained with trypan blue and enumerated using a Thoma
chamber.

2.8. Cytotoxicity Experiment

The cytotoxic effects of pure CP, pure MTX, GO, CP-loaded FA-
linked GO, MTX-loaded FA-linked GO, and MTX- and CP-loaded
FA-linked GO on MDA-MB-231 breast cancer cells were inves-
tigated by the XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-
2H-Tetrazolium-5-Carboxanilide) method. The 70–80% confluent
cells were seeded into 96-well cell plates and incubated for 24 h,
and the cells were allowed to become confluent by adhering to
the plate surface. After incubation, experimental groups in the
concentration range of 0–80 μg/mL were added to the cells, and
the cells were incubated for 24 h at 37 °C in an incubator contain-
ing 5% CO2. Medium without active substance was used as the
control group, and the experiment was carried out with at least
four repetitions. After incubation, a 0.4 mg/mL XTT solution was
prepared using DMEM F12, XTT powder, and N-methyl diben-
zopyrazine methyl sulfate (PMS). 100 μL of the prepared solution
was added to the microplates in each well, and the microplates
were incubated for 4 h. After incubation, the absorbance value
of each well was measured at a wavelength of 450 nm using a
multi-microplate reader. The absorbance values obtained were
converted into percent cell viability for each concentration using
the following Equation (9).

Cell Viability (%) =
(

Absorbance
Absorbance Control

)
× 100 (9)

2.9. Statistical Analysis

All experiments were conducted in triplicate, and data are pre-
sented as mean values accompanied by standard deviation.
Statistical evaluations were carried out using SPSS Statistics Soft-

ware (IBM, version 20, Armonk, NY, USA). To assess differences
between group means, one-way ANOVA was applied, followed
by Tukey’s post hoc test for multiple comparisons. A p-value of
less than 0.05 was considered indicative of statistical significance.

3. Results and Discussion

3.1. Zeta Potential and Morphology of the GO and Drug
Delivery Systems

The electric charge on the surface of particles in a colloidal
system is measured by the zeta potential. It can provide
insight into the interactions between particles in a solution
and reflects the stability of colloids. Nanoparticles exhibit-
ing a zeta potential between −10 and +10 mV are regarded
as generally neutral, whereas those having zeta potentials
exceeding +30 mV or falling below −30 mV are classified
as strongly cationic and strongly anionic, respectively.[50] An
elevated zeta potential value, regardless of being positive or
negative, signifies enhanced stability and a greater probability
of the particles resisting aggregation. A diminished zeta poten-
tial leads to increased attraction over repulsion and an uneven
distribution.[51] Figure 2 shows the results of measuring the zeta
potential in deionized pure water (pH = 7.0). It was found that
chemically processed graphite (GO) had a negative zeta poten-
tial when it came to colloidal stability in an aqueous media
(−26 mV). The existence of ─COOH groups on the GO sur-
face is most likely the cause of this negative zeta potential.[52]

A slight reduction in the zeta potential of GO (−26 mV) was
seen in MTX/FA/GO (−29 mV); this could potentially signify the
potential creation of amide bonds between MTX and FA and
GO (p< 0.05). A distinct increase in the zeta potential of GO
(−26 mV) was seen in CP/FA/GO (−17 mV); a high zeta potential
suggests that there is sufficient repulsion between the particles
to stop them from aggregating (p< 0.05).[53] The zeta potential
value of the CP/MTX/FA/GO drug delivery system produced as a
combined formulation was measured as −25 mV. The measured
value indicates that the produced CP/MTX/FA/GO drug delivery
system is within the range of stable stability[50] and an average
of MTX/FA/GO and CP/FA/GO drug delivery systems.

Field emission scanning electron microscopy (FE-SEM)
was performed to examine the microstructure[54] of the GO,
MTX/FA/GO, CP/FA/GO, and CP/MTX/FA/GO drug delivery sys-
tems. The FE-SEM image of GO in Figure 3a (black arrows)
shows the flake-like nanosheet structure of the 2D structure of
GO layers.[55] A general examination of Figure 3a,b reveals an
increase in particle size, suggesting that the therapeutic agents
(CP and MTX) and the targeting ligand (FA) were successfully
conjugated to the GO surface. This structural expansion may be
attributed to π–π stacking interactions between the nitrogen-
containing groups of CP and MTX and the π -conjugated,
sp2-hybridized domains of GO. These findings confirm that
the exfoliation of graphite resulted in the formation of 2D GO
nanosheets. Similar morphological features have been reported
in previously published studies.[55–59]
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Figure 2. Zeta potential analysis of GO, MTX/FA/GO, CP/FA/GO, and CP/MTX/FA/GO drug delivery systems. CP: cyclophosphamide, MTX: methotrexate, FA:
folic acid. GO: graphene oxide. Values were presented as mean ± SD (n= 3); means with different letters were significantly different (p < 0.05).

Figure 3. FE-SEM images of a) GO, b) MTX/FA/GO, c) CP/FA/GO, and d) CP/MTX/FA/GO drug delivery system. CP: cyclophosphamide, MTX: methotrexate, FA:
folic acid. GO: graphene oxide.

The MTX/FA/GO FE-SEM images in Figure 3b illustrate the
structures that have developed an elevated structure on these
flake layers to build a 3D shape (black arrows). Additionally,
the structures that have created a raised structure on these
flake layers to produce a 3D shape are apparent in the FE-SEM
images of CP/FA/GO in Figure 3c. Analysis of the FE-SEM image
in Figure 3d reveals that the CP/MTX/FA/GO formulation exhibits
a denser 3D structure compared to the GO, MTX/FA/GO, and
CP/FA/GO drug delivery systems. Although the lateral dimen-
sions of the GO-based carrier appear to be in the micrometer
range based on FE-SEM images, the thickness of single-layer
GO sheets is approximately 0.34–1 nm, which places the mate-

rial in the nanoscale domain.[15] Due to their 2D morphology,
high aspect ratio, and atomic-scale thickness, GO sheets exhibit
unique physicochemical properties that allow them to circulate
through the vasculature and interact with biological systems
in ways distinct from conventional spherical nanoparticles.[60,61]

Moreover, it is important to consider that GO’s biological behav-
ior is influenced not only by its size but also by factors such as
cell type and surface charge interactions.[62] As emphasized by
Salatin et al.,[63] nanoparticle size plays a critical role in deter-
mining cellular uptake, renal clearance, and biological toxicity.
GO sheets can range from 10 nm to over 20 μm in lateral
dimension. Smaller GO nanosheets are typically internalized via

ChemistrySelect 2025, 10, e00457 (6 of 16) © 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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Figure 4. FTIR of pure CP, FA, MTX, GO, graphite, and CP/MTX/FA/GO drug delivery system. CP: cyclophosphamide, MTX: methotrexate, FA: folic acid. GO:
graphene oxide.

Figure 5. DTG thermograms of pure CP, FA, MTX, GO, graphite, and CP/MTX/FA/GO drug delivery system. CP: cyclophosphamide, MTX: methotrexate, FA:
folic acid, GO: graphene oxide.

ChemistrySelect 2025, 10, e00457 (7 of 16) © 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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endocytosis, whereas larger sheets may adhere to cell mem-
branes and be taken up through alternative mechanisms such
as membrane wrapping or passive penetration.[64] Yue et al.[65]

investigated the cellular uptake of 350 nm and 2 μm GO sheets
in both phagocytic (e.g., macrophages) and non-phagocytic (e.g.,
endothelial and cancer) cells. Their results showed that uptake
by non-phagocytic cells was minimal due to electrostatic repul-
sion between the negatively charged GO and the cell surface. In
contrast, phagocytic cells showed efficient uptake of GO, inde-
pendent of lateral size, as also confirmed by Mendes et al.[66]

Importantly, Pourjavadi et al.[19] demonstrated a dual-drug-
loaded GO system composed of micrometer-sized sheets, which
was still classified as a nanocarrier due to its nanoscale thickness
and effective functional behavior in drug delivery. Therefore,
although our GO-based carrier has a relatively large lateral
dimension, we suggest that it can still be reasonably defined
as a nanocarrier based on its 2D structure, atomic thickness,
surface chemistry, and partial cellular interaction mechanisms.
Nevertheless, it is worth noting that the relatively large lat-
eral dimensions of the GO sheets in our CP/MTX/FA/GO system
may pose a limitation for uptake efficiency in non-phagocytic
cancer cells, which should be considered in future in vivo
evaluations.

3.2. Physicochemical Analysis

3.2.1. FTIR Analysis

The technique known as Fourier transform infrared spectroscopy
(FTIR) is used to investigate the existence of different func-
tional groups in chemical constituents and manufactured mate-
rials. After oxidation, more oxygen-containing functional groups
should be present in GO, the oxide form of graphite.

For graphite, only a few peaks can be seen in Figure 4 at
2974 and 1066 cm−1. When observing GO, the strong, broad
peak that appears at 3396 cm−1 indicates that an O─H bond
(hydroxyl group) is present. Furthermore, at wavelengths of 1224
and 1053 cm−1, the C─O─C stretching (epoxy group) and the
─C═O stretching (─COOH group) may be observed.

All of these groups—carboxylic, hydroxyl, epoxide, and
carbonyl—may suggest that oxygen atoms (O) are attached to
GO, indicating the effective synthesis of GO.[18] The presence of
C═C, C═O, and O─H bonds in GO is confirmed by the peaks
at 1625, 1726, and 3396 cm−1, as depicted in Figure 4. The FTIR
spectrum of CP demonstrates characteristic bands at 3434 and
985 cm−1 for NH and 1176 cm−1 for C─N stretching, with the
wavenumber 1043 cm−1 indicating the O═P─OH group. P═O
was associated with the peak at 1650 cm−1. At 1344 cm−1, the
appearance of the ─CH2Cl bond was detected.[67] The char-
acteristic absorption band associated with C═O stretching at
1635 cm−1 is visible in the FTIR spectra of MTX. In the spectral
range of 1494–1604 cm−1, bands attributable to N─H bend-
ing from the amidic group are visible. Additional noticeable
bands, including 1203 cm−1, are associated with ─C─O extend-
ing from the carboxylic group, whereas 825 cm−1 corresponds to
C─H bonds on an aromatic ring.[68,69] GO is a 2D nanostructure

made of hybridized carbon with hydroxyl, carboxyl, and epox-
ide functional groups on the surface of sp2. The sp2-hybridized
π -conjugated structure of graphene oxide sheet can form π–
π stacking interactions with nitrogen groups of CP and MTX.[67]

The amine (NH3) and oxygen groups of CP and MTX may also
generate a strong hydrogen bond contact with hydroxyl (OH)
and carboxyl (COOH) groups in GO.[70] There are characteris-
tic peaks in GO corresponding to C═C and C═O stretching at
1625 and 1726 cm−1, respectively. Additionally, the C═O stretch-
ing in FA appears at 1683 cm−1, and N─H bending vibrations
are observed at 1650 and 1635 cm−1 for CP and MTX, respec-
tively. In the CP/MTX/FA/GO formulation, new or shifted bands
were observed at 1602, 1633, and 1685 cm−1, which may be
attributed to strong hydrogen bonding or amide-like interac-
tions between the ─COOH groups of GO, the amino groups in
CP and MTX, and functional groups in FA. These shifts suggest a
successful physical interaction and possible partial conjugation
of FA onto the GO surface. This is supported by the pres-
ence of a distinct C═O stretching band at 1683 cm−1 (from
FA) and is consistent with previously reported non-covalent
adsorption mechanisms via hydrogen bonding and electrostatic
interactions.[71,72]

3.2.2. DSC Analysis

The compounds’ crystallinity, amorphism, and potential physico-
chemical interactions were assessed by DSC (Figure 5). Graphite
powder did not exhibit any peaks related to decomposition. Con-
versely, GO exhibited a similar pattern to a prior work,[18,73] with
an exothermic peak between 177.4 and 187.6 °C. The decomposi-
tion peaks identified in GO, unlike in graphite powder, are due
to chemical interactions with oxygen. The breakdown of oxy-
genic groups into CO2 as a result of the catalytic dehydration of
epoxy (C─O─C), hydroxyl (O─H), and carboxyl (─COOH) bonds
is responsible for the GO decomposition peaks seen at 177.4 and
187.6 °C.[18,74]

An endothermic peak was visible on the DSC curves for CP,
MTX, and FA, respectively, at 50.3, 92.2, and 156.4 °C. CP has also
been shown to give an endothermic peak at 50.3 °C in pre-
vious studies.[75] At 85.9 and 185.8 °C, there were endothermic
peaks in the combination drug delivery system. There was no
observation of the melting peaks of CP and MTX at 50.3 and
92.2 °C in the drug delivery system CP/MTX/FA/GO. It is possi-
ble that CP and MTX bind to GO in a noncrystalline state on
the CP/MTX/FA/GO surface because the DSC analysis did not
reveal any phase transitions caused by them.[76] The absence of
a melting peak corresponding to free FA in the DSC thermogram
further supports the covalent or strong associative incorpora-
tion of FA into the GO matrix. The primary metabolite of CP,
namely 4-hydroxy-CP, has high pharmacological activity but is a
very unstable compound.[75] As seen in the DSC thermogram, CP,
which has a melting peak at 50.3 °C, was made into a combined
formulation (CP/MTX/FA/GO) when the melting peak of the for-
mulation increased to 85.9 °C. This may indicate that the stability
of CP was also increased.

The structural and thermal analyses confirmed the success-
ful incorporation of CP and MTX into the GO-based nanocarrier

ChemistrySelect 2025, 10, e00457 (8 of 16) © 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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Figure 6. The drug release kinetics of CP/MTX/FA/GO drug delivery system with respect to a) all kinetic models and b) the best-performing kinetic model
with its 95% prediction bounds. CP: cyclophosphamide, MTX: methotrexate, FA: folic acid, GO: graphene oxide.

system and provided indirect evidence of product purity. In
the FTIR spectra of the final CP/MTX/FA/GO formulation, char-
acteristic amide bond peaks were observed at 1602, 1633, and
1685 cm−1, which were absent in the spectra of the individual
components. These peaks indicate covalent bonding between
the ─COOH groups of GO/FA and the ─NH groups of CP
and MTX, suggesting that the drugs were effectively conju-
gated to the GO matrix and that no free drug molecules
remained. Complementary thermal analysis via DSC further sup-
ported this conclusion. While free CP and MTX displayed distinct
endothermic melting peaks at 50.3 and 92.2 °C, respectively,
these peaks were no longer present in the CP/MTX/FA/GO
thermogram. Instead, two new endothermic transitions were
detected at 85.9 and 185.8 °C. The absence of the original melt-
ing points and the emergence of new thermal events indicate
that CP and MTX are present in an amorphous or molecu-
larly dispersed form, rather than in a crystalline state. This
transformation suggests enhanced drug stability and confirms
successful loading within the GO matrix, further supporting
the structural integrity and purity of the final nanocarrier sys-
tem.

3.3. In Vitro Study: Franz Diffusion Drug Delivery Kinetics

The goal of this study’s comparison of mathematical models
with Franz cells is to evaluate the release and permeability pro-
files of various drug combinations, formulations, and delivery
strategies. This has aided in determining the best drug deliv-
ery techniques. Primary mechanisms for solute transport from
drug-containing polymeric matrices include material degrada-
tion, polymeric matrix swelling, and the drug system’s diffusion
biodegradability.[77]

Using mathematical models to analyze the release kinetics of
medicines from various formulations is crucial for understand-
ing the pace and extent of drug release over a specific period
of time. In order to determine the cumulative drug release

(%) over time, various mathematical models, including zero-
order, first-order, Korsmeyer–Peppas, and Higuchi models, were
applied to the experimental data. The table provides the model
parameters and performance indicators for the models. The cor-
relation coefficient (R2) was used to assess the efficacy of various
release regimes. The best mathematical model to represent the
CF/MT release kinetics was found to have the highest correlation
coefficient.[77]

It is evident that the Higuchi model outperforms other mod-
els, as it has the highest R2 value and the lowest RMSE value.
The resulting models are compared to the experimental data in
Figure 6a to further confirm the exceptional performance of the
Higuchi model. The experimental results strongly support the
Higuchi model as the most accurate representation of the drug
release kinetics for CP/MTX/FA/GO nanomaterials, which also
indicates that Fickian diffusion is the dominant mechanism for
the drug release, where the drug release is driven by a concen-
tration gradient through the porous structure of the matrix.[78,79]

The strong linear correlation observed with the Higuchi model
(R2 > 0.99), along with low RMSE values, supports this mecha-
nism. Moreover, during the experimental period, no significant
swelling, degradation, or relaxation of the GO-based carrier was
observed, which typically characterizes non-Fickian (anomalous)
diffusion behaviors.[80,81] Therefore, based on both model fitting
and empirical observation, the drug release behavior is best
described as classical Fickian transport, in which diffusion is the
primary rate-controlling step.[82] Figure 6b displays the Higuchi
model that has the highest performance, along with its 95% pre-
diction boundaries. Upon investigation of the release kinetics
of CP/MTX/FA/GO, it was observed that the maximum release
of CP reached 98.7% after 48 h. In a similar study we con-
ducted before, it was found that MTX release was in accordance
with the Higuchi model in the Franz diffusion mathematical
model.[18] Findings from release experiments demonstrate that
the CP/MTX/FA/GO combined drug delivery system loaded with
CP/MTX effectively delivers consistent amounts of CP for 48 h
(Table 1).

ChemistrySelect 2025, 10, e00457 (9 of 16) © 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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Table 1. Model parameters and performance indicators are used to ana-
lyze the drug release kinetics of CP/MTX/FA/GO drug delivery system.

Models Parameters Metrics

K Q0 R2 RMSE

Zero order 1.5314 29.7193 0.9419 7.2659

First order 0.0499 20.5980 0.9632 5.7853

Korsmeyer–Peppas 20.1523 12.6441 0.9565 6.2863

Higuchi 12.6549 10.4265 0.9837 4.1797

3.4. Stiffness

One of the fundamental biomechanical characteristics of a cell,
cell stiffness is linked to the characteristics of cancer cells’
motility, invasion, and metastasis. Prior research has demon-
strated that cell stiffness, as measured by AFM devices, can
serve as a marker for the potential for metastasis and the
advancement of cancer.[83] The cell stiffness of various can-
cer forms varies, and it has also been shown that there is a
correlation between greater invasive capacity and reduced cell
stiffness.[84]

Figures 7 and 8 compare the changes in cancer cell stiffness
following treatment with the generated formulation. The out-
comes demonstrate that, in comparison to the control group, the

stiffness of cancer cells treated with the formulation containing
both CP and MTX reduced. The average cell stiffness was mea-
sured as 0.9141 kPa for the control group, 0.3569 and 0.7548 kPa
for cells treated with only MTX and CP, and 0.0913 kPa for cells
treated with the CP/MTX/FA/GO combined drug delivery sys-
tem. In particular, the administration of MTX and CP together
significantly weakened the cell wall, while FA also increased
cell permeability. Cytotoxicity results also confirmed that the
combined formulation had the highest cytotoxic effect on can-
cer cells. Fraczkowska et al.[85] studied the stiffness effects of
DOX on acute myeloid leukemia cancer cells and showed that
doxorubicin reduced the mechanical strength by affecting the
mechanical properties of cell structures. They said that this sit-
uation is due to the interaction of anticancer drugs with nuclear
structures, especially nucleic acids, and that DOX inhibits actin
polymerization, and thus cytoskeletal modification may have
caused the reduction of cell mechanical strength. It can also be
said that the decrease in cell mechanics is due to the incorpo-
ration of combined drugs into the cell lipid membrane under
the leadership of FA. Li et al.[86] examined the effect of MTX
on cell biomechanical properties and stated that MTX-treated
cells underwent morphological changes such as lost filamentous
structures, and as a result, their mechanical structures weakened.
In addition, in another study we showed that the mechanical
properties of cancer cells treated with MTX combination were
weakened.[18]

Figure 7. 3D images and stiffness histogram of the membrane structure of MDA-MB-231 breast cancer cells. a) Non-treated control group, treated with b)
MTX, c) CP, d) GO materials, e) CP/FA/GO, f ) MTX/FA/GO, g) CP/MTX/GO, and h) CP/MTX/FA/GO drug delivery systems. CP: cyclophosphamide, MTX:
methotrexate, FA: folic acid. GO: graphene oxide.
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Figure 8. The effect of samples on the membrane stiffness of MDA-MB-231 breast cancer cells. a) Non-treated control group, b) MTX, c) CP, d) GO, e)
CP/FA/GO, f ) MTX/FA/GO, g) CP/MTX/GO, and h) CP/MTX/FA/GO. CP: cyclophosphamide, MTX: methotrexate, FA: folic acid, GO: graphene oxide.
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3.5. Cell Culture and Cytotoxicity Analysis

The cytotoxicity and antiproliferative effects of pure CP, MTX,
GO, and complexs of CP/FA/GO, MTX/FA/GO, and CP/MTX/FA/GO
samples were investigated using an MTT assay test against MDA-
MB-231 breast cancer cell line, and cell viability (%) after 24 h of
incubation are given in Figure 9. When the results were exam-
ined, it was seen that pure CP drug did not reduce cell viability
at concentrations of 1, 5, 10, 20 and 30 μg/mL compared to the
control, and at concentrations of 40, 50, 60, 70 and 80 μg/mL,
cell viability decreased by 15%, 30%, and 33%, respectively. It was
found to cause a 36% and 37% reduction (Figure 9a).

Pure MTX drug did not cause a significant decrease in cell
viability between concentrations of 1 and 30 μg/mL compared to
the control group. At concentrations between 40 and 80 μg/mL,
it showed a cytotoxic effect by killing 10%, 25%, 30%, 36%,
and 38% of breast cancer cells, respectively (Figure 9b). When
Figure 9c is examined, it is seen that GO material causes an aver-
age 12%–13% decrease in cell viability only at concentrations of
60, 70, and 80 μg/mL. Concentrations of the substance between
1 and 30 μg/mL increased cell viability values by 15%–20%
compared to the control (p < 0.05). Cyclophosphamide-loaded
graphene oxide (CP/GO) material showed an average of 20%
more toxic effect on cells at concentrations of 20 and 30 μg/mL
compared to pure CP. This shows that the formulation with GO
causes the concentration range in which pure CP has anticancer
activity to expand. In the concentration range of 40 to 80 μg/mL,
it was observed that both substances exhibited cytotoxic effects
on similar cancer cells, causing a decrease of approximately
30%–40% in cell viability (Figure 9d). When the MTX/FA/GO for-
mulation was compared to pure MTX, although they showed
similar toxicity at the first two concentrations, MTX/FA/GO
showed 17% and 23% more toxic effects than pure MTX at con-
centrations of 30 and 40 μg/mL, respectively. MTX/FA/GO caused
more toxic effects than pure MTX, causing the death of nearly
47% of cancer cells, especially at concentrations between 40 and
80 μg/mL (Figure 9e). This could be related to GO and MTX’s syn-
ergistic effects. Furthermore, since cancer cells overexpress folate
receptors,[87] adding FA to the MTX/FA/GO micro-material guar-
antees that the structure becomes target-specific. Furthermore,
many sources have reported[88] that, depending on concentra-
tion, FA may be able to treat breast cancer. The folate receptor
(FR) located on the cell surface is used in the receptor-facilitated
endocytotic route to transport FA into cells. FR receptors are
known to be overexpressed in a number of cancerous tissues,
such as lung, ovary, cervix, kidney, and breast tumors.[89] Various
folic acid-conjugated nanocarriers have been produced in vari-
ous studies to provide better drug uptake by cancer tissue.[90,91]

In our previous study,[18] it was shown that functionalization
of the drug delivery system with FA is an effective option to
increase the efficacy of the MTX anticancer drug and to gain a
target-specific structure.

It was observed that the CP/MTX/FA/GO formulation
obtained by combining CP and MTX with FA caused a 43%
decrease in cell viability, causing a very high toxic and syner-
gistic effect against breast cancer cells (Figure 9f). Compared
to MTX/FA/GO, it was found that it reduced cell viability by an

average of 10% more, especially at concentrations of 20 and
30 μg/mL, and had a more cytotoxic effect on cancer cells in this
concentration range. It has been observed that it has an average
of 10% more toxic effect than CP/FA/GO in the concentration
range of 30 to 80 μg/mL (p < 0.05).

As a result, formulations containing GO showed more cyto-
toxic effects on cancer cell lines than pure drugs. In addition, it
was observed that the formulation in which CP and MTX were
used together (CP/MTX/FA/GO) showed a higher antiproliferative
effect on breast cancer cell line compared to the MTX/FA/GO and
CP/FA/GO formulations in which the drugs were used alone. The
CP/MTX/FA/GO system exhibited an average of 17%–23% higher
cytotoxicity than the MTX/FA/GO system at 30 and 40 μg/mL
concentrations and a maximum of 47% cell viability reduction
at higher concentrations, indicating a synergistic enhancement
of therapeutic efficacy in the dual-drug formulation. Compared
to our previous study using a single-drug MTX/FA/GO system,
the co-loading of CP in the current CP/MTX/FA/GO formula-
tion resulted in significantly enhanced cytotoxicity, supporting
the potential of dual-drug delivery in improving therapeutic
outcomes.[18] It is known that various cancer drugs have a syn-
ergistic effect when used together.[92] Kulkarni and Rawtani[93]

found that the combination of tamoxifen and doxorubicin drugs
had a synergistic effect against the MCF-7 breast cancer cell
line. Zhang et al.[94] loaded doxorubicin (DOX) and camptothecin
(CPT) onto FA-functionalized GO and showed that GO loaded
with two anticancer drugs exhibited specific targeting and
remarkably high cytotoxicity to MCF-7 cells compared to NGO
loaded with DOX or CPT alone. In addition, stiffness analysis
showed that the combined use of CP and MTX with FA and
GO increased the cytotoxic effect by changing cell mechanics.
The cell wall was weakened more in CP/MTX/FA/GO applica-
tion compared to free CP and MTX application, which increased
drug penetration. The literature supports the finding that, as
compared to GO or CP and MTX alone, the CP/MTX/FA/GO
combination demonstrated a dominant anticancer activity. This
is especially true given that GO has the ability to increase
it. Given that combining two or more medications is a com-
monly used clinical practice and frequently demonstrates sig-
nificantly greater therapeutic efficacy than a single medication,
it is expected that controlled loading and targeted delivery of
mixed anticancer drugs using these graphene-based nanocarri-
ers will find widespread use. A comprehensive comparison of
previous studies on graphene oxide-based and other nanocar-
rier systems is summarized in Table 2, highlighting the unique
features and the advantages of our dual-drug CP/MTX/FA/GO
system.

It’s well established that the way cells take up particles
depends a lot on their size. Generally, nanoparticles smaller
than 200 nm tend to enter cells through clathrin-mediated
endocytosis—a common and efficient pathway. On the other
hand, larger particles, especially those above 200 nm, usually
need alternative routes like macropinocytosis or phagocytosis to
be internalized.[95,96] But these mechanisms do not work as effec-
tively in non-phagocytic cells, such as most breast cancer cells.
From a molecular pharmacology point of view, this means that
the cytotoxic effects observed in our study may not be entirely
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Figure 9. Effect of pure a) CP, b) MTX, c) GO, and drug delivery system of d) CP/FA/GO, e) MTX/FA/GO, f ) CP/MTX/FA/GO on the viability of MDA-MB-231
breast cancer cells. CP: cyclophosphamide, MTX: methotrexate, FA: folic acid, GO: graphene oxide. Values were presented as mean ± SD (n = 3); means
with different letters were significantly different (p< 0.05).

due to direct intracellular delivery of the drugs. Instead, it’s
possible that interactions with the cell surface, changes in mem-
brane properties, or local drug effects played a more significant
role.[97]

4. Conclusion

In this study, a folic acid (FA)-functionalized graphene oxide
(GO)-based dual drug delivery system co-loaded with methotrex-
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Table 2. Comparison between previous studies on drug delivery systems using graphene oxide and other carriers and those used in this study.

Drugs Carrier Functionalization Cancer cell line Limitation vs our work Reference

Tamoxifen, DOX Niosomes None MCF-7 No FA targeting, no GO [93]

DOX, CPT GO FA MCF-7 No dual-drug sustained
release, no stiffness
analysis

[94]

MTX GO FA MDA-MB-231 Single-drug only, no CP
synergy

[18]

Hydrophobic and
hydrophilic drugs

GO pH-sensitive polymer – No FA targeting, no
dual-drug synergy

[19]

Anticancer drugs Nanoparticles FA & Biotin – Not GO-based, no
dual-drug synergy

[35]

Letrozole, CP Nanoniosomes FA Breast cancer Not GO-based, no
mechanical analysis

[31]

DOX, MTX GO Polyelectrolyte layers – No FA targeting, no
dual-drug synergy

[51]

MTX GO None – No FA, no dual-drug
synergy

[37]

Anticancer drugs MCM-41 Mesoporous silica – Different carrier, no GO [32]

MTX, CP GO FA MDA-MB-231 – Present
study

ate (MTX) and cyclophosphamide (CP) was successfully devel-
oped and characterized. GO was synthesized from graphite using
a modified Hummers method, and its physicochemical integrity
and functionalization were confirmed through FTIR and DSC
analyses. The successful conjugation of CP, MTX, and FA to GO
was also supported by zeta potential, DLS, and FE-SEM anal-
yses, which revealed a stable and compact three-dimensional
structure for the CP/MTX/FA/GO system.

Drug release studies demonstrated a sustained release pro-
file with approximately 98% of MTX and CP released over
48 h. Moreover, Franz diffusion studies indicated that CP fol-
lowed Higuchi model kinetics, suggesting Fickian diffusion
behavior. Cytotoxicity and stiffness assays revealed that the
combined CP/MTX/FA/GO formulation significantly reduced the
viability and mechanical resistance of MDA-MB-231 breast can-
cer cells when compared to single-drug-loaded systems or free
drugs. The observed decrease in cell stiffness strongly supports
enhanced cellular uptake and therapeutic impact.

These findings highlight the potential of FA-targeted, GO-
based dual-drug carriers in cancer treatment, offering syn-
ergistic cytotoxic effects and improved drug delivery perfor-
mance. Future in vivo studies are warranted to further explore
the clinical relevance and targeted therapeutic efficacy of this
nanocarrier platform. In the future, the therapeutic efficiency
of the system could be further improved by designing an
optimized version with reduced particle size while maintaining
drug-loading capacity and target specificity.
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