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The rise of antibiotic-resistant bacteria has created an urgency to develop advanced antibiotic delivery
systems. Nanoscience can address this issue by providing nanocarriers that enhance efficiency and mini-
mize side effects in antibiotic delivery. Nanoparticle-based delivery systems can mechanistically combat
antibiotic resistance by improving intracellular antibiotic delivery and antibiotic concentrations, protecting
antibiotics from enzymatic degradation, increasing penetration into bacterial biofilms, and targeting anti-
biotics, unlike conventional antibacterial strategies, which lack these capabilities. An ideal antibiotic nano-
carrier, therefore, requires a high antibiotic-loading capacity, controlled and stimuli-responsive release,
intrinsic antibacterial activity, biocompatibility, and surface functionalization for targeted delivery.
Graphene Oxide (GO) meets all these criteria due to its unique physicochemical properties. It has emerged
as a promising antibiotic nanocarrier that offers high drug-loading capacity, tunable surface chemistry, and
multifunctional antibacterial mechanisms. However, its performance is strongly dependent on dose, lateral
size, oxidation degree, and surface functionalization, leading to inconsistent reports on efficacy, toxicity,
and translational feasibility. This review describes GO’s prominent role in antibiotic delivery and its synergis-
tic action with antibiotics to combat antibiotic-resistant bacterial strains, while critically analyzing the
mechanistic interactions between GO and antibiotics, the variability in reported biological outcomes, and
the limitations of existing studies. Finally, key trends and unresolved controversies, including GO-antibiotic
synergy and antagonism, and translational challenges related to stability, toxicity, and scalability, are criti-
cally discussed to guide future research on prospects of GO in antibiotic delivery against multidrug-resist-
ant bacteria and define realistic pathways toward pharmaceutical and clinical development.

expose the weaknesses of conventional antimicrobial treat-
ments.” As bacteria develop key survival mechanisms, includ-

The global health concern of antibiotic resistance is one of the
leading threats in the twenty-first century. It is currently a
major concern due to the growing number of antibiotic-resist-
ant bacteria attributed to the excessive and improper use of
antibiotics, as well as the slow rate of antibiotic discovery.
More alarmingly, it has been predicted by the World Health
Organization (WHO) that around 10 million annual deaths will
occur by 2050 without effective countermeasures.” Thus, anti-
biotic resistance has been recognized as an urgent challenge
to public health by the WHO, as antibiotic-resistant bacteria
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ing antibiotic-modifying enzymes, changes in membrane per-
meability through porins and efflux pumps, and modifications
to the antibiotic-binding site to reduce intracellular antibiotic
concentrations and drug-target interactions,® combination
antibiotic therapies, which were the best choice solutions, are
rendered ineffective, as indicated by the literature.* Thus,
many clinically dangerous bacterial strains are developing anti-
biotic and multidrug resistance, rendering treatment with con-
ventional drugs ineffective. Moreover, some antibiotic-resistant
bacteria can transfer the antibiotic-resistant gene to other bac-
teria through horizontal gene transfer, thereby increasing the
number of antibiotic-resistant bacteria and making traditional
therapies ineffective.” Thus, resistant bacteria are developing
faster than the discovery of new antibiotics. This exacerbates
the situation and presents a challenge in the treatment of anti-
biotic-resistant bacteria, thereby necessitating the develop-
ment of innovative methods.

In this regard, nanoparticle-based antibiotic delivery
systems have emerged as a viable option for mechanistically
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combating antimicrobial resistance rather than just replacing
current antibiotics because they have the potential to increase
intracellular antibiotic accumulation, protect antibiotics from
enzymatic degradation, improve penetration into bacterial bio-
films, and promote targeted interactions with bacterial mem-
branes, thereby overcoming key resistance mechanisms like
efflux, reduced permeability, and enzymatic inactivation.®’
Nanomaterials possess several properties relevant to the fight
against multidrug-resistant microbes, including intrinsic anti-
bacterial activity through biofilm penetration, microbial mem-
brane damage, oxidative stress, and physicochemical inter-
actions that disrupt bacterial metabolic and structural integ-
rity.® However, an ideal antibiotic nanocarrier should possess
high antibiotic loading efficiency, controlled and stimuli-
responsive release, stability under physiological conditions,
and minimal host cytotoxicity, while maintaining predictable
pharmacokinetics and acceptable biodistribution profiles.®
Among the diverse nanocarrier platforms investigated, nano-
materials that combine intrinsic antibacterial activity with
antibiotic-delivery properties are particularly attractive, as they
can function as both carriers and active antimicrobial agents.
Thus, GO stands out as a revolutionary candidate due to its
exceptional properties as a nanocarrier, as it is often described
as biocompatible and low in toxicity at lower concentration
ranges, chemically versatile, with a high surface area, and exhi-
bits antibacterial activity through membrane disruption, wrap-
ping of bacterial cells, and oxidative stress.'"® Nevertheless,
these biological effects are highly dependent on GO concen-
tration, lateral size, oxidation degree, and surface functionali-
zation, leading to significant variability across reported
studies."*

As such, there is an increasing number of publications
showing improved antibacterial efficacy employing GO-based
antibiotic delivery systems. But the field remains fragmented,
with conflicting results on cytotoxicity, size-dependent antibac-
terial mechanisms, stability under physiological conditions,
GO-antibiotic synergy, and translational feasibility. Many exist-
ing reviews focus predominantly on antibacterial performance,
often without critically comparing reported dose ranges,
experimental models, and biological endpoints, which limits
their relevance for pharmaceutical development. In addition,
relatively few studies address in vivo behavior, long-term tox-
icity, clearance pathways, or regulatory considerations, despite
their importance for clinical translation.

This review critically evaluates GO as an antibiotic nano-
carrier by examining size, dose, and surface-chemistry-depen-
dent antibacterial and cytotoxic effects, synthesizing mechan-
istic insights into GO-antibiotic synergy, identifying inconsis-
tencies and unresolved controversies in the literature, and
assessing realistic translational pathways and limitations.

2. Properties of GO

GO shown in Fig. 1 is an oxidative derivative of graphene and
is typically produced in bulk from graphite through chemical
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exfoliation. It has versatile applications due to its unique pro-
perties, such as chemical reactivity, dispersibility, high
mechanical strength, intrinsic antimicrobial activity, and
surface functionalization potential arising from its oxygen-con-
taining functional groups (epoxy, carboxyl, and hydroxyl),
which impart GO’s hydrophilicity, chemical tunability, and
biological properties.”> GO has great potential in biomedical
applications, including biomedicine and drug delivery.
However, the suitability of GO in biomedical applications and
antibiotic delivery is not intrinsic due to variability in GO’s
properties depending on its size, degree of oxidation, concen-
tration, and environment."® Hence, the variable and inconsist-
ent biological outcomes across studies, particularly in antibac-
terial efficacy and cytotoxicity assessments. GO demonstrates
functionalization capability to bind different compounds due
to its high surface area and functional groups, as evidence in
its use in antibiotic carriers and targeted drug delivery
systems.' In Table 1, a comparative review of the antibiotic-
carrying capacity, intrinsic antibacterial activity, synergistic
antibacterial activity, biocompatibility, and functionalization
potential of GO and other nanomaterials, including reduced
GO, carbon nanotubes, silver nanoparticles, polymeric nano-
particles, GO-Ag nanocomposite, metal oxide nanoparticles,
and lipid-based nanoparticles, is shown. This comparison
highlights the distinct advantages of GO, particularly high
surface area, multifunctional antibacterial mechanisms, and
surface tunability, alongside notable limitations related to tox-
icity, aggregation, and translational complexity, which must be
considered when selecting an appropriate delivery platform. In
Table 1 below, the star-based scoring system was assigned
using defined semi-quantitative criteria. Antibiotic-carrying
capacity was evaluated based on reported drug-loading
efficiency and controlled-release performance. Intrinsic anti-
bacterial activity was assessed using reported MIC/MBC values
and/or bacterial reduction levels. Synergistic antibacterial
activity was determined by assessing interactions with anti-
biotics, particularly the fractional inhibitory concentration
index (FICI). Biocompatibility was evaluated based on in vitro
cytotoxicity and hemolysis data. Functionalization potential
was assessed based on the availability of reactive surface
groups and demonstrated modification strategies.

2.1. Physicochemical properties of GO

GO’s antibacterial properties depend heavily on its physico-
chemical characteristics, including lateral sheet size, align-
ment, surface charge, degree of oxidation, and dispersion
stability.’’*! Smaller GO nanosheets, despite possessing fewer
oxygen groups, have greater oxidative potential and the
capacity to surpass bacterial antioxidants such as
a-tocopherol. Larger GO nanosheets have superior wrapping
capability; nevertheless, the antibacterial benefits can be
negated by detaching GO from bacteria, as evidenced by
experiments using Escherichia coli.** These findings indicate
that antibacterial performance is not dictated by a single
physicochemical parameter but by the interplay between size,
surface chemistry, and exposure conditions. Dimensions and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of GO. GO contains sp? and sp® carbons (z—r interactions with drug molecules) and oxygen functional groups (hydroxyl, carbonyl,

and epoxy).

Table 1 Comparison of nanomaterials for antibiotic delivery based on antibiotic-carrying capacity, intrinsic antibacterial activity, synergistic anti-

bacterial activity, biocompatibility, and functionalization potential

Antibiotic carrying  Intrinsic Synergistic Functionalization
Nanomaterial capacity antibacterial action  antibacterial activity Biocompatibility potential Ref
GO %k %ok Kk % % %k Kk 128,88 ¢ %k Kok 188,88 ¢ 15
GO-silver L8 820 ¢ 1 2.8, 8.8 188,88 ¢ * d ok Yo 188,88 ¢ 16 and
nanocomposite 17
Polymeric 2 2.8.8.8 ¢ ¥k Yo ¥k K e L2 8.2.0 ¢ 1888 8¢ 18
nanoparticles
Reduced GO L8 2.2.8"¢ b 2.8, 8 2 188, 8 271 * J ok Yo 188 8 871 19
Carbon nanotubes b 2.8.8 8¢ * Kk ke % Kk kK * ok Yok e 188,881 16
Silver nanoparticles  J k¥ 1.2.8.8.2.¢ % %k kK * %k ek He * %k K Yok 18
Lipid-based %k %ok Kk * K Yok e * K %k ke %k %ok ok % K %k ok Y 8
nanoparticles
Metal oxide L8 2 8%8"¢ %k Kk Hoke %k %k ke * ok ke * Kk Yok e 19
nanoparticles

Each parameter was scored on a five-star (% % %% %) scale, where one star (%) indicates low or limited performance and five stars (J % % % %)

indicate consistently high performance as reported in the literature.

morphology of GO affect its antibacterial efficiency, as rough
GO surfaces facilitate effective contact with bacteria. Thus,
optimization of the physicochemical properties of GO signifi-
cantly influences its antibacterial efficacy through improved
interactions with bacterial cells.'* Importantly, such optimiz-
ation must balance antibacterial potency with cytocompatibil-
ity, particularly for pharmaceutical applications.

The antibacterial activity of GO is primarily attributed to its
sharp edges that disrupt bacterial membranes, the entrapment
of cells, and the induction of oxidative stress,?® all of which
are influenced by the lateral size of the GO sheets. Smaller
sheets have a higher edge density, which enhances their
ability to cut bacterial membranes. In contrast, larger sheets
with broader lateral dimensions are more capable of trapping
microbial cells.>® Interestingly, antibacterial due to
oxidative stress appears unaffected by lateral dimensions, as
addition of antioxidants such as ascorbic acid significantly
reduced GO’s antibacterial effects across all size groups,

© 2026 The Author(s). Published by the Royal Society of Chemistry

suggesting that oxidative stress is a general and size-indepen-
dent mechanism.*?

Several studies provide different perspectives on how lateral
sheet size impacts antibacterial activity. Liu et al. reported that
larger GO sheets (>9 pm?) exhibited stronger antibacterial
activity against Escherichia coli than smaller ones(0.010 pm?),
especially at lower concentrations and shorter times.”?
Similarly, Vi et al. found that GO sheets larger than 1 pm com-
bined with Ag nanoparticles achieved higher bacterial killing
than smaller GO-Ag sheets, largely due to enhanced entrap-
ment of bacteria.”®

In contrast, Perreault et al. observed that the antibacterial
activity of smaller GO sheets (approximately 0.01 pum®) was
about four times more effective than that of larger ones
(approximately 0.65 pm?) in surface coatings, an effect attribu-
ted to increased oxidative damage caused by the smaller GO
nanosheets.'® Consistently, Ravikumar et al. emphasized that
antibacterial efficacy is multifactorial, depending on purity,
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sheet size, concentration, and exposure time, with smaller GO
showing more oxidative stress due to higher defect density,
and larger sheets wrapping and entrapment of bacterial
cells.””

Overall, these results suggest that the size of the GO sheet
critically regulates antibacterial mechanisms. Smaller
nanosheets favor membrane disruption, larger sheets promote
entrapment, and intermediate sizes achieve a balance of both
effects. Thus, size-dependent mechanistic divergence rep-
resents a key design parameter for GO-based antibiotic delivery
systems and underscores the need for standardized size report-
ing in antibacterial studies.

GO has good biological stability due to its hydrophilic and
highly dispersible nature as a result of its oxygen-containing
functional groups that promote stable aqueous suspensions
and decrease aggregation.”® Furthermore, the diverse surface
chemistry of GO allows for functionalization, improving col-
loidal stability, biocompatibility, and stability in complicated
biological settings such as physiological ionic strength and
protein-rich media.*® Additionally, GO’s enormous specific
surface area promotes effective drug adsorption and retention,
while its inherent mechanical robustness helps maintain
nanocarrier integrity during handling and biological inter-
actions.”® However, aggregation of GO under physiological salt
concentrations and protein corona formation remain an
important challenge under investigation for in vivo appli-
cations, as adsorbed biomolecules can significantly change
GO’s colloidal stability, cellular interactions, and biodistribu-
tion in biological contexts.*®

2.2. Structural characteristics of graphene oxide and its
interaction with antibiotics

The honeycomb-structured graphene monolayer made of
single carbon atoms has drawn scientific interest because of
its exceptional performance capabilities. The surface of GO
contains epoxide, carboxylic acid, and hydroxyl functional
groups within a single atomic layer.>" This makes it water-
soluble and gives scientists a large area to add antibiotics and
modify groups for specific uses. These functional groups
present in GO enable it to bind both water-insoluble and
hydrophilic antibiotics, allowing targeted delivery of these
drugs to specific target cells. Antibiotics containing aromatic
or conjugated ring systems can interact with GO through n-n
stacking, and antibiotics bearing amine or hydroxyl groups
form hydrogen bonds and electrostatic interactions with nega-
tively charged carboxyl groups on GO. Additionally, covalent
conjugation strategies can be employed via amide or ester lin-
kages, further improving antibiotic stability and controlled
release.’>*® These interactions between GO and antibiotics
help protect loaded antibiotics from enzymatic breakdown.
Antibiotics adsorbed or immobilized on the GO surface
protect vulnerable functional groups from enzymatic degra-
dation by p-lactamases. The adsorption of antibiotics via n-=n
stacking, hydrogen bonding, covalent bonding, and electro-
static interactions can create steric hindrance and reduce anti-
biotic molecular mobility, thereby limiting enzyme accessibil-
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ity and slowing enzymatic hydrolysis.>* Furthermore, GO-
based nanocarriers allow for the localized and regulated
release of antibiotics at the site of bacterial infection, reducing
the drug’s premature exposure to degrading enzymes found in
the biological milieu.®® This improves antibiotic stability and
local concentrations near bacterial cells, resulting in increased
antibacterial activity against resistant infections. Thus, modifi-
cation and antibiotic loading on GO achieved through the use
of covalent and electrostatic bonds, hydrogen bonds, van der
Waals forces, and n-n stacking is highly beneficial in next-
generation antibiotic development.*®*” For example, con-
trolled-release properties that are appropriate for colon-specific
drug delivery have been demonstrated using GO-based hydro-
gels to encapsulate vancomycin. GO-based systems for con-
trolled antibiotic release, customized to release antibiotics at
specific locations within the body, improve therapeutic out-
comes due to their pH-responsive characteristic.’®
Nevertheless, many of these systems remain proof-of-concept
and lack systematic pharmacokinetic and biodistribution
evaluation. In GO-based functionalized systems, the carboxyl
functional group, which is abundant and highly reactive, is fre-
quently used for surface functionalization of GO, mostly
through dehydration involving the removal of a hydroxyl and
an amino group to form an amide bond.">*°

2.3. Biocompatibility, low toxicity, and target delivery

GO does not show universal biocompatibility, but rather dose,
size, and cellular model-dependent cytocompatibility accord-
ing to several in vitro investigations. For instance, Chang et al.
showed that GO concentrations below 20 pg mL™" did not
cause significant oxidative stress or membrane damage to
human lung epithelial (A549) cells; however, higher dosages
produced detectable cytotoxic reactions in A549 cells.*®

Also, Russier et al. demonstrated that human macrophages
have a far higher tolerance to GO than their murine macro-
phages, with lower ROS production and immunological acti-
vation. They also found that bigger GO flakes mostly interacted
with the cell membrane, while smaller GO sheets (<300 nm)
were more effectively absorbed and caused higher oxidative
stress and cytokine release.*

Similar differences were seen in GO sensitivity between
immortalized ARPE19 cells, primary human RPE cells, and
retinal pigment epithelial cells generated from embryonic
stem cells (ESC-RPE). While ESC-RPE and primary hRPE cells
only showed notable viability loss at GO levels >100 pg mL ™",
ARPE19 cells showed reduced viability at concentrations as low
as 50 pg mL ™", These results imply that while stem-cell-derived
and primary human cells offer a more physiologically appro-
priate evaluation of safety, immortalized cell lines may overes-
timate GO cytotoxicity."® Collectively, these studies confirm
that variations in reported GO cytotoxicity result from a combi-
nation of dose, physicochemical characteristics, and the selec-
tion of the cellular model. This emphasizes the need for con-
sistent toxicity standards and human-relevant models for
assessing GO for pharmaceutical applications.*?

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fortunately, surface modifications have consistently
reduced the toxicity effects of GO.** Functionalizing GO with
biocompatible coatings, including dextran,** gallic acid,*’
bovine serum albumin,*® polyethylene glycol,*” and other bio-
compatible polymers, fihgimproved colloidal stability and
hydrophilicity, as well as less nonspecific interactions between
GO and cellular membranes.** In a study to assess the cyto-
toxicity of GO flakes and GO-amoxicillin conjugates, the cell
line of mice fibrosarcoma WEHI 164 cultivated without GO
served as the control and had 94.1% viable cells. In compari-
son, mice fibrosarcoma WEHI 164 cells exposed to GO flakes
or GO linked to amoxicillin showed only modestly lower viabi-
lity (>90% viable cells), showing that neither formulation had
a major cytotoxic effect.® However, GO-antibiotics conjugates
offer the advantage of target delivery, facilitating localized anti-
biotic accumulation and decreasing antibiotic off-target
effects.”® However, in vivo targeting efficiency, off-target
accumulation, and long-term safety remain insufficiently
explored (Fig. 2).

2.4. Antimicrobial activity

GO exhibits antibacterial activity against a wide range of bac-
teria; nevertheless, reported results vary widely depending on
assay type, concentration, exposure time, and dispersion stabi-
lity. Reported growth inhibition experiments, such as inhi-
bition zone measurement and optical density-based growth
suppression, primarily demonstrate bacteriostatic effects
rather than bactericidal effects. Unfortunately, these distinc-
tions are not usually well described.*” GO has been reported to
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exhibit strong bacteriostatic action at low to moderate concen-
trations across various exposure times, inhibiting bacterial
growth without causing immediate cell death. For instance,
growth inhibition of Staphylococcus aureus has been observed
between 2 and 24 hours of GO exposure, whereas Pseudomonas
aeruginosa showed substantial growth suppression as early as
2 h after treatment.*® Researchers revealed that the bacterio-
static effect is substantially concentration dependent, with
Staphylococcus aureus consistently more sensitive than
Escherichia coli, resulting in progressively bigger inhibition
zones as GO concentration increased.*®>> Similar inhibitory
action has been shown for oral pathogens: Enterococcus faecalis
and Streptococcus mutans, which are involved in both localized
and systemic infections.”>> He et al found that GO
nanosheets at 20-40 pg mL™' reduced the proliferation of
Porphyromonas gingivalis and Fusobacterium nucleatum, while
Streptococcus mutans required higher doses (80 pg mL™") for
substantial suppression.”>*® To visually support this dose-
dependent inhibition and cell damage in oral pathogens,
Fig. 3 compiles activity/viability outcomes with fluorescence-
and TEM-based evidence of membrane compromise.

These bacteriostatic effects were linked to reversible pro-
cesses such as oxidative stress generation, interference with
membrane integrity, and reduced nutrition transfer, limiting
bacterial multiplication without causing immediate cell death.
At higher concentrations and longer exposure times, GO
switches from growth inhibition to bactericidal activity, result-
ing in irreversible cellular damage and bacterial death. In
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Fig. 2 Graphene oxide (GO) exhibits unique physicochemical properties that make it highly suitable for biomedical applications.
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Fig. 3 Dose-dependent antibacterial activity of graphene oxide against dental pathogens with live or dead and ultrastructural evidence of mem-
brane damage. (a)-(d) GO activity against dental pathogens after 2 h exposure (20-80 pg mL™): (a) MTT-based antibacterial activity for S. mutans,
F. nucleatum, and P. gingivalis; (b) CFU-based viability quantification; (c) live or dead fluorescence imaging (SYTO 9/PI; scale bar = 50 pm); and (d)
TEM images comparing control vs. GO-treated cells (scale bar = 500 nm). Adapted from ref. 53, Copyright 2015 American Chemical Society.

Staphylococcus aureus strains, prolonged exposure or higher
concentrations resulted in irreversible membrane damage, cel-
lular leakage, and eventual bacterial cell death.®® Also, rapid
killing has been recorded, with Mpycobacterium smegmatis,
Escherichia coli, and Staphylococcus aureus reduced by 99%
within 15 minutes of GO exposure, indicating a fast-acting bac-
tericidal action.”® However, it is worth mentioning that the
early killing of bacteria involved a higher dose of GO.
Furthermore, GO has been shown to kill Escherichia coli,
Streptococcus mutans, Staphylococcus aureus, and Enterococcus
faecalis at concentrations of 300-500 ug mL™" and incubation

RSC Pharm.

durations of up to 60 minutes.”> Among these, Escherichia coli
was the most susceptible, with mortality rates of up to 96%,
and Staphylococcus aureus was the most resistant, with mor-
tality rates of around 55% under the same conditions. These
dose-dependent transitions from bacteriostatic to bactericidal
behavior are critical for interpreting experimental outcomes
and comparing studies.

Compared with traditional antibiotics, GO exhibited broad-
spectrum antibacterial activity, including against antibiotic-
resistant bacteria." GO reduced the growth of Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa, Proteus mir-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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abilis, Serratia marcescens, and Staphylococcus aureus, all of
which were resistant to amoxicillin, cotrimoxazole, cefixime,
and imipenem." While typical antibiotics like ciprofloxacin,
ceftriaxone, azithromycin, and gentamycin showed inhibition
zones ranging from 7-29 mm, GO exhibited far greater zones
of inhibition (27-41 mm) against the same bacteria." The
experimental evidence supporting GO’s intrinsic antibacterial
and antibiofilm activity across MDR isolates and chronic-
wound microorganisms is summarized in Fig. 4.

However, variations in the reported bacteriostatic and bac-
tericidal activity of GO are associated with variations in GO
concentration, exposure time, and bacterial strain.>® And the
high concentrations required for antibacterial activity in some
of these studies raise concerns regarding translational feasi-
bility. Table 2 provides a summary of research testing the anti-
bacterial activity of GO.

GO-mediated antibacterial mechanisms include bacterial
cell membrane disruption, entrapment of bacterial cells, oxi-
dative stress induction, and charge-transfer-induced lipid
extraction.>>®® This is evident in numerous studies emphasiz-
ing the potent antibacterial properties of GO, but the efficacy
of GO is contingent upon the type of bacteria and cannot be
generalized to all bacteria.’*®' Studies indicate heightened
susceptibility of Gram-positive bacteria to the entrapping
effect by GO owing to their structural characteristics, which
include teichoic acids and amino acids inside the peptidogly-
can layer. Conversely, Gram-negative bacteria, like Escherichia
coli, may necessitate elevated concentrations of GO for
efficient trapping owing to their protective outer layer.®*
Oxidative stress as a mechanism of antibacterial action by GO
arises via reactive oxygen species (ROS) generation and anti-
oxidant depletion, facilitated by electron transfer between bac-
terial membranes and GO’s oxygenated basal lanes.®®™®® The
electron transfer method, particularly with immobilized GO
on surfaces, effectively induces oxidative stress without the
need for GO to infiltrate or encapsulate bacteria. The basal
plane of GO is crucial for antibacterial activity, facilitating
effective contact with bacterial cells and resulting in charge
transfer and ROS generation. GO demonstrates variable anti-
bacterial effectiveness against Gram-positive and Gram-nega-
tive bacteria. Findings from various studies suggest that Gram-
negative bacteria are more sensitive to oxidative stress due to
their thinner peptidoglycan layer, while Gram-positive bacter-
ia’s susceptibility arises due to the lack of an outer
membrane.”®>*”® These mechanistic differences highlight the
importance of tailoring GO design to specific bacterial targets
rather than assuming broad-spectrum equivalence (Fig. 5).

3. Mechanisms of antibiotic loading
and release

GO possesses a hydrophilic surface, abundant oxygen-contain-
ing functional groups, high surface area, and flexible surface

chemistry, which collectively make its usage in drug delivery
platforms feasible. In antibiotic delivery, GO interacts with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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antibiotics through multiple reversible and irreversible inter-
actions, such as hydrogen bonds, covalent bonds, n—r stacking
interactions, and electrostatic interactions. This makes GO
suitable for tunable antibiotic loading and target delivery
rather than just a passive antibiotic transport platform.>*
Interestingly, these interactions are not universally beneficial,
as excessively strong binding can suppress antibiotic bio-
availability and reduce antibacterial efficacy, particularly in
systems relying on passive release.”’ Thus, the strength and
reversibility of these interactions have a direct influence on the
release kinetics, antibacterial efficacy, and potential synergistic
or antagonistic outcomes in GO-antibiotic systems, thereby
necessitating careful and mechanism-informed design of GO-
antibiotic delivery systems.

3.1. Adsorption mechanism and drug loading

Non-covalent functionalization is widely used because it pre-
serves the intrinsic physicochemical properties and basal
plane structure of GO, thereby maintaining GO’s mechanical
integrity and antibacterial activity. It consists mainly of hydro-
gen bonds, electrostatic interactions, and n-n interactions.'?
Non-covalent functionalization achieves the main goal of pre-
serving GO properties throughout the antibiotic delivery pro-
cesses. According to research investigations, non-covalent
coupling improves drug loading abilities, regulates sustained
drug delivery, and enhances biological compatibility. This
technique is particularly useful for antibiotic delivery because
it enables drug release to be initiated by environmental
changes such as pH, ionic strength, or competitive interaction
with biomolecules.”>””* This responsiveness is especially rele-
vant in infected tissues, where acidic microenvironments and
high protein content can trigger drug desorption. For instance,
cephalexin has been immobilized on GO surfaces via non-
covalent adsorption and showed enhanced inhibition of both
Escherichia coli and Staphylococcus aureus.” The functionali-
zation of GO through non-covalent interactions can be
achieved by permitting its negatively charged surface to bind
with positively charged nanomaterials and functional entities
such as liposomes, chitosan, and metal nanoparticles before
adsorption of antibiotics onto the nanocomposite.'***7°

3.2. Covalent bonding and drug loading

A better way to modify GO through functionalization involves
surface functional groups that can undergo covalent modifi-
cations. Covalent functionalization of GO occurs through its
surface hydroxyl, carboxylic, and epoxide groups by utilizing
processes such as esterification,’® amidation,”” acetylation,
isocyanation, diazotization, and other methods.”® Covalent
bonding techniques allow for a stronger and more stable
attachment of medicines to GO than non-covalent ways. This
approach allows for more precise control over the antibiotic
release from the GO. Chemically attaching pharmaceuticals to
the surface of GO allows the drug delivery mechanism to be
adjusted to specific therapeutic needs. The covalent attach-
ment ensures that the drug remains bound to the carrier until
it reaches its target location, thereby reducing premature

RSC Pharm.
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Fig. 4 Representative evidence for GO antibacterial and antibiofilm activity: nanosheet morphology, broad-spectrum inhibition of MDR isolates,
and suppression of planktonic and biofilm growth with microscopy-supported interactions. (a) FESEM/TEM characterization of GO showing stacked
GO flakes, exposed sharp edges, and thin GO nanosheets. (b) Disc diffusion-based in vitro antibacterial activity comparing GO with commercial anti-
biotics against multidrug-resistant clinical isolates: E. coli (a and b), K. pneumoniae (c and d), S. aureus (e and f), P. aeruginosa (g and h), P. mirabilis (i
and j), and S. marcescens (k and l). Adapted from ref. 1, Copyright 2020 The Royal Society. (c)—(e) Antimicrobial and antibiofilm efficacy of GO
(50 mg L™%) against chronic wound microorganisms: (c) time-dependent inhibition of planktonic growth (log;o CFU mL™) for S. aureus PECHA 10,
P. aeruginosa PECHA 4, and Candida albicans X3; (d) inhibition of biofilm in formation (A) and mature biofilm (B) quantified by biomass or representa-
tive images and CFU enumeration; and (e) representative Gram staining and AFM images indicating GO wrapping and GO-associated surface cover-
age. Adapted from ref. 48, Copyright 2018 American Society for Microbiology.

release.”® Covalent modification serves the essential purpose efficiency, and release behavior for biomedical implications.**
of improving GO’s drug delivery system (DDS) surface charac- Carboxyl functional groups, found in great abundance, serve
teristics together with their biocompatibility, loading as the most commonly employed covalent modification points

RSC Pharm. © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Bacterial growth suppression using GO

Dose (ug Effectiveness/

Bacteria tested mL™) observations Ref.
Escherichia coli, 1000 pg mL™"  Ciprofloxacin, 1
Klebsiella pneumoniae, ceftriaxone,
Pseudomonas azithromycin, and
aeruginosa, Proteus gentamycin produced
mirabilis, Serratia between 7-29 mm
marcescens, and zones of inhibition
Staphylococcus aureus against the bacteria,

while GO produced

zones of inhibition

between 27-41 mm

against the bacteria

tested
Staphylococcus aureus, — Not specified The growth 48
Pseudomonas suppression was
aeruginosa significant in

Staphylococcus aureus

at 2 and 24 hours,

while P. aeruginosa at

2 hours.
Mycobacterium Not specified  99% reduction in 57
smegmatis, (Escherichia bacterial viability
coli), Staphylococcus within 15 minutes.
aureus
Staphylococcus aureus, 250—11500 pg  Concentration- 58

Escherichia coli, mL
Pseudomonas

aeruginosa

dependent inhibition:
higher concentrations
gave higher zones of
inhibition

Streptococcus mutans, 20, 40,80 png  Complete inhibition 53
Porphyromonas mL™" of P. gingivalis and
gingivalis, F. nucleatum at 40 pg
Fusobacterium mL™%; S. mutans was
nucleatum (F. suppressed at 80 pg
nucleatum) mL™".

Enterococcus faecalis 300, 500 pg Escherichia coli: 96% 52
(E. faecalis), mL™" mortality at 500 pg

mL™" for 60 min;
Staphylococcus aureus:
55% mortality;
extended times
showed diminishing
effects except for

E. faecalis.

Staphylococcus aureus,
Escherichia coli,
S. mutans

for GO surfaces. Reagent initiation occurs first in carboxyl
functionalization before the dehydration process forms bonds
as either esters or amide groups. The activation process uses
four main reagents, which are hexafluorophosphate and
thionyl chloride (SOCl,), and 1-ethyl-3 (3-dimethyl-
aminopropyl)-carbodiimide (EDC) together with N,N-dicyclo-
hexylcarbodiimide (DCC). In a GO-Amoxicillin complex, GO is
linked to Amoxicillin (AMOX) through a Gly-Gly-Leu peptide
linker. GO’s hydroxyl groups were activated using divinyl
sulfone to create the complex, and N,N'-
Dicyclohexylcarbodiimide was used to activate the linker’s car-
boxyl groups. This process facilitates a stable covalent attach-
ment of AMOX to GO. Upon attachment, the GO-AMOX
complex was contained within a hydrogel matrix with brome-
lain (BROM), an enzyme that cleaves the peptide linker and
regulates AMOX release. The AMOX release speed depended
on BROM content within the hydrogel, thus enabling con-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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trolled release of AMOX. An optimal enzyme environment
enables the system to release more than 90% of AMOX during
24 hours. The controlled release method specifically reaches
affected areas particularly well for dental uses, which yield
complex bacterial structures. The device achieves improved
infection treatment results through its long-term antibacterial
action at infection sites, reducing the required doses during
the treatment of periodontal and endodontic diseases
(Fig. 6).5°°%

3.3. Stimulus-responsive release systems

Stimulus-responsive drug delivery has emerged to enhance
both drug delivery precision and minimize systemic side
effects. They exploit internal stimuli (pH, enzymes, redox reac-
tions) and external triggers (temperature, magnetic fields) to
trigger antibiotic release.®* GO is ideal for stimulus-responsive
administration because its surface chemistry may be easily
altered to adapt to environmental stimuli.*> pH-responsive
release is particularly important for antibiotic administration
since infection sites frequently exhibit localized acidity as a
result of bacterial metabolism and inflammation.** Enzyme-
responsive systems allow for more selective drug release in set-
tings rich in bacterial or host-derived proteases.®® Stimulus-
responsive GO systems enable regulated and spatially focused
release, increasing therapeutic efficacy while reducing off-
target toxicity.*® Nonetheless, the majority of published
systems rely on single-stimulus activation, while multi-stimu-
lus-responsive GO-antibiotic systems are understudied, despite
their potential to improve specificity and therapeutic control.

3.4. Kinetics of antibiotic release

The rate of antibiotic release from GO-based nanocarriers
depends on functionalization type, drug-carrier binding force,
and the surrounding physiological conditions. Drug release
kinetics typically follow a regulated release profile, which can
be altered by adjusting GO functionalization.®® In adsorption-
based drug release, the nature of the interactions between the
drug and the functional groups on the GO surface frequently
governs the release rate.®® Covalent bonding strategies often
result in slower drug release than non-covalent approaches
because the drug is more strongly linked to the carrier.
Stimuli-responsive devices can further regulate the release
profile by delivering the drug to the target region in a regu-
lated manner dependent on the triggering stimulus.*® The
release kinetics of antibiotics from GO-based systems are typi-
cally governed by a combination of diffusion, desorption, and
pH-responsive behaviors, allowing for both rapid initial release
and prolonged therapeutic action. Antibiotic release from GO
commonly follows non-Fickian (anomalous) kinetics, influ-
enced by diffusion and matrix relaxation. These behaviors are
modeled using the Peppas-Sahlin model, Ritger-Peppas
model, Hopfenberg model, Narasimhan-Peppas model, zero-
order, and first-order kinetics models.®

In a study involving the release of AMOX from NaAlg-GO/
CS@AMX, the release kinetics of AMOX best fit the
Korsmeyer-Peppas model, confirming Fickian diffusion-con-
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Fig. 5 Mechanism of antibacterial action of GO. GO kills bacterial cells via cell entrapment, ROS-induced oxidative stress, membrane disruption

leading to cell lysis, and physical penetration through the bacterial cell wall.

Antibiotic

Hydrogen bonding

T-1t Stacking

Fig. 6 Schematic representation of the mechanisms of antibiotics loading on GO. Covalent interactions, electrostatic interactions, hydrogen
bonding, and n—x stacking facilitate antibiotic attachment and stabilization on the surface of GO.

trolled release.’” Furthermore, Trusek et al. reported a multi-
phase release behavior for GO-linked antibiotics containing
enzymatically cleavable peptide linkers, with an initial burst
phase followed by sustained and extended release. Such multi-
phase release profiles are especially useful in antibiotic

RSC Pharm.

therapy, where a large initial dose decreases bacterial load, fol-
lowed by prolonged exposure to inhibit regrowth and biofilm
development.*>®® Similarly, a multifunctional nanocomposite
system consisting of GO, chitosan, and silver nanoparticles
provided a pH-controlled drug release. The system, capable of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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controlled release of both a single drug and a dual drug, fea-
tured a burst drug release for 10 h and a more stabilized
release (70-80%) after 40-50 h.*? These findings highlight the
potential of GO-based platforms for programmable antibiotic
delivery to prolonged antibacterial action and biofilm
disruption.

4. Application of GO in antibiotic
delivery

A detailed summary of GO’s biomedical applications is illus-
trated in Fig. 7. Targeted drug delivery utilizes GO’s tunable
surface chemistry to deliver therapeutic agents specifically to
diseased tissues, enhancing therapeutic efficiency while redu-
cing systemic side effects.*” This targeting capability is perti-
nent in antibiotic delivery, where localized infections and
biofilm-associated illnesses require elevated local antibiotic
concentrations. Mohammadi Tabar et al. formulated a poly-
ethylene glycol-functionalized GO (GO-PEG) nanocarrier and
used it to deliver penicillin and oxacillin, two p-lactam anti-
biotics that are ineffective against methicillin-resistant
Staphylococcus aureus (MRSA). The study revealed significant
drug loading of 81% for penicillin and 92% for oxacillin,
attributed to the antibiotics’ n-n stacking and hydrogen
bonding interactions with the GO surface. Importantly, the

GO-PEG-antibiotic systems demonstrated sustained drug
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release for roughly 6 days, as opposed to the fast release
reported with the free antibiotics. Additionally, the antibacter-
ial testing revealed much greater suppression of MRSA (about
80-85%), compared to either free antibiotics or GO-PEG
alone.”® Several other recent investigations have shown that
GO and its functionalized derivatives can be used as excellent
antibiotic delivery platforms, with high drug loading, con-
trolled release, and increased antibacterial activity against
resistant bacteria.”®"*> GO has equally been explored as a
carrier in gene delivery and gene therapy, chemotherapy,” and
regenerative medicine,”® due to its ability to complex nucleic
acids and facilitate cellular internalization, improve drug solu-
bility and controlled release, and reduce off-target cyto-
toxicity.”® GO can also enhance cell adhesion, proliferation,
and differentiation owing to its biocompatibility and mechani-
cal stability.”* Although these applications are outside the
direct scope of antibacterial therapy, they provide foundational
insight into GO-biomolecule interactions that inform anti-
biotic loading strategies. GO’s multifaceted role in advancing
both therapeutic and diagnostic technologies in medicine is
highlighted in Fig. 7.%>°°

4.1. GO-antibiotic combination therapy for multidrug-
resistant bacteria

GO is an intriguing candidate for combination therapies for
patients with multidrug resistance (MDR) due to its unique
physicochemical properties and intrinsic antibacterial activity.

Stimuli-responsive delivery
-Stable GO-drug interaction at normal P"
+PHdecreases at cellular microenvironment
and releases drugs

Chemotherapy
+Drug solubility enhancement
Controlled release
-Reduced off-target toxicity

Gene
& Drug delivery
*DNA or RNA complexation
+Cellular internalization

Aptamer. .

Graphene oxide
(GO)

Bio-sensing
-Surface functionalization for
recognition

GO platform

Bio-imaging
*Fluorescence or contrast
enhancement

—
[

Fluorescence Microscope

Fig. 7 Overview of biomedical applications of GO, including targeted drug delivery, stimuli-responsive drug delivery, chemotherapy, regenerative

medicine, bioimaging, biosensing, gene delivery, and gene therapy.
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Unlike inert carriers, GO can actively contribute to bacterial
growth suppression and killing while simultaneously enhan-
cing antibiotic stability, delivery, and overall efficacy. Thus,
medical professionals may use GO as an essential treatment
component that functions in combination therapies for MDR
bacterial treatments. The distinctive applications of GO in
combination therapy against MDR are discussed in the follow-
ing sections.*!

GO increases the antibacterial action of traditional antibiotics
through three distinct mechanisms. First of all, it can entrap
bacterial cells, isolating them and causing death due to star-
vation from nutrients.>® Through direct contact, GO also induces
bacterial cell death by disrupting bacterial cell membranes with
its sharp edges.'® Lastly, the functional groups on GO can cause
bacterial cell death through oxidative stress.”® When combined
with antibiotics, these mechanisms increase bacterial mem-
brane permeability, facilitate intracellular antibiotic penetration,
and elevate local drug concentration at the bacterial surface. GO
delivers antibiotics into bacterial cells by disrupting cell mem-
brane integrity and the cell wall. This allows antibiotics to inter-
act with bacteria’s ribosomes, mitochondria, proteins, DNA, and
enzymes. It can also entrap bacterial cells, allowing antibiotics
to act on bacterial cells better due to increased local antibiotic
concentration. For instance, meropenem-loaded GO (Mrp-GO)
exhibited enhanced antibacterial activity against carbapenem-
resistant Gram-negative bacteria with minimal cytotoxicity to
human cells in comparison to meropenem alone.” The
enhanced antibacterial activity can be attributed to GO-induced

GO intrinsic mechanisms

Entrapment
causes isolation
and starvation in

bacteria

Membrane disruption

by sharp edges
- GO intrinsic
mechanisms Bacterial cell leakage
Synergy enhances efflux of

cytosolic contents

GO-Antibiotic synergy
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membrane destabilization, which overcomes reduced antibiotic
uptake associated with carbapenem resistance (Fig. 8).

Researchers Trusek and Kijak investigated the use of GO as
a vehicle for antibiotic delivery. They used a Gly-Gly-Leu
peptide linker to attach the semi-synthetic f-lactam antibiotic
AMOX to GO covalently, and incorporated it into a hydrogel
with Bromelain, an enzyme that degrades the covalent bond at
37 °C and pH 6.6. The resulting hydrogel effectively inhibited
the growth of the Enterococcus faecalis strain, a pathogen
responsible for periodontal and root canal diseases. According
to the results, the amount of the Bromelain enzyme deter-
mined the rate of AMOX release. The study highlights that
enzyme-responsive GO systems are effective platforms for site-
specific antibiotic release in periodontal and endodontic infec-
tions.*” Similarly, the antibacterial efficacy of GO combined
with DAP (ciprofloxacin and metronidazole) demonstrated
superior antibacterial efficacy against Enterococcus faecalis
than either GO or DAP alone. The DAP treatment reduced bac-
terial levels by 98.22% during the first day before eliminating
all bacteria within 14 days. GO demonstrated a 42.78%
reduction in bacterial count from the original level during the
first day, which increased to 82.90% after seven days and
achieved 97.54% elimination after two weeks. The combined
antibacterial effect of GO-DAP eliminated E. faecalis bacteria
within 24 hours, thus demonstrating its potential application
in treating root canal infections.?? This study revealed the role
of GO in accelerating antibiotic efficacy and not merely as a
carrier that prolongs antibiotic exposure.

Synergy

1. Membrane permeability
2. Intracellular antibiotic penetration
3. Local antibiotic concentration at

surface
— e o
L s Antibiotic depended
Antibiotics © ion channels disruption
Bacterial enzyme
disruption
'& Bacterial DNA damage
by ROS generation
-8 Destabilization of ribosome
, and inhibition of protein synthesis
Biofilm Synergy
destruction
1. Ribosomes and proteins
2. DNA
3. Enzymes

v

Fig. 8 The illustration of the synergistic antibacterial action of GO-loaded antibiotics through antibiotic-dependent bacterial cell leakage, loss of

membrane integrity, bacterial entrapment, and ion channel disruption.
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Sengupta et al. conducted original research that introduced a
groundbreaking pH-sensitive drug release system by combining
GO with alginate. Alginate-GO-Ciprofloxacillin (CIP) was used to
evaluate CIP release for gastrointestinal infection treatment in
various pH solutions, ranging from pH 7 (neutral) to pH 2.8
(acidic) and back to pH 7.4 (physiological conditions).® GO incor-
poration into the system created more CIP absorption areas as
well as smaller pores that function better at different pH values,
and increased CIP encapsulation efficiency by 16% higher.
Notably, strong hydrogen bonding under acidic conditions
restricted premature drug release, while alkaline conditions pro-
moted matrix swelling and controlled drug liberation.®

Neethu and Govind constructed a sodium alginate-GO-chit-
osan drug carrier system and loaded it with amoxicillin.*” The
novel drug molecule showed a controlled release with high
sensitivity against Staphylococcus aureus and Escherichia coli,
with 13 mm and 30 mm diameter zones of inhibition for
Staphylococcus aureus and Escherichia coli, respectively. The
novel drug molecule also showed high cell viability towards a
mouse fibroblast cell line with 99.71% viability. This compo-
site exemplifies how GO can be integrated synergistically with
biopolymers to balance efficacy and biocompatibility.

Pulingam et al.®® reported the synergetic antibacterial activity
of GO and antibiotics when they tested 10 pug ml™' GO with
varying concentrations (1-10 pg ml™) of chloramphenicol,
ampicillin, and tetracycline against Staphylococcus aureus,
Enterococcus faecalis, Escherichia coli, and Pseudomonas aerugi-
nosa. The combination exhibited significant synergistic antibac-
terial activity against all bacterial groups, with higher activity
observed in the Gram-positive bacteria compared to the Gram-
negative bacteria. Pseudomonas aeruginosa showed the lowest
antibacterial activity. To assess the synergetic effect of GO and
Vancomycin on Vancomycin-Resistant Staphylococcus aureus,
broth dilution and disc diffusion assays were carried out. Broth
dilution results and cell viability of bacterial cells demonstrated
a higher antibacterial activity of GO-Vancomycin compared to
Vancomycin and GO alone. Increasing the concentration of
GO-Vancomycin eradicated the bacteria. The results for zones of
inhibition for GO-Vancomycin and vancomycin were 20 mm and
9 mm in diameter, respectively, while GO showed no zone of
inhibition against Staphylococcus aureus.”

GO-gelatin-Meropenem (GO-Gel-Mer) conjugate demon-
strated synergistic antibacterial activity of 45-50% higher than
Meropenem alone when tested against Staphylococcus aureus,
Escherichia coli, Listeria monocytogenes, and Salmonella typhi-
murium.*®® The inhibition zones for Meropenem alone were
9 mm against Escherichia coli, and 6 mm against Listeria mono-
cytogenes, Staphylococcus aureus, and Salmonella typhimurium,
while GO-Gel-Mer exhibited improved antibacterial activity with
zones of inhibition of 17 mm, 11 mm, 10 mm, and 12 mm
against Escherichia coli, Listeria monocytogenes, Staphylococcus
aureus, and Salmonella typhimurium, respectively.'*

In another study involving GO and Meropenem, the antibac-
terial activity of GO, Meropenem, and GO-Meropenem revealed
that GO-Meropenem possessed synergetic and additive antibac-
terial effects against Pseudomonas aeruginosa, Acinetobacter bau-
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mannii, Escherichia coli, and Klebsiella pneumoniae. The fractional
inhibitory concentration (FIC) value of 0.37 indicated a synergis-
tic effect for Acinetobacter baumannii, whereas Pseudomonas aer-
uginosa, Escherichia coli, and Klebsiella pneumoniae showed addi-
tive effects with FIC values between 0.62 and 0.75. The
minimum inhibitory concentration for GO-Meropenem was
lower (4-16 pg mL ') than GO and Meropenem alone, with
8-128 pg mL ™" and 32-128 pg mL ™", respectively.'®* Key literature
examples demonstrating GO-antibiotic synergy across multiple
drug classes and bacterial models are consolidated in Fig. 9.

Worth knowing is that not all GO-antibiotic combinations
result in synergistic antibacterial effects. Gao et al. studied the
combined antibacterial action of GO with Lincomycin hydro-
chloride (LMH), Chloramphenicol (CPC), and Gentamicin
sulfate (GMS) against Escherichia coli and Staphylococcus
aureus. Against Escherichia coli, LMH alone produced about
20% inhibition at 20 mg L' and 80% inhibition at 1 mg L™
LMH and 10 mg L' GO."*® In contrast, the antibacterial effect
of CPC on Escherichia coli increased with increasing CPC con-
centration but decreased upon the addition of 10 mg L™ GO.
This reduction was attributed to strong n-n interactions
between CPC and GO, which boosted GO aggregation, limited
drug release, and reduced membrane damage. GMS inhibited
Escherichia coli by more than 95% at all tested dosages;
however, when mixed with GO, its efficiency diminished due
to adsorption and reduced bioavailability. Against
Staphylococcus aureus, GO enhanced LMH activity across all
concentrations tested. CPC alone showed concentration-depen-
dent effects, and enhanced Staphylococcus aureus inhibition at
CPC concentrations below 5 mg L™' with 10 mg L™, but
reduced Staphylococcus aureus at CPC concentrations above
10 mg L™ and 10 mg L™ due to increased GO aggregation.
GMS showed a general decrease in antibacterial performance
when combined with GO against Staphylococcus aureus.
Additionally, the order of component addition significantly
influenced antibacterial outcomes. Pre-exposure of bacteria to
GO enhanced antibiotic efficacy by creating active adsorption
sites and inducing membrane damage, whereas pre-mixing
antibiotics with GO reduced antibiotic transport to bacterial
cells, thereby lowering antibacterial effectiveness.'%?

Similarly, You et al’s recent studies reported that GO does
not always show synergy and an additive effect with antibiotics.
They reported that depending on the antibiotic class and bio-
logical setting, GO can antagonize or diminish antibiotic
efficacy. In their study with a cyanobacterium model
(Synechocystis sp. PCC 6803), GO had additive effects with florfe-
nicol but antagonistic interactions with erythromycin, ofloxacin,
and chlorotetracycline due to strong antibiotic adsorption on
GO, which reduced their bioavailability and biological activity."**

Because GO can also reduce antibiotic efficacy through strong
adsorption, aggregation, and protocol-dependent effects (e.g.,
order of addition), representative antagonistic/variable outcomes
and formulation-dependent performance are summarized in
Fig. 10.

Therefore, in the GO-antibiotic system, the degree of adsorp-
tion and bonding between GO and the antibiotic molecule, influ-
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Fig. 9 Synergistic GO-antibiotic combinations that improve antibacterial and antibiofilm effects across pathogens are exemplified. (a)-(c) Log
reduction of S. aureus, E. faecalis, E. coli, and P. aeruginosa after treatment with GO (10 pg mL™) and antibiotic-GO combinations: (a) AMP vs.
AMP-GO, (b) CHL vs. CHL-GO, and (c) TET vs. TET-GO (mean + SD; significance as indicated vs. antibiotic-only). Adapted from ref. 91, Copyright
2020 Elsevier. (d) and (e) Enhanced activity of vancomycin-loaded GO (Van@GO) against VRSA: (d) ODggo, CFU viability (%), inhibition-zone images,
and zone diameter; (e) SEM micrographs showing VRSA morphology/interaction under control and after exposure to GO, vancomycin, and
Van@GO. Adapted from ref. 99, Copyright 2019 American Chemical Society. (f) and (g) Antibacterial and antibiofilm effects of meropenem-loaded
GO (Mrp-GO) compared with free meropenem (Mrp) and GO. Adapted from ref. 101, Copyright 2023 Elsevier.

enced by the antibiotic chemistry and the type of bacterial strain,
determines whether the combined effect would be synergistic,
additive, or antagonistic. Hence, the need for evaluating GO-anti-
biotic combinations on an individual or class of antibiotics basis.
The antibacterial effects of GO-antibiotics against different anti-
biotic-resistant bacteria are presented in Table 3.

RSC Pharm.

5. Challenges and limitations of GO
as a hanocarrier

GO as a nanocarrier faces challenges and limitations,
especially regarding its stability, biocompatibility, scalability,
and commercial viability. The obstacles are not exclusively for-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Adapted from ref. 103, Copyright 2017 Royal Society of Chemistry. (c) Growth inhibition of E. faecalis under amoxicillin (AMOX) release conditions
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45, Copyright 2021 MDPI.
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Table 3 Antibacterial activity of GO-antibiotics
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Bacteria tested Antibiotics used with GO Results Ref.

Staphylococcus aureus, Escherichia coli Amoxicillin 30 mm and 13 mm diameter zones of inhibition for 87
Staphylococcus aureus, Escherichia coli

Enterococcus faecalis Amoxicillin Enzyme-controlled release of amoxicillin from hydrogel 45

Enterococcus faecalis
(DAP)

Staphylococcus aureus, Enterococcus
faecalis, Escherichia coli, and
Pseudomonas aeruginosa
Escherichia coli and Staphylococcus
aureus

Tetracycline

Lincomycin hydrochloride,

sulfate
Escherichia coli, Listeria monocytogenes, Meropenem
Staphylococcus aureus, and Salmonella
typhimurium
Pseudomonas aeruginosa, Acinetobacter Meropenem
baumannii, Escherichia coli, and
Klebsiella pneumoniae.
Staphylococcus aureus Vancomycin

mulation issues but also host biological reactions, pharmaco-
kinetics, long-term safety, and regulatory feasibility, all of
which must be addressed for the clinical translation of GO as
an antibiotic carrier.” This section delves into the challenges
and limitations of GO as a nanocarrier of drug molecules
(Fig. 11).

5.1. Chemical Instability

The practical use of GO-based systems depends on system stabi-
lity, but this requirement remains a significant technical chal-
lenge. GO shows intrinsic instability in aqueous solutions due to
its structural and interaction properties, which prevent consist-
ent formulation performance. The chemical structure of GO is
sensitive to aqueous conditions, leading to structural degra-
dation and a subsequent decrease in its functional properties.
The water-loving properties of GO, combined with its tendency
to clump, are the primary cause of instability when the material
is present in aqueous solutions.'® These effects can lead to vari-
able antibiotic release and diminished efficacy. This inconsis-
tency is further confounded by the absence of standardized for-
mulation and characterization procedures across studies, which
makes it challenging to assess and compare stability and per-
formance profiles. Also, instability in biological fluids, especially
in the presence of salts and proteins, may increase aggregation
and affect repeatability in vivo.*°

The chemical characteristics of GO, particularly its oxygen-
containing functional groups, can affect the stability of the
resulting formulations, requiring thorough supervision and
modification to improve stability.'*® The membrane stability of

RSC Pharm.

Ciprofloxacin and Metronidazole

Chloramphenicol, Ampicillin, and

Chloramphenicol, and Gentamicin

effectively inhibited the growth of the Enterococcus

faecalis strain

GO-DAP completely eradicated Enterococcus faecalis 32
within 24 hours and eliminated a significantly greater
bacterial count than DAP and GO alone during the

experiment

The combination showed significant synergetic 98
antibacterial activity in all bacterial groups
Increased antibacterial activity for GO-LMH but a 103
reduction in antibacterial efficacy for GO-CPC and
GO-GMS

GO-gelatin-Meropenem (GO-Gel-Mer) conjugate
demonstrated synergistic antibacterial activity of 45-50%
higher than Meropenem alone when tested against
Staphylococcus aureus, Escherichia coli, Listeria
monocytogenes, and Salmonella typhimurium

The minimum inhibitory concentration for
GO-Meropenem was lower (4-16 pg mL™") than GO and
Meropenem alone with 8-128 pg mL™" and 32-128 pg
mL ™" respectively

The results for zones of inhibition for GO-Vancomycin 99
and vancomycin were 20 mm and 9 mm in diameter
respectively while GO showed no zone of inhibition

against Staphylococcus aureus

100

101

GO depends on both structural design and proper engineering
of surfaces and interfaces.'®” However, the stability of GO-
based nanocarriers can be enhanced through cross-linking
with molecules or ions while using mixed materials in the for-
mulations. The introduction of intermolecular bonds through
hydrogen interactions strengthens the bond between GO layers
and substrates, improving structural stability.'’® However,
careful optimization is necessary as excessive modification
may influence antibiotic-loading capacity and
biocompatibility.

Like other nanoparticle systems, GO formulations are prone
to aggregation due to elevated surface energy, resulting in sedi-
mentation and diminished stability over time.'%® Stabilizers,
including polymers and surfactants, are frequently employed
to inhibit aggregation via electrostatic repulsion or steric hin-
drance; however, their efficacy may differ based on the formu-
lation.'® As aggregation may reduce the effective surface area
of GO, limit antibiotic adsorption efficiency, influence biodis-
tribution by altering circulation time, and affect antimicrobial
activity,.*® Therefore, mitigation of aggregation in GO-based
delivery systems is a barrier that must be addressed.

5.2. Biocompatibility, biodistribution, and clearance

When GO is administered intravenously to mice, biodistribu-
tion studies show that it predominantly accumulates in the
lungs, liver, and spleen, with smaller quantities found in the
bone, heart, and brain. This organ distribution is typical of
many nanomaterials and reflects uptake by the reticuloen-
dothelial system (RES), which can limit effective delivery to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The harmful effects of high-concentration GO in major organs of the human body.

infection sites.**%1?

Oxidative stress, apoptosis, and genotoxi-
city have been observed in cells exposed to GO. However,
studies report no significant changes in cell shape, viability, or
membrane integrity at lower doses. Thus, current data findings
indicate that GO exhibits biocompatibility at low concen-
trations but may raise safety concerns at higher concentrations
and prolonged exposure.’* Importantly, immune system acti-
vation, complement activation, and cytokine release have been
observed in some in vivo studies, indicating potential immuno-
toxicity that depends on surface chemistry and dose.'*?
Furthermore, longitudinal studies have shown that incomplete
clearance and prolonged tissue retention of GO can lead to
persistent inflammation, fibrotic responses, and altered organ
function, highlighting the need to understand degradation
pathways and excretion mechanisms.""® In this context,
reported ‘biodegradation’ of GO should be interpreted primar-
ily as immune-linked oxidative biotransformation (structural
oxidation or fragmentation) under specific inflammatory or
peroxidase-rich conditions, rather than universal rapid elimin-
ation. Clearance is likewise formulation-dependent: larger or
RES-associated GO fractions are more plausibly processed via
hepatic handling and hepatobiliary elimination, whereas renal
excretion is more feasible only for sufficiently small and well-
dispersed fractions. Therefore, biodegradability and excretion
should be framed as conditional properties requiring long-

© 2026 The Author(s). Published by the Royal Society of Chemistry

114 However, most available bio-

term in vivo quantification.
compatibility data are derived from in vitro models or short-
term animal studies, while systematic long-term in vivo toxicity
and biodegradation data remain limited, and therefore require
comprehensive long-term studies involving human subjects to
confirm these findings. One of the most challenging issues in
developing GO-based medication delivery systems is regulating
potential toxicity and understanding the degradation and
excretion mechanisms in living organisms. Surface modifi-
cations for functional applications and degradation ability rep-
resent the best option for successfully utilizing GO in bio-
medical applications.'™ GO’s unique structure, drug-loading
capabilities, and its great potential for use as a drug carrier
and other clinical applications require improvements in tox-
icity issues, alongside better biocompatibility results, and safe
degradation solutions through surface modification with bio-
compatible polymers. These modifications improve GO circula-
tion time and reduce immune system recognition.'*> However,
extended circulation may increase tissue accumulation, indi-
cating a significant trade-off between pharmacokinetics and
long-term safety, which must be carefully optimized."*®

5.3. Ethical Implications

GO possesses potential legal barriers in its use as a nano-
carrier platform, particularly in biological applications. These
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barriers are primarily regulatory and safety-related rather than
legal in a conventional sense and stem from uncertainties sur-
rounding the biological fate, toxicity, and environmental
impact of GO. The major difficulties emerge from health
dangers that arise from nano-matter exposure and ethical
operational choices. Thus, ethical issues are essential for guar-
anteeing safe and responsible advancement and application of
GO-based technology.'’” These considerations, including
patient safety, informed consent, and environmental responsi-
bility, must be addressed.

On occupational exposure, there is insufficient scientific
clarification concerning the health implications of workplace
exposure to nanoparticles, especially GO. This includes uncer-
tainty regarding safe exposure limits during GO synthesis, pro-
cessing, and handling, as well as the lack of GO-specific occu-
pational safety guidelines. This ambiguity requires ethical
decision-making to safeguard workers from possible
dangers.""® GO may accumulate in tissues, potentially eliciting
toxic reactions and delicate inflammatory responses. This is
particularly essential due to the varied side-effects of GO that
have been reported to depend strongly on GO dose, lateral
sheet size, surface chemistry, and aggregation state. These out-
comes generate ethical issues regarding the safety and long-
term health consequences for those exposed to GO-based
nanocarriers."*®"?° The absence of a standard protocol for the
synthesis, characterization, and biological applications of GO
nanomaterials is a significant limitation in this field. Lack of
standard procedures for the characterization of GO, including
size, thickness, degree of oxidation, surface charge, and dis-
persion stability, is a critical limitation for reproducibility, tox-
icity comparisons, and clinical translation.

Furthermore, a lack of standardized antibacterial methods,
including differences in inoculum size, antibacterial assay
(e.g., MIC, disk diffusion, time-kill), and reporting methods
(activity index, inhibition zone, and growth percentage), also
limits the comparability of studies and results in variation in
the conclusions about antibacterial properties. Also, limited
biodegradability experimental results of GO raise concerns
regarding the environmental persistence of GO following
large-scale biomedical or industrial use. Collectively, these
factors highlight the need for GO-specific regulatory frame-
works and risk assessment strategies to enable the safe trans-
lation of GO-based antibiotic delivery systems from laboratory
research to clinical and environmental settings.

5.4. Scalability and Commercial Viability

GO has substantial capacity as a nanocarrier because of its dis-
tinctive features; however, its commercial viability and scalabil-
ity are hindered by numerous obstacles. The complexities of
its production, the necessity for consistent quality, and the
economic feasibility of large-scale manufacturing are the
sources of these challenges. The full potential of GO in com-
mercial applications must be realized by overcoming the tech-
nical and economic obstacles that arise during the transition
from laboratory-scale synthesis to industrial-scale pro-
duction.”® The scalability of GO production is hindered by
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difficulties in producing ultra-large GO (ULGO), primarily due
to sheet fragmentation and gelation. Thus, it is challenging to
maintain the structural integrity of GO sheets during the oxi-
dation and purification procedures.’*® Also, choosing the
appropriate starting material and reaction media constitutes
an essential factor for obtaining GO. Production costs remain
a key challenge, as the reaction depends on the oxidation
process.’® Furthermore, it is challenging to obtain consistent
product quality, resulting in batch-to-batch variations. This is
part of the larger lack of standardized manufacturing and
quality control processes for GO, which is a major obstacle to
scaling up and regulatory approval.'?* The quality assessment
of GO requires strict protocols that add resources and expense
to production costs.'*!

Finally, the synthesis of GO generates significant amounts
of wastewater, requiring specialized treatment methods for
environmentally responsible disposal. Additionally, without
more efficient production routes, high costs are likely to
prevent widespread adoption and commercialization.”*' In
general, the absence of standardized protocols for the syn-
thesis, characterization, biological testing, and reporting is a
key challenge in the field, and limits the reproducibility, inter-
study comparison, and translation to clinical practice of GO-
based antibiotic delivery systems. Addressing these challenges
will be critical for translating GO-based technologies from
research to market applications.

6. Future directions and prospectives

The formulation techniques for GO alongside antibiotics
establish promising outcomes through enhanced antibiotic
effect and delivery precision. GO is a promising candidate for
drug delivery, undergoing scientific investigation due to its dis-
tinctive functional properties and high surface area. Recent
studies have prioritized both GO-based nanosheet develop-
ment alongside antibiotic integration to fight microorganisms
that have become drug-resistant. These developments have
been created to improve treatment effectiveness through better
drug capacity, antimicrobial properties, and release kinetics
control. Thus, modern advancements in technology stimulate
medical research to achieve better treatment outcomes,
address antibiotic resistance with better drugs, and improve
delivery systems. The objective of these advancements is to
enhance therapeutic outcomes and address the challenges of
antibiotic resistance by enhancing drug loading efficiency,
release profiles, and antimicrobial activity.”® Paramount
among innovative GO formulations for better antibacterial
efficacy is the integration of other materials. Scientific analysis
is investigating the integration of GO with multiple materials,
including biodegradable polymers and nanocarriers, to
develop more extended-release properties for antibiotics. The
approach targets maintaining drug levels above the MIC
(minimum inhibitory concentration) to reduce resistance
development in bacteria for long-duration applications.'**"**
In combination therapy, researchers have achieved success in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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using GO to deliver multiple drugs. Thus, future research on
multiple-antibiotic delivery via GO for managing multidrug-
resistant bacteria is needed.’

7. Conclusion

GO has emerged as a game-changing nanocarrier for antibiotic
delivery, combining unparalleled potential with its high
surface area, biocompatibility, and versatile functionalization
capabilities. Beyond enhancing antibiotic efficacy, GO precisely
targets multidrug-resistant bacteria, opening the door to a
broader range of treatment options. Its advanced drug-delivery
features, controlled release, antibacterial activity, and synergy
with combination therapies make it a leader in combating bac-
terial resistance. However, challenges like chemical instability,
aggregation, potential toxicity, and scalability pose hurdles to
its clinical breakthrough. To utilize GO’s full potential, several
steps should be considered, including conducting more in vivo
and in vitro studies and environmental assessments.
Furthermore, careful standardization, safety evaluation, and
regulatory oversight are required to advance GO-based anti-
biotic delivery systems toward widespread clinical adoption
and to make GO a more prominent agent in the fight against
antimicrobial diseases by reducing the incidence of antibiotic
resistance.
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