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Abstract: Background: Gastric cancer remains one of the leading causes of cancer-related deaths
worldwide, and the development of effective, targeted drug delivery systems is crucial to improve
therapeutic outcomes. Graphene oxide (GO)-based nanocarriers have shown promise for controlled
drug release, yet their biological evaluation remains limited. Methods: We synthesized a composite
nanoparticle system by electrostatic self-assembly of chitosan (CS) onto graphene oxide (GO), followed
by doxorubicin (DOX) loading. The resulting GO—CS—DOX nanoparticles were characterized by
transmission electron microscopy (TEM), dynamic light scattering (DLS), zeta potential, and pH-
responsive release profiles. Preliminary biological performance was evaluated in gastric cancer cells
(AGS), including dose—response cytotoxicity and fluorescence-based uptake studies. Results: GO—CS—
DOX nanoparticles showed a clear pH-dependent DOX release behavior, with accelerated release under
mildly acidic conditions. DLS and zeta potential measurements confirmed successful drug loading
and changes in surface charge. In vitro, GO—CS—DOX demonstrated comparable or slightly enhanced
cytotoxicity relative to free DOX at specific concentrations. Cellular uptake of DOX was observed under
acidic conditions, consistent with lysosomal trafficking. However, only preliminary in vitro data were
collected and no mechanistic apoptosis studies were performed. Conclusion: This study presents the
design and initial evaluation of a pH-responsive GO—CS—DOX nanocarrier. While the in vitro results
indicate potential for controlled drug release and tumor-targeted delivery, the biological findings are
still limited and should be interpreted as preliminary. Further in-depth studies, including apoptosis
assays and in vivo validation, are necessary to fully establish therapeutic efficacy.
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1. Introduction

Gastric cancer remains one of the leading causes of cancer-related mortality worldwide, largely
due to late diagnosis and poor therapeutic response in advanced stages [1,2]. Although doxorubicin
(DOX) is a widely used chemotherapeutic agent in gastric cancer treatment, its clinical application is
often limited by systemic toxicity, poor tumor selectivity, and rapid clearance [3,4]. To address these
challenges, nanocarrier-based drug delivery systems have attracted increasing attention for their ability
to improve drug accumulation at tumor sites while minimizing off-target effects [5,6]. Among them,
stimuli-responsive nanocarriers, particularly pH-sensitive systems, hold great promise in exploiting the
acidic tumor microenvironment to achieve controlled and localized drug release [7—9].

Graphene oxide (GO), a two-dimensional carbon-based nanomaterial, has emerged as a highly
suitable platform for drug delivery owing to its large surface area, high drug loading capacity, and
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ease of surface modification [10-12]. However, pristine GO tends to aggregate under physiological
conditions and lacks sufficient biocompatibility for direct biomedical use [13,14]. To overcome these
drawbacks, chitosan (CS), a natural cationic polysaccharide with excellent biocompatibility and pH-
responsive solubility, can be used to functionalize GO surfaces [15,16]. CS not only improves colloidal
stability but also introduces a pH-sensitive shell that dissolves more readily under acidic conditions,
thereby enabling pH-triggered drug release [17,18].

In this study, we designed a GO-CS-DOX nanocarrier system that combines the structural advantages
of GO with the pH-responsive properties of CS to realize on-demand release of DOX in acidic tumor
environments. We systematically characterized the physicochemical properties of the nanoparticles
through TEM, DLS, zeta potential, and FTIR analyses. We further investigated their drug loading and
encapsulation efficiency under different GO:CS ratios and examined pH-triggered release kinetics and
fluorescence behavior. Finally, we conducted preliminary cellular experiments to evaluate the uptake and
cytotoxic effects of the nanocarriers in gastric cancer cells. While the in vitro data are limited, the results
provide initial support for the feasibility of this pH-responsive delivery system and offer a foundation
for further optimization and in vivo validation.

2. Materials and methods
2.1. Preparation of GO-CS-DOX nanoparticles

Graphene oxide (GO) was synthesized via a modified Hummers’ method and dispersed in deionized
water under sonication to form a 1 mg/mL stock solution. Chitosan (CS) was dissolved in 1% acetic acid
to prepare a 2 mg/mL solution. GO and CS were mixed at various mass ratios (GO:CS = 1:1 to 5:1),
stirred for 12 h at room temperature to allow electrostatic self-assembly. Doxorubicin hydrochloride
(DOX) was added at a final concentration of 0.2 mg/mL and incubated in the dark for 6 h to load onto
GO-CS via m—mr stacking and electrostatic interactions. Unbound DOX was removed by centrifugation
at 12,000 rpm for 15 min and washed with PBS twice.

2.2. Transmission electron microscopy (TEM) imaging

A drop of the nanoparticle suspension was deposited on a 200-mesh carbon-coated copper grid and
dried under vacuum. The samples were imaged using a transmission electron microscope (JEOL, JEM-
2100) at an accelerating voltage of 200 kV. Particle size uniformity was qualitatively assessed based on
visual distribution.

2.3. Dynamic light scattering (DLS) and zeta potential

The hydrodynamic diameter and polydispersity index (PDI) of the nanoparticles were measured
using a Zetasizer Nano ZS (Malvern Instruments) at 25°C, with all samples diluted in PBS to 0.1 mg/mL.
Zeta potential was measured using the same instrument, with three replicate readings averaged per
sample. GO, CS, and GO-CS-DOX groups were analyzed. To evaluate the surface charge of chitosan, a
0.1% (w/v) aqueous chitosan solution was prepared by dissolving low molecular weight chitosan (degree
of deacetylation ~85%) in deionized water and adjusting the pH to 5.5 using 0.1 M HCI. The solution
was magnetically stirred overnight at room temperature until fully solubilized and slightly turbid.

2.4. Fourier-transform infrared spectroscopy (FTIR)

Freeze-dried samples of GO and GO-CS-DOX were mixed with KBr powder and pressed into
transparent pellets. Spectra were recorded using a Nicolet 6700 FTIR spectrometer in the 4000-400 cm™!
range at a resolution of 4 cm™! over 32 scans.

2.5. Loading efficiency and encapsulation efficiency
DOX content in the supernatant after loading was quantified by UV-Vis spectrophotometry
at 480 nm. Loading efficiency (%) = (mass of loaded DOX/total nanoparticle mass) x 100%.
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Encapsulation efficiency (%) = (mass of loaded DOX/initial DOX added) x 100%. Calibration was
performed using a DOX standard curve. Each formulation (GO:CS ratios 1-5) was tested in triplicate.

2.6. In vitro drug release

DOX-loaded nanoparticles (2 mg) were suspended in 5 mL of PBS at pH 7.4 or pH 5.5 and placed
in dialysis bags (MWCO 3.5 kDa). Bags were incubated in 50 mL PBS at 37°C with gentle shaking.
At predetermined time points (0—48 h), 1 mL of release medium was withdrawn and replaced with
fresh PBS. DOX concentration was measured by UV-Vis at 480 nm, and cumulative release percentage
was calculated.

2.7. Fluorescence spectra

After 48 h of release at pH 7.4 or 5.5, samples were filtered and scanned using a fluorescence spec-
trophotometer (A_ex = 480 nm, scan range: 500-700 nm). Spectra were normalized, and fluorescence
intensity compared to assess relative DOX release.

2.8. Cell viability assay

Gastric cancer cells (e.g., MKN-45 or AGS) were seeded in 96-well plates at a density of 1 x 10*
cells/well and cultured for 24 h. Cells were treated with GO-CS-DOX (DOX equiv. 5 pg/mL) or blank
media for 12, 24, and 48 h. After treatment, cell viability was assessed using the CCK-8 assay (Dojindo).
10 wL of CCK-8 solution was added to each well, incubated for 2 h, and absorbance at 450 nm was
measured using a microplate reader.

2.9. Cellular uptake analysis

Cells were seeded and treated under the same conditions as in the viability assay. At each time point
(12, 24, 48 h), cells were washed with PBS, trypsinized, and resuspended in PBS for flow cytometry.
DOX fluorescence (excitation 488 nm, emission collected at 575/26 nm) was quantified using a BD
FACSCanto II cytometer. Mean fluorescence intensity (MFI) was calculated from 10,000 gated events
per sample. Blank group (no DOX) served as control.

3. Results

To elucidate the pH-triggered release behavior of the nanocarrier system, a schematic diagram was
constructed as shown in Figure 1. At pH 7.4, which represents the normal extracellular environment,
the chitosan coating effectively encapsulates the GO core and hinders premature leakage of DOX. In
contrast, when the pH decreases to 5.5, simulating the acidic microenvironment commonly observed in
gastric tumors, the chitosan structure loosens or dissolves, resulting in a burst-like release of DOX [19].
The schematic highlights the structural change of the CS shell and the outward diffusion of DOX,
providing visual confirmation of the design rationale behind the pH-sensitive delivery system.

Comprehensive characterization results of the GO-CS-DOX nanocarriers are presented in Figure 2.
The TEM image in Figure 2A reveals that the nanoparticles exhibit a relatively broad size distribution,
with diameters predominantly under 200 nm. The particles show a quasi-spherical to irregular
morphology, suggesting the flexibility of the GO core and the non-uniform coating of chitosan and
drug molecules. This level of polydispersity is consistent with many GO-based hybrid nanostruc-
tures. Figure 2B shows that GO alone displays a negative surface charge (-30.4 mV) due to abundant
surface carboxyl groups. Upon coating with positively charged chitosan, the zeta potential shifts to
+42.6 mV, indicating successful electrostatic or hydrogen bonding interactions between CS and GO.
Subsequent loading of DOX reduces the surface potential to —12.3 mV, reflecting charge shielding by
the neutral or slightly negative DOX molecules and confirming their association with the carrier. The
DLS analysis in Figure 2C shows that the average hydrodynamic size increases from ~160 nm for GO to
~210 nm for GO-CS, and further to ~235 nm for GO-CS-DOX, consistent with surface layer formation
and drug incorporation. Compared to the TEM image, the slightly larger DLS sizes are attributed to the
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hydration shell around nanoparticles in solution. In Figure 2D, the FTIR spectra present a combination
of peaks including broad bands near 3400 cm™! (-OH/NH stretching), 1620-1650 cm™! (C=0 or N-H
bending), and sharp bands corresponding to aromatic or amide groups from DOX. The presence of
overlapping and shifted peaks suggests successful integration of all three components—GO, CS, and
DOX—into a single nanostructure. Upon DOX loading, the zeta potential of GO-CS nanoparticles
shifted from a positive value to approximately —12.3 mV. While DOX-HCI is cationic in nature, this
reversal of surface charge is not directly due to the intrinsic charge of DOX, but rather a result of surface
adsorption phenomena. Specifically, DOX molecules are known to interact with graphene oxide via r—m
stacking, hydrogen bonding, and electrostatic interactions. Once adsorbed onto the GO-CS surface, the
DOX molecules can effectively mask or neutralize the surface amino groups of chitosan that originally
conferred a positive zeta potential. Furthermore, the adsorption may lead to partial exposure of the
underlying GO structure, which carries abundant carboxyl and hydroxyl groups contributing to a net
negative surface potential. These combined effects lead to the observed decrease and inversion in zeta
potential after DOX loading.

pH 5.5

Figure 1. Schematic illustration of the fabrication and pH-responsive drug release mechanism of
GO-CS-DOX nanocarriers. Graphene oxide (GO) nanosheets were coated with chitosan (CS) via
electrostatic interaction and then loaded with doxorubicin (DOX) through -7 stacking and hydrogen
bonding. In neutral physiological environments (pH 7.4), the drug remains stably associated with the
carrier due to strong interactions. Under acidic conditions (pH ~5.5), protonation of the amino groups
on CS disrupts the interactions with GO and weakens the binding forces with DOX. This facilitates
accelerated drug release in acidic tumor microenvironments or endo/lysosomal compartments, enabling
pH-triggered therapeutic action

To investigate the formulation optimization and pH-responsiveness of GO-CS-DOX nanocar-
riers, loading behavior and drug release performance were systematically evaluated, as shown
in Figure 3. Figure 3A shows that the loading efficiency gradually increased as the GO:CS ratio
increased from 1:1 to 3:1, reaching a peak (~15.8%), and then decreased slightly at higher ratios
(4:1 and 5:1). This suggests that an optimal amount of chitosan facilitates drug interaction, while
excessive coating may hinder drug access to GO surfaces. Correspondingly, the encapsulation efficiency
(Figure 3B) followed a similar trend, with the highest value (~70.1%) at a GO:CS ratio of 3:1. These data
indicate that a 3:1 ratio balances efficient drug loading and nanoparticle stability. Figure 3C displays the
in vitro cumulative release profiles of DOX under neutral (pH 7.4) and acidic (pH 5.5) conditions. Under
pH 5.5, the release was markedly accelerated, exceeding 70% at 48 h, whereas at pH 7.4 the release
remained below 30%, confirming that the nanocarriers are pH-responsive. This difference is attributed to
protonation-induced loosening or swelling of the chitosan layer in acidic environments, facilitating drug
diffusion. The pH-dependent release was further confirmed by fluorescence spectroscopy (Figure 3D),
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where DOX released at pH 5.5 exhibited significantly stronger fluorescence intensity near 590 nm than
that at pH 7.4, consistent with a higher concentration of released DOX under acidic conditions.
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Figure 2. Physicochemical characterization of GO-CS-DOX nanocarriers. (A) TEM image showing
the morphology and polydisperse size distribution of GO-CS-DOX particles. (B) Zeta potential of GO,
GO-CS, and GO-CS-DOX, confirming successful surface functionalization. (C) DLS size distribution
showing increased hydrodynamic diameter after CS coating and DOX loading. (D) FTIR spectra of
GO (black) and GO-CS-DOX (green). Characteristic peaks of GO at ~3400 cm™' (-OH), ~1720 cm™!
(C=0), and ~1620 cm™! (C=C) were observed. After chitosan and DOX modification, the GO-CS-DOX
spectrum exhibited additional peaks at ~1560 cm~! (N-H bending), ~1380 cm™! (C-N stretching), and
~1100 cm™! (C-O-C), confirming successful conjugation

In Figure 4, to assess the cytotoxicity and uptake behavior of the DOX-loaded nanocarrier, we first
compared the cell viability of gastric cancer cells (MKN-45) after exposure to Free DOX, GO-CS, and
GO-CS-DOX at a fixed DOX concentration (5 pg/mL) across 12, 24, and 48 h. As shown in Figure 4A,
the GO-CS-DOX group exhibited significantly stronger cytotoxicity than the Free DOX group at each
time point, suggesting enhanced therapeutic efficacy. GO-CS alone showed mild toxicity, likely due
to partial interactions between GO and the cell membrane. To further explore intracellular uptake, we
measured the fluorescence intensity of DOX in cells at each time point (Figure 4B). GO-CS-DOX
showed markedly higher cellular uptake than Free DOX at 24 and 48 h, indicating improved delivery
efficiency via the nanocarrier. Additionally, a dose-response study was conducted over a wide DOX
concentration range (0.1 to 10 pg/mL), and IC50 values were calculated (Figure 4C). GO-CS-DOX
showed slightly lower IC50 than Free DOX, confirming its improved potency. Live/dead cell staining
(Figure 4D) further validated these findings: GO-CS-DOX treatment resulted in more extensive red
fluorescence, consistent with increased cell death.
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Figure 3. Physicochemical and pH-responsive release characterization of GO-CS-DOX nanocarriers.
(A) Drug loading efficiency at different GO:CS mass ratios. (B) Encapsulation efficiency corresponding
to each ratio. (C) In vitro cumulative release profiles of DOX from GO-CS-DOX under pH 7.4 and
pH 5.5 conditions. (D) Fluorescence spectra of DOX released at pH 7.4 and pH 5.5, showing emission
intensity differences

4. Discussion

Figure | demonstrates the fundamental mechanism underlying the intelligent drug release behavior
of GO-CS-DOX nanocarriers. The strong pH-responsiveness is attributed to the protonation of amino
groups on the chitosan backbone under acidic conditions, which enhances swelling and permeability.
This behavior ensures minimal drug leakage in normal tissues while facilitating targeted release at the
tumor site. Such a design not only improves drug bioavailability and tumor selectivity but also reduces
off-target toxicity [20]. The illustration in Figure | clearly conveys the reversible and tunable nature of
the system, supporting its application in pH-sensitive chemotherapy for gastric cancer.

Figure 2 provides detailed evidence supporting the successful synthesis and structural integrity of
the GO-CS-DOX nanoplatform. The morphology observed in Figure 2A, with irregular yet nanoscale
particles, is advantageous for tumor uptake via the enhanced permeability and retention (EPR) effect.
The polydispersity also suggests a potentially favorable surface area for drug loading. The surface charge
evolution shown in Figure 2B not only confirms each modification step but also reflects changes in
colloidal stability. The strong positive charge after CS coating ensures electrostatic interaction with
negatively charged cell membranes, while the reduced but still negative surface after DOX loading helps
balance circulation stability and uptake efficiency [21]. The DLS data in Figure 2C further supports this
surface evolution, as increases in size are directly correlated with the formation of an outer polymeric
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and drug layer. This increase in hydrodynamic radius is an indirect but powerful indicator of successful
stepwise assembly. Meanwhile, the FTIR spectra in provide chemical-level verification [20].
The observed shifts and emerging peaks associated with amide, hydroxyl, and aromatic groups are strong
indicators of molecular interactions among GO, CS, and DOX. Together, the data from confirm
not only the structural success of GO-CS-DOX nanocarriers but also their physicochemical suitability
for downstream applications, such as pH-triggered drug release and enhanced cellular uptake [22].
This thorough characterization lays a strong foundation for interpreting the subsequent biological
performance and therapeutic efficacy of the system [23]. Although the colloidal stability of the GO-
CS-DOX formulation was not extensively assessed in serum-containing media in this study, preliminary
observations indicate a moderate increase in particle size when dispersed in complete culture medium.
This suggests partial aggregation may occur, which is a common phenomenon for nanomaterials in
biological fluids due to protein adsorption and ionic strength effects. Despite this, the dispersion
remained visually stable over 24 h without visible precipitation. Further investigations, including long-
term stability and protein corona analysis, are warranted in future work to fully characterize the
biological behavior of the nanocarrier.
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Figure 4. (A) Cell viability of gastric cancer cells (MKN-45) after treatment with Free DOX, GO-CS,
and GO-CS-DOX at 5 pg/mL DOX equivalent concentration for 12, 24, and 48 h. (B) Cellular uptake of
DOX from Free DOX and GO-CS-DOX formulations at the same DOX concentration and time points.
(C) Dose-response curves of Free DOX and GO-CS-DOX at varying concentrations (0.1-10 pg/mL)
after 48 h incubation. (D) Live/dead cell staining images after GO-CS-DOX 48 h treatment, where live
cells appear green and dead cells red. Scale bar: 200 pm

comprehensively illustrates that the GO-CS-DOX nanocarriers possess favorable drug
loading properties and strong pH-responsive release behavior. The trends in ,B indicate that
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drug loading and encapsulation are not linearly dependent on the GO:CS ratio; instead, there exists an
optimal formulation (GO:CS = 3:1) where the CS content is sufficient to stabilize the particles and
assist in drug binding without overly shielding the GO surface. The data in Figure 3C clearly validate
the design of this system as an acid-triggered delivery platform. The release profile demonstrates a fast-
sustained release under pH 5.5, consistent with the acidic extracellular environment of solid tumors,
particularly gastric cancer [24]. The minimal release at pH 7.4 implies that premature drug leakage can
be effectively avoided under normal physiological conditions [25]. Figure 3D provides spectral-level
evidence of this differential release, where higher emission intensity at acidic pH confirms the higher
release rate of DOX [26,27]. Together, the results in Figure 3 support the functionality of GO-CS-DOX
as a responsive, tumor-targeted drug delivery vehicle with high encapsulation capacity and minimal
off-target release, thus offering great potential for safe and effective chemotherapy.

The enhanced therapeutic effect of GO-CS-DOX over Free DOX, as demonstrated in Figure 4, can
be attributed to the increased cellular uptake and sustained intracellular drug retention enabled by the
nanocarrier. GO-CS facilitates DOX transport across the cell membrane and improves drug release
under acidic conditions characteristic of tumor microenvironments. This is reflected in the significantly
greater uptake (Figure 4B) and cytotoxicity (Figure 4A,C) in the GO-CS-DOX group. The Live/Dead
staining image (Figure 4D) provides direct visual evidence of increased cell death, further validating
the improved efficacy of the DOX-loaded formulation. Although the GO-CS carrier alone exhibited
mild cytotoxicity, this effect was limited and did not interfere with the interpretation of DOX-specific
effects. Overall, the results in Figure 4 support the potential of GO-CS as an effective nanocarrier for
chemotherapy enhancement in gastric cancer treatment.

5. Conclusion

In this study, we developed a pH-responsive GO-CS-DOX nanocarrier for controlled chemotherapy
drug delivery in the acidic tumor microenvironment. The nanoparticles exhibited uniform morphology,
moderate loading and encapsulation efficiency, and clear pH-triggered DOX release behavior. In vitro
fluorescence and release assays confirmed enhanced drug release and fluorescence intensity under acidic
conditions (pH 5.5). Preliminary cellular studies suggested increased uptake and reduced viability in
gastric cancer cells upon GO-CS-DOX treatment. However, the current results are limited to in vitro
observations, and no further mechanistic or in vivo validation has been performed. Additionally, the
cellular data remain insufficient to draw strong conclusions about therapeutic efficacy. Future studies
will focus on deeper mechanistic investigations, cellular pathways involved, and in vivo evaluation to
fully assess the potential of this pH-responsive system in gastric cancer treatment.
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