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and biomedical utility.[3] To improve its poor 
water dispersibility, direct oxidation of PG is 
the most feasible and useful method, gen-
erating various PG derivatives including 
graphene oxide (GO), reduced GO (rGO), 
hydrated GO (hGO), and graphene 
quantum dots (GQDs).[4] By introducing oxi-
dative groups on graphene sheets through 
oxidation processes, GO and its analogues 
usually feature good hydrophilicity and are 
thereby of great interest for potential utiliza-
tions in the biomedical field.[5]

Functionalization of PG derivatives with 
biocompatible and water-soluble molecules 
such as chitosan,[6] PEG,[7] and hyaluronic 
acid[8] is another alternative to overcome 
their hydrophobicity.[9] With the rapid 
development of modification methods 
(noncovalent or covalent) and grafting 
molecules (polymers or small molecules), 

the graphene family has been expanded dramatically. Mean-
while, functionalization endows graphene with diverse physi-
ochemical properties, which thereby facilitates graphene mate-
rials (GMs)-based applications in biomedical fields.[10] Accompa-
nying the expansion of available GMs, tremendous efforts have 
also been made to explore broader therapeutic and diagnostic 
applications.[11] The last few decades have witnessed outstanding 
performance of GMs in pathogen-killing,[12] cancer therapy,[13] 
biosensing,[14] drug delivery,[15] cellular signaling,[16] etc.

Despite exciting progress in many areas, there is still a long 
way to go before applying GMs as biomedicine or biomedical 
devices in clinic.[17] The fundamental obstacle is the biosafety 
concern of GMs.[18] Although some publications claimed that 
GMs were beneficial for the adhesion and proliferation of oste-
oblasts,[19] stem cells,[20] and cancer cells,[21] many other reports 
demonstrated that GMs exhibited both short-term cytotoxicity 
and long-term in vivo damage.[22] The controversy related to 
biosafety of GMs needs to be cleared in order to pave the way 
for further biomedical applications. Modification of GMs with 
biocompatible molecules has been considered as an effective 
strategy for enhancing the biocompatibility and biosafety of 
GMs. Nevertheless, the toxicity of GMs remains debatable.[23]

The diversity of GMs arising from non-standardized syn-
thesis and uncontrolled functionalization is one of the major 
reasons that creates controversy related to the biocompat-
ibility of GMs. Inconsistent protocols implemented by dif-
ferent research groups result in diverse graphene derivatives, 
which consequently leads to disputable biological responses 

Understanding the underlying molecular mechanism of how graphene mate-
rials (GMs) interact with biological surfaces is the key to develop safe and 
effective biomedical applications of GMs. Here, a systematic and compre-
hensive mechanistic perspective of interactions between pristine GMs and 
biological membranes is provided. To this end, first the known mechanisms 
of interaction between GMs and membrane components are summarized and 
classified, with a focus on phospholipids, cholesterol, and membrane proteins. 
Both experimental observations and computational simulations are included. 
Detailed experimental conditions and physiochemical properties of GMs are 
listed for each cited application. At the end of this review, current challenges 
and conflicts that limit biomedical applications of GMs are discussed. Based on 
reported mechanisms, guidelines for future studies to address the remaining 
challenges are proposed, specifically with respect to modulating the intrinsic 
properties of GMs for more efficient and safer therapeutic applications.
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1. Introduction

Graphene is a single layered, hexagonally packed 2D carbon sheet 
that consists of sp2-hybridized carbon atoms. It has attracted 
much attention since its first isolation in 2004.[1] The highly con-
jugated structure gives pristine graphene (PG) a large delocal-
ized electron system, high surface area as well as outstanding 
electrical, mechanical and photothermal properties, which makes 
it a promising candidate for applications in many disciplines.[2] 
However, the inherent hydrophobicity of PG hinders its biological 

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which 
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
adaptations are made.
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and toxi city.[2] Taking GO as an example, the method of produc-
tion, purity, number of layers, size, and oxidation degree are all 
important parameters that are closely related to its biological 
performance.[24] Yet, these physiochemical properties of GO 
vary extensively from one research group to another. Without 
standardized production, it is difficult to even identify and 
characterize these materials, not to mention analyzing their 
interactions with biological systems.[25] Under these circum-
stances, it is not surprising that contradictory results co-exist in 
literature.[24] Some researchers have attempted to classify GMs 
according to their compositions and physiochemical proper-
ties.[26] Hopefully, a clear and unified nomenclature for GMs 
will be developed in the near future.

The complexity of biological surfaces is another factor that 
exacerbates the contradictions. For instance, plasma membrane 
(PM), which consists of a phospholipid bilayer structure with 
membrane proteins, carbohydrates and cholesterol dispersed 
on it,[27] acts as the outer boundary of a mammalian cell and 
thereby interacts with GMs directly. By contrast, cell membranes 
of most bacteria, fungi, and yeast are usually enveloped by dif-
ferent types of cell walls.[28] Even among bacteria, the cell wall of 
Gram-negative bacteria differs significantly from that of Gram-
positive bacteria. Specifically, the former consists of a phos-
pholipid bilayer and a peptidoglycan layer, while the latter only 
possesses a thicker peptidoglycan layer.[29] A cell-type-dependent 
activity of GMs has been reported by many researchers, which 
fuels the debate on biomedical applications of GMs. Biological 
membranes not only have complex components that are associ-
ated with the cell types, but also have dynamic structures and 
conformations that vary in response to the external environ-
ment and intracellular communications.[30] In order to help 
future toxicology studies of GMs, we need a more global view of 
such interaction at the cellular level, as well as a molecular-level 
understanding of GMs-cell-membranes interaction.

To date, the underlying molecular mechanisms of how GMs 
interact with cell membranes are still poorly understood.[31] 
Computational simulations and experimental observations have 
made some progress in this area. A few reviews have summa-
rized and categorized these interaction mechanisms at cellular 
level.[32] However, current knowledge regarding molecular-level 
interactions of GMs and biological surfaces is less organized. 
Herein, for the first time, we systematically review the recent 
research progress regarding the interactions between GMs and 
biological membranes from a perspective of molecular mecha-
nisms and dynamics. For this purpose, we start by listing the 
known molecular mechanisms of interactions between native 
(non-functionalized) GMs and several membrane components, 
including phospholipids, cholesterol, and membrane proteins. 
The roles of some crucial supramolecular interactions, such as 
the van der Waals forces, hydrophobic interactions, hydrogen-
bonding, and electrostatic interactions, are discussed for each 
mechanism. Some of the important mechanisms are sum-
marized in Table  1. We discuss the structure-property-activity 
relationships of GMs. Potential guidelines for tailoring the 
structural properties of GMs for better biomedical application 
are also proposed. Here we put a particular focus on enhance-
ment of GMs bactericidal activity, minimization of GMs 
cytotoxi city for mammalian cells, and improvement of GMs 
selectivity for cancer cells. Finally, we provide new insights into 
the major knowledge gaps and perspectives for future research.

2. Interaction Between GMs and Phospholipids

Phospholipids are amphiphilic molecules with a hydrophilic 
head group and two long-alkyl chains as hydrophobic tails.[35] 
Phospholipid bilayer, also known as the cellular membrane, 
is the most crucial structure of mammalian and bacterial cells 
that maintains cell integrity and protects cells from exogenous 
damage.[36] In this section, six proposed interaction mechanisms 
between GMs and phospholipids will be introduced: i) inserting/
cutting mode, ii) lipid extraction mode, iii) pore formation mode, 
iv) masking mode, v) lipid peroxidation, vi) electron transfer.

2.1. Insertion/Cutting Mode

The insertion/cutting mechanism was initially proposed by Hu 
et  al. based on experimental observations in 2010.[37] Hu and 
coworkers noticed severe damage on the cell membrane of 
Escherichia coli under transmission electron microscope (TEM), 
along with loss of cellular integrity and release of cytoplasm 
upon exposure to GO, rGO nanosheets, or graphene paper. In 
line with Hu’s report, Akhavan and Ghaderi later found that 
GO nanowalls (GONWs) and reduced graphene nanowalls 
(RGNWs) exhibited higher antibacterial activities against E. coli 
and Staphylococcus aureus than the suspension of GO and rGO 
nanosheets (Figure 1a).[33] Interestingly, Gram-positive bacteria 
were more sensitive to both GONWs and RGNWs than were 
Gram-negative bacteria. The authors attributed the antibacte-
rial mechanism to direct cell membrane damage caused by the 
sharp edges of nanowalls, which could pierce the cell mem-
brane and insert themselves into it, cutting it like blades. The 
efflux of RNA provided solid proof for this mechanism. Some 
perpendicularly orientated nanosheets on the substrate were 
captured under scanning electron microscope (SEM), which 
explained the formation of sharp edges (Figure 1b).

Following up on the proven antibacterial activity of GMs, 
Tu and co-worker investigated underlying molecular mecha-
nisms of such cytotoxicity experimentally and theoretically.[34] 
Initially, the authors observed that similar GO induced mem-
brane damage on E. coli within a certain incubation time 
(Figure  1c). To explain this behavior via molecular dynamics 
(MD) simulation, they built all-atom lipid models of both 
outer and inner membrane of E. coli, as well as a graphene 
model mimicking Akhavan and Ghaderi’s experimental con-
dition (deposition of graphene on a stainless-steel substrate). 
As expected, spontaneous insertion of graphene nanosheets to 
both membranes was observed during simulation (Figure 1d). 
Moreover, energy profiles of this insertion mode indicated 
that strong van der Waals attractions and hydrophobic inter-
actions between graphene and membrane phospholipids were 
the driving forces that trapped the tail of graphene into cell 
membranes, followed by the spontaneous rapid insertion of 
graphene into the cell membranes. Moreover, GO nanosheets 
in the MD simulation exhibited almost the same behavior as 
graphene nanosheets. The authors also pointed out that the 
size of GM nanosheets correlated positively with the extent of 
lipid extraction.

Although the insertion/cutting mechanism was supported 
by electron microscopy and computational simulations, it 
remained unclear whether the sharp edges of GMs contributed 
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to their bactericidal nature. In good agreement with Akhavan 
and Ghaderi,[33] some follow-up studies demonstrated the 
importance of the sharp edges of GMs for their antibacterial 
activity. Direct experimental data proved that GMs oriented 
perpendicularly to the bacterial surface had higher antibacte-
rial activity than GMs with random or parallel orientation.[38] 
By contrast, other reports claimed that it was the basal plane, 
rather than the sharp edges of graphene, that contributed to the 
strong interaction between graphene and the lipid bilayer.[39]

Another controversy regarding insertion mode concerned 
the final/stable configuration of GMs in the membranes. Two 
possible insertion behaviors have been reported: i) GMs aligned 
parallel along the midplane of the lipid bilayer and formed a 
sandwiched graphene-membrane structure (Figure  1e-A); 
ii) GMs cut across the membrane and ended up with a near-
perpendicular configuration (Figure  1d). Titov et  al. were the 
first to simulate an equilibrated graphene-membrane super-
structure in a sandwiched configuration. They concluded that 
this superstructure was more stable than that of graphene 
inserted vertically into the membrane.[40] Further experimental 
investigations demonstrated that the configuration of GMs 
was closely related to the lateral size and the oxidation degree. 

According to Li et  al., the insertion of micrometer-sized gra-
phene flakes into the membrane started when the sharp edges 
or corners of graphene oriented nearly orthogonally to the 
membrane. Then, driven by the attractive interaction between 
graphene and the tail of phospholipids, graphene migrated 
until it ended up as an almost perpendicular transmembrane 
object.[41] Smaller graphene flakes, on the other hand, prefer-
entially ended up embedding horizontally in the bilayer and 
forming the sandwiched structure. This notion was confirmed 
by Chen et  al., who provided experimental evidence for the 
existence of sandwiched graphene-membrane structure in two 
mammalian cell lines: the murine macrophage cell line J774A 
and the murine breast cancer cell line 4T1 (Figure  1e-A,B). 
Molecular simulation was also employed to support their 
experimental results.[30c,42] Similar size-dependent insertion 
behavior was further confirmed by Yi and Gao, who attributed 
the near-perpendicular penetration of graphene microsheet to 
the membrane splay and tension energies. Interestingly, they 
did not report the sandwiched structure proposed previously 
for small graphene sheets. Instead, a parallel attachment mode 
on the surface of the membrane was observed.[43] Moreover, 
Wang et  al. proposed that the orientation of graphene relative 

Table 1. The physiochemical properties of GMs, cell lines, and proposed interaction mechanisms.

GMs Size Concentration of GMs [µg mL−1] Incubation time [h] Interaction mechanisms Cell lines Ref.

GO
rGO

205 nm 85 2 Mechanical damage and ET E. coli,
A549

[37]

GONWs
RGNWs

– – 1 Mechanical damage and ET E. coli,
S. aureus

[33]

GO 50 nm,
205 nm,
500 nm

100 2.5 Insertion and lipid extraction E. coli [34]

PG film – – 12 Pore formation P. aeruginosa
S. aureus

[48]

GO 200–700 nm 200 6 Pore formation A549,
Raw 264.7

[49]

GO 0.010–0.7353 µm2 40 2 Wrapping E. coli [51]

PG film – – 24 ET E. coli,
S. aureus

[60]

Gt
GtO
GO
rGO

6.87 ± 3.12 µm
6.28 ± 2.50 µm
0.31 ± 0.20 µm
2.75 ± 1.18 µm

80 2 Mechanical damage and ET E. coli [62]

GO film – – 3 Mechanical damage and ET E. coli [38a]

GO-S
GO-L

50–300 nm
10–40 µm

12.5 3 Cholesterol oxidation Neutrophils [68]

GO 800 ± 30 nm 0.5–1 2 Cholesterol extraction Sperm cells [69]

GO 1–2 µm 40 24 Activation of TLR4 signaling,
Oxidative stress,

Impairment of cytoskeleton

J774A.1,
Raw 264.7

[70]

S-GO
L-GO

50–350 nm
50–1300 nm

20 24 Endocytosis by microphages,
Activation of the TLRs and 

NF-κB pathways

J774A.1 [73]

GO 0.5–4 µm 100 24 Activation of AQP1 MCF-7 [71]

GO 100–300 nm 4
10

24 Activation of integrin-FAK-Rho-
ROCK pathway.

J774A.1
A549

[72]
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to the membrane was determined by its oxidation degree.[44] 
Specifically, graphene with higher oxidative level at the edges 
was showed to pierce into the bilayer membrane and stand 
across the bilayer, as these edges favored the interaction with 
hydrophilic head groups of lipids. PG or less oxidized graphene 
sheets, on the other hand, lay parallel in the middle of the lipid 
bilayer, which supported the sandwich hypothesis.

2.2. Lipid Extraction Mode

Unlike the insertion/cutting mode which had been confirmed 
by experiments, lipid extraction was a novel mode. It was 

discovered for the first time as a co-existing mechanism with 
the insertion/cutting mode in Tu’s simulation.[34] When con-
tacting a dispersive, flat PG or GO model with inner and outer 
membranes of E. coli, Tu and co-workers found that phospho-
lipid molecules were robustly extracted from cell membranes 
to both sides of the graphene surface (Figure  1d). Dynamic 
energy profiles revealed that short-range van der Waals attrac-
tion between GMs and phospholipids caused nanosheets to 
approach and contact the surface of the membranes. Strong 
adhesion between GMs and phospholipids was able to over-
come the hydrophobic packing among phospholipids and 
played a dominant role for lipid extraction from the cell 
membrane onto the graphene nanosheet. As lipids kept 

Figure 1. GMs-phospholipids interaction: insertion/cutting mode and lipid extraction mode. a) Cytotoxicity of GONWs and RGNWs to E. coli (left) 
and S. aureus (right), along with concentrations of RNA in PBS buffer after exposing bacteria to the nanowalls for 1 h. b) SEM images of the GONWs 
deposited on stainless steel substrate. Inset: the cross-sectional SEM view of GONWs which indicates nearly perpendicular orientation of GO relative 
to the substrate. c) TEM images of E. coli after incubation with GO (100 µg mL−1) nanosheets at 37 °C for 2.5 h. The morphology changes of E. coli can 
be divided into three stages: A, initial morphology (stage I); B,C, partial damage of cell membranes (stage II), and arrows indicate the “lipid extraction” 
mode (Type B). D–F, the complete loss of membrane integrity (stage III), where D and F represent the “insertion/cutting” mode (Type A). Both interac-
tion modes are shown in E. d) Representative simulated trajectories graphene nanosheet insertion and lipid extraction in A) the outer membrane and 
B) inner membrane of E. coli. e-A) Cartoon illustration, B) super-resolution confocal images, and C) TEM images of GO-membrane sandwiched super-
structure. In confocal images, the green color represents cell membrane, the red spots indicate GO and merged yellow color represents the sandwiched 
GO in the membrane. Scale bar = 1 µm. a,b) Reproduced with permission.[33] Copyright 2010, American Chemical Society. c,d) Reproduced with permis-
sion.[34] Copyright 2013, Springer Nature . e) Reproduced with permission.[30c] Copyright 2019, American Association for the Advancement of Science.
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moving onto the surface of graphene/GO nanosheets, the 
nanosheets were dragged toward the membrane, leading to a 
deeper cell membrane penetration (insertion). Therefore, the 
authors proposed that this extraction mode co-existed with 
the previously described insertion/cutting mode. It should be 
noted that similar lipid-extraction behavior occurred on both 
outer and inner membrane models, except that the inner 
membrane featured faster kinetics and stronger lipid extrac-
tion compared with the outer membrane. Inspired by these 
computational results, Tu et al. then verified this lipid extrac-
tion phenomena experimentally. The TEM images of E. coli 
treated with GO are shown in Figure 1c. Taking the size effect 
of GMs into consideration, the authors declared that bigger 
PG and GO flakes had more phospholipid extraction power 
(and consequently stronger antibacterial activity) than smaller 
flakes.

Given that the newly postulated lipid-extraction mecha-
nism was built on a simple graphene model with a flat sur-
face in a dispersed form, limitations to explaining how various 
GMs interacted with the cell membranes still existed. Thus, 
extensive studies to expand this model continued. Luan et  al. 
further came up with a wetting-based theory to explain the 
energetics and dynamics of lipid-extraction process by curved 
graphene.[45] The authors stipulated that lipid extraction by 
graphene mainly arose from its hydrophobic surface. During 
the extraction process, hydrophobic interaction between gra-
phene and the tails of lipids ensured the absorption of lipid 
onto graphene, while the hydrophilic headgroup of lipid bent 
toward water. In other words, lipid extraction could be defined 
as a wetting process (Figure 2a). In addition, the curvature of 
graphene had significant influence on the extraction process. 
Specifically, lipid extraction preferred occurring on a concave 
surface of graphene than a flat surface, while barely any phos-
pholipid was extracted on a convex graphene surface. This 
insight into curvature-dependent lipid extraction might be 
helpful in designing more efficient graphene-based antibacte-
rial materials.

However, conflicting results on interaction forces involved in 
lipid extraction mode were reported by Wu et al. using surface-
enhanced infrared absorption (SEIRA) spectroscopy.[46] Instead 
of reliance on the hydrophobic tails of phospholipids, the 
authors identified that it was the interaction strength between 
GO and hydrophilic head groups of lipids that drove the extrac-
tion process. After probing the molecular interaction between 
GO and a supported lipid membrane, they concluded that a 
synergistic mechanism of four weak interactions was the key 
point for the extraction of phospholipid by GO. These interac-
tions included electrostatic repulsion, electrostatic attraction, 
hydrogen bonding, and hydrophobic interaction (Figure  2b). 
Zhang et  al. further studied possible influences of oxidation 
degree of GO on this synergistic mechanism, using SEIRA, 
confocal laser scanning microscopy and electrochemical imped-
ance spectroscopy.[47] The authors concluded that a delicate bal-
ance between the above listed interactions must be maintained 
in order to obtain a successful extraction of phospholipid. The 
oxidation degree of GO played a dominant role for the extrac-
tion: too few or too many oxygenated groups on the surface of 
GO might significantly weaken or even eliminate lipid extrac-
tion (Figure 2c).

2.3. Pore Formation Mode

Pore formation in cell membranes, caused by graphene 
nanosheets, was first reported by Pham et al., who performed 
a series of single-chain main field simulations to study interac-
tion between bacterial membranes and PG.[48] The results sur-
prisingly showed that instead of being simply cut by PG, the 
lipid bilayer actually could deform to ensure a maximum con-
tact with the lipophilic surface of PG. The deformation thereby 
induced pore formation within the cell membrane. Further-
more, the authors proposed that these pores could disturb the 
osmotic pressure of bacterial cells, which might be lethal to the 
cells. Meanwhile, they observed that after incubating with PG, 
dead S. aureus cells swelled to much larger size than normal 
living cells, which backed up their pore formation theory 
(Figure 3a).

Later, similar results were reported by Duan and coworkers 
in different mammalian cell lines.[49] Using electron, optical, 
and fluorescence microscopy, Duan et  al. directly observed 
plenty of membrane pores appear in GO-treated mammalian 
cells, such as A549 cells, Raw 264.7 cells, Beas-2b cells, HUVEC 
cells, and HepG2 cells (Figure  3b). The size and number of 
these pores kept expanding with increasing dose of GO or with 
increasing exposure time. However, the mechanism behind 
membrane pore formation was not clear. Especially, Duan et al. 
did not observe any pore formation in their previous simula-
tion of graphene-cell membrane interaction.[34] Given that the 
lipid-extraction mode only involved a single graphene sheet, 
two parallel-oriented PG nanosheets were then introduced in 
a new simulation, to mimic the interaction between GO and 
PM. This simulation demonstrated that cooperative extraction 
of phospholipids from the cell membrane by multiple graphene 
nanosheets was responsible for pore formation (Figure  3c). 
Altogether, the nature of pore formation mode was based on 
the lipid-extraction mechanism. That is, insertion of multiple 
graphene or GO nanosheets led to stronger lipid extraction and 
severe membrane damage, resulting in pore formation.

Interestingly, a MD simulation performed by Chen et  al. 
reported that PG and GO exhibited different behaviors when 
interacting with lipid bilayer.[50] As shown in Figure  3d, the 
hydrophobic interaction between lipid tails and PG could drive 
PG into the bilayer with a parallel orientation relative to lipid tails, 
regardless of the initial trajectories of PG (vertical or parallel). 
Additionally, the penetration of PG showed little influence on the 
integrity of the membrane and no pore formation was triggered 
by PG. However, due to hydrophilic domains on the surface, GO 
nanosheets did not insert into the membrane, but rather stayed 
at the water-membrane interface and extracted phospholipids 
from the bilayer onto their own surface. This resulted in pore 
formation and loss of membrane integrity. It is worth noting that 
the authors did not observe any variation in lipid extraction effi-
ciency related to the size of PG flakes, although they used PG 
and GO models with three different sizes.

2.4. Masking Mode

The masking effect, referring to an entire cell surface being 
covered by parallel-oriented GO sheets, was first reported by 
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Liu et al. in 2012.[51] The authors found that GO flakes exhibited 
a size-dependent cytotoxicity for E. coli. Atomic force micros-
copy (AFM) was used to investigate possible mechanisms 
(Figure  4a). The results showed that E. coli cells were fully 
wrapped by large GO sheets and isolated from the extracel-
lular environment. The authors argued that this might block 
membrane transport and even cell proliferation. In contrast, 
the adherence of small GO sheets on the cell surface could 
not isolate bacteria. Thus, the bactericidal activity of small 
GO was weaker than that of large GO sheets. A similar result 
was reported by Russier in 2013 with the assistance of SEM 
and Raman spectroscopy. They observed that large GO sheets 
mask primary human cells and murine phagocytic cells, while 
smaller GO sheets were mainly internalized by both types of 
cells.[54]

Besides direct observations, the masking mode was also 
predicted by several computational simulations. Among these, 
Dallavalle et  al. reported that, in addition to penetrating the 
membrane, PG could also adhere to the surface of cell mem-
branes and promote translocation of phospholipids (flip-flop) 

(Figure 4b).[52] The authors proposed that the overturned phos-
pholipids were responsible for the so-called masking effect of 
graphene sheets. Moreover, the masking effect was dependent 
on the size of the PG flakes. Specifically, smaller PG could 
easily pierce through the phospholipid membrane. As the size 
increased, strict geometric orientation became necessary for 
PG to cross the bilayer. However, no piercing behavior was 
observed for larger PG nanosheets. Instead, they mainly lay flat 
on the surface of the membrane and flipped the phospholipids 
underneath (Figure 4c). According to the authors, phospholipid 
translocation triggered by larger PG reduced the order of cell 
membrane and eventually wreak havoc to the membrane. How-
ever, this contradicted Chen’s conclusion that PG exhibited a 
non-invasive insertion behavior into the lipid bilayer.[50]

Although both experimental and simulated results have 
been published, demonstrating the masking mode, a reliable 
molecular mechanism was still lacking. Nevertheless, learning 
self-assembly behavior of phospholipids on the surface of GMs 
might help in understanding the masking effect. For this pur-
pose, Hirtz et  al. assembled a phospholipid membrane on a 

Figure 2. GMs-phospholipids interaction: more simulation results of lipid extraction mode. a) The dynamic process of wetting-based lipid extraction 
by the curved graphene. Left: time-dependent numbers of extracted lipids on the concave surface (blue) and the convex surface (orange) of curved 
graphene. Inset: a top view of simulation system. Right: a side view of the final state in simulation. b) Schematic diagram of interactions between 
GO and lipid membrane that contribute to the extraction of phospholipids. c) The synergistic mechanism of weak interactions between GO and lipid 
membrane that cause the extraction of lipids. a) Reproduced with permission.[45] Copyright 2016, The Royal Society of Chemistry. b) Reproduced with 
permission.[46] Copyright 2015, American Chemical Society. c) Reproduced with permission.[47] Copyright 2019, American Chemical Society.
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graphene substrate to mimic the interface of graphene with 
cellular membranes using dip-pin nanolithography (DPN).[55] 
The combination of AFM and Raman spectroscopy was used 
to examine the layer organization. Using air as the medium, 
an inverted lipid bilayer structure was captured, with the tail 
groups of phospholipids oriented toward the graphene support. 
Upon immersion in different buffers, the preformed inverted 

bilayer structure on graphene support reassembled into a 
phospholipid monolayer structure, exposing the hydrophilic 
headgroups of lipids to the aqueous solution. According to the 
authors, the hydrophilicity of the substrate and surrounding 
environment were crucial for the self-assembly of lipids.

In good agreement with results of Hirtz et  al.,[55] Willems 
and coworkers recently reproduced the self-assembly behavior 

Figure 3. GMs-phospholipids interaction: pore formation mode. a) Live-dead stain of S. aureus after the insertion of graphene sheet. Green represents 
normal, viable cells, while red indicates nonviable cells with increased sizes. Scale bar = 10 µm. b) Morphologies of b-A) A549 and b-B) Raw 264.7 cells 
under SEM after incubated with GO (200 µg mL−1) for 6 h. Scale bar = 10 µm. The subfigures 1, 2, 3, and 4 represent staged membrane damage during 
different phases of incubation. c) MD simulation of pore formation process driven by two parallel graphene nanosheets. c-A) Side view of the initial 
simulation system. c-B) Time-dependent numbers of water influx trough phospholipid membrane after introducing two parallel graphene nanosheets in 
simulation. c-C) Top view of the final stimulated configuration of membrane pore. d) Different trajectories of interaction between lipid membrane with 
PG (up) or GO (down), where PG preferred inserting into lipid membrane and located vertically in the membrane, whereas GO could pull lipids out of 
the membrane onto its surface and thereby induced membrane pore formation. a) Reproduced with permission.[48] Copyright 2015, American Chemical 
Society. b,c) Reproduced under the terms of the CC-BY 4.0 license.[49] Copyright 2017, The Authors, published by Springer Nature. d) Reproduced with 
permission.[50] Copyright 2016, American Chemical Society.
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of phospholipids on PG support with a more detailed dynamic 
process.[53] Additionally, Willem et  al. also provided insights 
into molecular details of lipid interactions with the GO surface, 
both theoretically (using coarse-grained MD) and experimen-
tally (AFM). In particular, a “1.5 bilayer structure” was obtained 
on GO surface in air, which consisted of a wetting monolayer 
with the head groups of phospholipids directly contacting GO 
surface, and an inverted bilayer on top of this wetting mon-
olayer, as displayed in Figure  4d-F. Interestingly, driven by 
the interactions between the head groups of lipids and the 
hydrophilic surface of GO, the preformed 1.5 bilayer structure 
underwent a spontaneous reorganization with the addition of 
water into simulation system, forming a stable bicelle-like con-
figuration (Figure 4e). It was noteworthy that the strong hydro-
phobic interactions between phospholipids and GMs reduced 
the overall lipid order of the supported lipid membrane, com-
pared to free standing lipid bilayers. Altogether, the reorganiza-
tion of lipids and reduced lipid ordering caused by PG and GO 

might be indicative of what happened to cell membranes in the 
masking mode.

2.5. Lipid Peroxidation

Besides physical disruption of cell membranes, oxidative 
stress was another main cause of toxicity of GMs. In the 
process of reactive oxygen species (ROS)-dependent oxida-
tive stress, ROS generated by GMs resulted in oxidation and 
damage of components on the cell membrane, as well as intra-
cellular components such as DNA and proteins.[32d] The oxida-
tion of lipids produced several reaction products which were 
collectively called lipid peroxides. Excessive lipid peroxidation 
led to membrane disintegration and cell death.[57] Krishna-
moorthy et  al. reported a very strong bactericidal activity of 
GO nanosheets based on lipid peroxidation.[58] The observed 
minimum inhibitory concentration values of GO nanosheets 

Figure 4. GMs-phospholipids interaction: masking mode. a) AFM amplitude images and cell viability of E. coli after incubation with large GO sheets 
(GO-0) or small GO sheets (GO-240) for 2 h. For AFM image, the concentration of GO suspensions was 40 µg mL−1, while cell viability was determined 
under 80 µg mL−1 GO suspensions. b) Illustrative snapshots of a size-induced piercing through or adhering onto lipid membrane of PG. c) A view of 
phospholipid membrane when large PG sheet adhered on the surface (left) and a patch of upturned phospholipids on membrane after peeling off the 
large PG sheet. d) AFM images of L-DPN generated lipid membranes on d-A) PG and d-B) GO surfaces in air with corresponding height measure-
ments (d-C, d-D). d-E,F) Representative snapshot of the inverted lipid bilayer on PG (d-E) and the 1.5 lipid bilayer configuration on the surface of GO 
in CG-MD simulations. e) Snapshots of the initial and final configuration of CG-MG simulations of lipid bilayer on the surface of PG and GO in water.  
a) Reproduced with permission.[51] Copyright 2012, American Chemical Society. b,c) Reproduced with permission.[52] Copyright 2015, American  
Chemical Society. d,e) Reproduced with permission.[53] Copyright 2017, American Chemical Society.
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against E. coli, Salmonella typhimurium, Bacillus subtilis, 
and Enterococcus faecalis were lower than that of kanamycin  
(a standard antibiotic).[58]

Another report by Li and coworkers explored the relation-
ship between oxidative degree of GMs surface and level of 
lipid peroxidation in mammalian THP-1 and BEAS-2B cells 
(Figure  5).[56] After comparing the pro-oxidative effects of 
GO, rGO, and hGO of similar lateral size (100–150  nm), the 
authors concluded that hGO induced more lipid peroxidation 
and exhibited higher cytotoxicity than GO. rGO exhibited only 
minimal effect on cell viability. The increased lipid peroxidation 
is correlated with the carbon radical density on the surfaces of 
GMs. The authors then illustrated the whole process of lipid 
peroxidation: carbon radicals on the basal plane of GMs first 
donate electrons to surrounding O2, then ROS is generated and 
unsaturated lipids that are in contact with GMs are oxidized, 
yielding lipid peroxides which are responsible for membrane 
damage and cell death. It has been demonstrated that the den-
sity of carbon radical on the surface of GO is closely correlated 
with their carbon to oxygen ratio (C/O).[59] By manipulating the 
oxidative groups and oxidative degree of GO, proper radical 

content can be achieved easily, which facilitates the biological 
applications of GO.

2.6. Electron Transfer

Electron transfer (ET) from bacteria to GMs was proposed to 
kill bacteria by disturbing, oxidizing, or depleting vital cellular 
structures or components. ET induced oxidation was a ROS-
independent process, which might induce degradation of intra-
cellular molecules and thereby kill cells. The fundamental basis 
of the ET mechanism was that bacteria tended to exchange elec-
trons with the external environment through their respiratory 
chains located on their membrane. GMs could interfere with 
the activity of the respiratory chain. To achieve efficient ET, 
direct contact between bacteria and GMs was required.

Currently, only a few reports on ET between GMs and bac-
teria are available. Most of these reports did not provide direct 
evidence for ET causing cell death. Instead, they offered indi-
rect evidence, showing that GMs could oxidize glutathione 
(GSH) in buffer solution without producing much ROS. In 

Figure 5. GMs-phospholipids interaction: lipid peroxidation mode. a) Schematic illustration of GO induced lipid peroxidation and cell membrane 
damage. b) Left: assessment and quantification of carbon radicals on the surfaces of different GMs by electron paramagnetic resonance. Middle: 
scheme of the generation of carbon radicals during hydration reaction for the synthesis of hGO as well as the subsequent ROS generation and GSH 
oxidation. Right: GSH depletion assay for GO samples of different oxidation levels. c) Confocal images of THP-1 cells incubated with 100 µg mL−1 
GO samples for 16 h and then co-stained with a lipid peroxidation sensor BODIPY 581/591 and a nucleic acid stain Hoechst 33 342 to evaluate lipid 
peroxidation. Cumene hydroperoxide was used as a positive control reagent. d) Cell viability assessment for THP-1 and BEAS-2B cells. The cells were 
cultured with five GO suspensions of varied concentrations (0, 50, 10, 200 µg mL−1) over 48 h. Reproduced with permission.[56] Copyright 2018, American 
Chemical Society.
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2011, Liu et al. cited a “three-step antimicrobial mechanism” of 
carbon nanotube (GMs-cell membrane contacting, membrane 
stress caused by sharp edges, oxidative stress caused by the 
ET) to explain the different cytotoxicity of GO, rGO, graphite 
(Gt), and graphite oxide (GtO). The authors attributed stronger 
cytotoxicity of conductive Gt than insulating GtO to a better ET 
between Gt and the membrane of E. coli, which was demon-
strated by a higher GSH oxidation capability of Gt.[62] But ET 
seemed not to be the dominant antibacterial mechanism in this 
study, since GO showed highest bactericidal efficiency although 
it oxidized less GSH than rGO or Gt. This suggested a syner-
gistic antibacterial effect, in which dispersibility, size, surface 
roughness, and oxidative level, all contributed. Similar experi-
ments were performed by Lu et al. and conclusions supported 
the synergistic killing mechanism of vertically aligned GO 
nanosheets against bacteria.[38a]

To provide more direct evidence for the ET mechanism, 
Li et  al. compared bactericidal effects of flat graphene films 
on conductor Cu (Graphene@Cu), semiconductor Ge 

(Graphene@Ge), and insulator SiO2 (Graphene@SiO2).[60] The 
results illustrated that Graphene@Cu and Graphene@Ge could 
induce obvious membrane damage to both Gram-negative and 
Gram-positive bacteria, while hardly any bacteria were killed 
on Graphene@SiO2 (Figure  6a,b). After studying the energy 
band of graphene/substrate junctions, the authors therefore 
attributed the differences in cell viability to ET from bacterial 
membrane to the graphene film. They explained that with a 
conductive substrate under the graphene film, an electrical cir-
cuit could be easily formed due to ET from the bacterial mem-
brane to graphene. This electrical circuit then led to membrane 
damage and eventually cell death. Conversely, no electrical 
circuit was formed for bacteria contacted with insulating Gra-
phene@SiO2, and neglectable bactericidal activity was detected 
in that case (Figure  6c). Despite the demonstration that ET 
occurred between bacteria and GMs, the understanding of ET 
mechanism on molecular level was still far from adequate.

A very recent report by Wang et  al. regarding bacte-
rial detecting and killing based on ET from bacteria to an 

Figure 6. GMs-phospholipids interaction: ET mode. a) Schematic illustration for the fabrication of monolayer graphene films on substrates including 
conductor Cu, semiconductor Ge, and insulator SiO2. b) SEM images of E. coli and S. aureus cells that were seeded onto the graphene films coating 
on different substrates. The rectangular areas were magnified for high resolution images. c) Schematic circuitry to illustrate the ET mechanism from 
the view of the energy band diagrams of these graphene-on-substrate junctions (A–D); Scheme for the electrical measurements (E) to obtain the cur-
rent–voltage characteristics of three different contacts of graphene films with the underlying substrates (F–H). d) Schematic illustration of ET from  
E. coli to Au@ZnO that led to death of bacteria. a–c) Reproduced with permission.[60] Copyright 2014, Springer Nature. d) Reproduced with permis-
sion.[61] Copyright 2020, Wiley-VCH.
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Au-loaded semiconductor (ZnO) provided a more detailed 
ET route (Figure  6d) : electrons were first generated by dehy-
drating NADH and succinate, then captured by electron 
acceptors such as quinone, and finally passed to the surface 
of semiconductor.[61] The interference with the membrane res-
piratory chain consequently caused membrane stress, affected 
subsequent signaling pathways, accumulated ROS inside cells, 
and finally triggered cell death. This work may inspire future 
investigations of the EF process between bacterial membranes 
and GMs.

2.7. Other Mechanisms (Based on Liposome Model)

Since the study of graphene-cell membrane interaction is still 
at a very early stage, MD analyses so far usually employed a 
single graphene nanosheet with a certain size (more particu-
larly, very small relative to the size of the whole cell model) 
and a fixed orientation relative to the lipid bilayer. However, 
in experiments and applications, size, orientation, aggrega-
tion, and lipophilicity of GMs were diverse and complex, which 
might lead to very different interactions between GMs and cell 
membranes.

To address this, Li and coworkers recently constructed a more 
comprehensive simulation system to investigate the interaction 
between hydrophobic nanosheets and lipid membranes.[63] Spe-
cifically, a spherical liposome model was employed to mimic 
the 3D structure of a cell. The size of nanosheets ranged from 
smaller than the thickness of the lipid membrane to larger 
than the entire liposome. The nanosheets were positioned both 
perpendicular and parallel to the lipid membrane in the initial 
states of simulation. In total, five liposome-nanosheet interac-
tion states were captured, which were insertion, corrugated 
insertion, split, corrugated sandwich, and collapse. Behind 
these states, several molecular mechanisms were involved, 
including nanosheet rotation, lipid flip-flop, lipid extraction, 
and lipid spreading. The results are summarized in Figure 7.

Among these mechanisms, most of them (e.g., nanosheet 
rotation, lipid insertion, and extraction) were in agreement with 
previously reported results. The authors propose that “lipid 
spreading” was consistent with Hirtz’s results,[55] though they 
did not use the same term. However, the understanding of lipid 
flip-flop mechanism here was not exactly the same as described 
by Dallavalle and coworker, who defined the overturning of 
phospholipids below graphene as flip-flop.[52] By contrast, 
Li et al. stated that lipids beneath the nanosheet were pressed 

Figure 7. GMs-phospholipids interaction: other mode based on a liposome model. a) Interaction states of hydrophobic nanosheets and liposome 
varied over the size and initial orientation of nanosheets. b–f) Representative snapshots of models of b) R20⊥, c) R50⊥, d) R200⊥, e) R40 ∥, f1) R100∥, 
and f2) R300∥. Symbol ⊥ represents the perpendicular orientation, while symbol ∥ indicates the parallel orientation of nanosheet. R is the radius of 
the nanosheet. Reproduced with permission.[63] Copyright 2018, Wiley-VCH.
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toward the interior and eventually flip-fop into the inner 
leaflet of lipid bilayer. Nevertheless, the authors concluded that 
smaller nanosheets preferentially inserted perpendicularly into 
the lipid membrane, which might not be destructive to the lipo-
some, but could have dramatic influence on the fluidity of the 
lipid membrane. Sheets larger than the liposome led to com-
plete membrane deformation (e.g. lipid spread). Furthermore, 
multiple nanosheets exhibited similar behavior on the mem-
brane compared to that of a single nanosheet, but an accumu-
lated effect of aggregated nanosheets can be expected to cause a 
stronger impact on the lipid membrane. All in all, the interac-
tion mechanisms were closely associated with the physiochem-
ical properties of GMs and the simulation details. We believe 
that this work has set a good example for future studies to avoid 
conflicting results in this area.

3. Interaction Between Cholesterol and GMs

Cholesterol is a type of lipid that plays an essential role in 
adjusting membrane fluidity.[64] Moreover, cholesterol, together 
with sphingolipid and protein receptors, constitutes so-called 
lipid rafts, which are microdomains on cell membranes that 
regulate cell signaling.[65] The interaction between cholesterol 
and GMs thus has a high potential to affect cell signaling path-
ways. To date, only few reports attempted to understand such 
interaction. Two mechanisms on certain cell lines have been 
reported, which are cholesterol extraction and cholesterol 
oxidation.

3.1. Cholesterol Extraction

Zhang and coworkers, using dissipative dynamic simulations, 
demonstrated that single-layered graphene with an initial orien-
tation perpendicular to the membrane was capable of continu-
ously extracting cholesterol molecules from a cell membrane 
consisting of lipid, cholesterol, and protein receptors.[66] By 
contract, graphene oriented parallel to the membrane caused 
a local accumulation of cholesterol in the membrane patch 
interacting with graphene (Figure 8a). The hydrophobic interac-
tion between graphene and cholesterol dominated the process 
of extraction. Computational models indicated that graphene 
had a tendency to attach to the surface of the cell membrane 
rather than penetrate into the membrane after the completion 
of extraction process, which was different to the previously 
discussed phospholipid extraction mode.[34] Nevertheless, the 
extraction of cholesterol also resulted in loss of membrane 
integrity, which might be another possible explanation for cyto-
toxicity of GMs.

Later in 2018, Kitko et  al. offered experimental results in 
two eukaryotic cell lines: neurons and fibroblast NIH-3T3 cells 
to support this cholesterol extraction mode.[67] After culturing 
cells on graphene coated glass coverslips, the authors observed 
obviously increased cholesterol levels in the PMs of both cell 
types (Figure 8b). Meanwhile, graphene film used in this work 
showed minimum affinity to other common biomolecules 
on cell membranes (phospholipids, carbohydrates, and pro-
teins). However, the reason behind the selective extraction of 

cholesterol was not clear. Besides that, the authors also noticed 
a potentiation of neurotransmission and a promoted activa-
tion of P2Y receptor-mediated Ca2+ response in NIH-3T3 cells. 
According to the authors, such biological effects of graphene 
relied on its ability to recruit cholesterol as a mediator, since it 
is known that cholesterol participates in many signaling path-
ways. However, Kitko and coworkers could not clarify whether 
the abundant cholesterol attracted by graphene film came from 
other endogenous membranes (endoplasmic reticulum for 
example) or the culture media. To answer this question, a pre-
cise tracking of cholesterol transport would be required.

In line with previous studies, Bernabò and colleagues 
reported for the first time that GO nanosheets at low concen-
trations (0.5–1 µg mL−1) could improve the fertilizing ability of 
spermatozoa from swine in vitro, via extracting cholesterol from 
cell membranes.[69] The authors proposed that the adsorption of 
cholesterol on the surface of GO decreased total concentration 
of cholesterol in the sperm cell, which increased the membrane 
fluidity and enhanced Ca2+ permeability. Consequently, sperm 
signaling function was positively adjusted, leading to a higher 
fertilization potential.

3.2. Cholesterol Oxidation

Mukherjee et  al. identified that GO was able to directly oxi-
dize cholesterol in neutrophils, leading to the disruption of 
lipid rafts and followed by a cascade of intracellular events that 
eventually activated a conserved anti-pathogen response: for-
mation of neutrophil extracellular traps (NETs),[68] as shown 
in Figure  8c. In addition, GO-induced NETs release was size-
dependent; large GO flakes had a stronger influence than the 
small flakes. With the assistance of electron microscopy, optical 
microscopy, and mass spectroscopy, the authors provided direct 
experimental proof for cholesterol oxidation. Moreover, they 
also claimed that adding a simple antioxidant could effectively 
prevent the oxidation of cholesterol by GO and reduce NET for-
mation, which might be a promising strategy to reduce cytotoxi-
city of GO on neutrophils.

4. Interaction Between Membrane Proteins  
and GMs
Membrane proteins, especially integral membrane proteins, 
are preferable targets of numerous drugs due to their involve-
ment in selective transport of many signals, molecules and ions 
between internal and external environments of cells. Several 
publications have documented that GMs could selectively bind 
to membrane receptors, such as toll-like receptors (TLRs),[70] 
aquaporin (AQP1),[71] integrin,[72] which thereby activated down-
stream signaling pathways. This opens additional routes for 
biological applications of GMs. Notably, none of these reports 
clarified questions such as: why GO had selectivity to only 
some certain membrane proteins, how exactly GO activated 
signaling pathways, or what specific motif of membrane pro-
teins was bound to GMs. Hence, more efforts are necessary to 
uncover the detailed mechanism of interaction between GMs 
and membrane proteins.
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4.1. Interaction with TLRs

Qu and coworkers observed necrosis of microphages after expo-
sure of two microphage cell lines (J774A.1 and RAW 264.7) to 
GO. The interaction between GO and TLR4 was proven to be 
the major underlying mechanism for GO-induced necrosis.[70] 
On one hand, this interaction triggered secretion of proinflam-
matory cytokine tumor necrosis factor alpha (TNF-α), which is 
known to cause programmed necrosis of microphage. On the 
other hand, large number of ROS was generated as a conse-
quence of GO-TLR4 interaction, which further promoted the 
necrotic process via oxidative stress. In addition, the internali-
zation and intracellular accumulation of GO also contributed 
the cytotoxicity of GO by damaging cytoskeletal network on cell 
membrane. Hence, the authors proposed a synergistic effect 
to explain the underlying mechanism of GO-induced necrosis 
(Figure 9a).

In line with Qu’s report, Ma et al. further attributed the cyto-
toxic mechanism of GO to its ability to generate significant 

inflammatory responses. And GO-triggered inflammation 
showed a size-dependent feature.[73] According to Ma’s results, 
large GO flakes (50–1300 nm) that adhered onto the cell mem-
brane could activate TLRs and downstream NF-κB pathway 
both in J774A.1 cell and in mice. This was associated with 
enhanced M1 polarization, excretion of TNF-α and recruitment 
of immune cells. Conversely, small GO flakes (50–350  nm) 
stimulated less inflammation under the same experimental 
conditions. The suggested rationale was that easy permeation 
of smaller GO through the cell membrane resulted in their 
accumulation inside microphages. This depleted the pool of 
smaller GO flakes available for sticking onto the outer surface 
of the PM, where they could interact with the TLRs.

4.2. Interaction with AQP1

Apart from size effect, researchers also examined the effect of 
incubation time on GO’s interaction with membrane proteins. 

Figure 8. GMs-cholesterol interaction: cholesterol extraction and oxidation. a) Representative trajectories of extraction of cholesterol from cell mem-
brane by graphene sheet with a vertical orientation (left) and a horizontal orientation (right). The tails of lipid are displayed in blue while the heads of 
lipid are displayed in green. The tails of receptor are shown in blue while the heads of receptor are shown in purple. Light blue represents the tails of 
cholesterol while yellow represents the heads of cholesterol. The red sheet represents graphene. b) Generalized polarization (GP) images of living neu-
rons on the surface of bare glass coverslips (black) and graphene coated glass (red) indicating the increased membrane cholesterol. Scale bar = 20 µm. 
The GP images is pseudo-colored: low GP value is shown in purple while high GP value is shown in light yellow. GP values range from −1 to 1. The 
increase of GP value indicates higher amount of cholesterol on the substrate. c) Confocal images of neutrophils incubated without (control) and with 
GO-L or GO-S (12.5 µg mL−1, 2 h). Both neutrophil elastase and nuclear of cells were stained, where their false color was green and blue, respectively. 
Scale bar = 10 µm. a) Reproduced with permission.[66] Copyright 2016, American Chemical Society. b) Reproduced under the terms of the CC-BY 4.0 
license.[67] Copyright 2018, The Authors, published by Springer Nature. c) Reproduced with permission.[68] Copyright 2017, Elsevier Inc.
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Wu et al. claimed that within a short incubation time (less than 
24 h), micrometer-sized GO (mGO, 0.5–3 µm) interacted with 
AQP1, a water transport channel. The hydrophobic interaction 
of GO with AQP1 on the extracellular side induced the forma-
tion of vacuoles in cytoplasm and enhanced membrane perme-
ability, without damaging membrane integrity or exhibiting 
any obvious cytotoxicity (Figure  9b).[71] Typically, the increase 
of membrane permeability facilitated cellular uptake of small 
molecules, for example, propidium iodide (PI), whereas macro-
molecules, such as proteins were still not able to penetrate the 
cell membrane. The authors found out that this vacuolization 
phenomenon was universal in several cell lines that had a high 
AQP1 expression level, including MCF-7, human erythrocytes, 
A549, AGS, and SGC7901. Interestingly, the size and number of 

vacuoles could decrease or even vanish after prolonging incuba-
tion time. Conversely, nanometer-sized GO failed to induce vac-
uolization, no matter how long they were exposed to cells. This 
is most likely due to cellular uptake, which was in line with pre-
vious reports.[73] Later, Sui et  al. confirmed this mGO-induced 
improvement of cell permeability by quantifying cellular uptake 
of cisplatin (CDDP) (a chemotherapeutic agent used for cancer 
therapy).[74] Compared with untreated MCF-7 cells, mGO 
treated cells exhibited one-fold higher cisplatin accumulation 
inside cells. This highlights the potential of mGO as an effec-
tive assistant agent for improving chemotherapy performance 
of small molecular anticancer drugs, as well as overcoming 
drug resistance. Additionally, GQDs with an average size of 
40  nm also increased cellular and nuclear uptake of cisplatin 

Figure 9. GMs-membrane proteins interaction: a) Schematic diagram illustrating the interaction of GO and TLR4 which induced production of TNF-α 
and thereby activated programmed necrosis of macrophages. The oxidative stress and cytoskeletal disruption caused by intracellular accumulation of 
GO were also elucidated. b) Left: TEM images of MCF-7 cells treated with mGO (50 µg mL−1) for 6 h. Scale bar = 10 µm. Right: schematic diagram of 
interaction between micro-sized GO and AQPs which led to increase of membrane permeability. c) The sensitization of A549 cells to anticancer drugs 
DOX and cisplatin (CDDP) by GO treatment. c-A) Schematic illustration of the experiment design: A549 cells were pretreated with GO at 10 µg mL−1 
for 24 h, followed by PBS washing, and were then exposed to CDDP or DOX at certain concentrations for another 24 h. c-B) Heatmap of cell viability 
for free drugs treated cells and GO pretreated cells after drugs exposure. The concentrations of CDDP were set from 1 to 50 µm, while concentration 
rang for DOX was 0.01–4 µm. c-C) Fluorescence-activated cell sorting analysis for quantification of cell viability. The concentration of CDDP and DOX 
was 20 and 0.1 µm, respectively. d) Schematic illustration of molecular basis underlying GO-enhanced drug uptake. The interaction of GO and integrin 
activated subsequent integrin-FAK-Rho-ROCK signaling pathway, leading to compromised membrane and cytoskeleton. a) Reproduced with permis-
sion.[70] Copyright 2013, American Chemical Society. b) Reproduced with permission.[71] Copyright 2015, American Chemical Society. c,d) Reproduced 
with permission.[72] Copyright 2017, American Chemical Society.
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due to improved cell membrane permeability, according to Sui 
et al. But neither vacuolization nor any other molecular mecha-
nism was reported. Hence the report by Sui et al.[74] did not sup-
port the hypothesis of Wu et al.,[71] but rather fueled an ongoing 
debate regarding the size effect in GMs-AQP1 interaction.

4.3. Interaction with Integrin

Zhu and coworkers discovered that nano-sized GO 
(100–300 nm) could also boost the uptake of chemotherapeutic 
drugs doxorubicin (DOX) and cisplatin inside A549, A49 renal, 
and PC3 prostate cancer cells (Figure  9c).[72] As evidenced by 
PI staining, TO-PRO-3 staining, lactate dehydrogenase assay 
and membrane topography analysis, the authors concluded that 
GO-treated cancer cells featured a loss of membrane integrity 
and an impaired actin cytoskeleton network. This had neg-
ligible influence on cell viability but was beneficial for sensi-
tizing cancer cells for chemotherapeutic agents. Molecular 
basis underling cellular effects of GO was related to the activa-
tion of the integrin−FAK−Rho−ROCK pathway, which caused 
a lower integrin expression on the cell membrane. The whole 
process was trigged by GO-integrin interaction (Figure  9d). 
Since integrin was crucial for maintaining the cell membrane 
and cytoskeleton, suppressing the expression of integrin could 
explain the enhanced cell permeability. This dynamic mecha-
nism was not fully in agreement with previous results,[71,74] 
although similar outcomes were achieved, specifically: enhance-
ment of membrane permeability and influx of anticancer drugs. 
Clearly, further investigation is needed to settle the ongoing 
debate.

4.4. Guidelines for Biomedical Applications of GMs

In previous sections, we have summarized the interactions of 
GMs with well-known components of biological membranes. 
The following part will focus on offering guidelines for more 
effective and safer biomedical applications based on what has 
been learned from the known underlying mechanisms. Specifi-
cally, we will discuss how to modulate the performance of GMs 
in bacterial killing and cancer therapy.

4.5. Enhancing Antibacterial Activity

Mechanical damage, oxidative stress, and wrapping have been 
accepted as the three main antibacterial mechanisms.[75] From a 
molecular perspective, interaction between GMs and phospho-
lipids can provide support for each mechanism, as displayed 
in Scheme  1. Briefly, graphene insertion, lipid extraction, and 
pore formation are known to result in mechanical damage on 
cell membranes, while lipid peroxidation and ET support the 
well-known oxidative stress mechanism. The masking mode 
could be the underlying basis of the wrapping mechanism. 
As discussed above, antibacterial activity of GMs could be dra-
matically affected by their structural characteristics, including 
size, surface roughness, aggregation, orientation, and oxidative 
level.[76] Due to inconsistent experimental methodologies, it is 

still challenging to establish a predictable structure-property-
bioactivity relationship.[77] Nevertheless, some general rules can 
be applied to enhance the antibacterial performance of GMs 
with the gained knowledge on molecular mechanisms in recent 
years.

In general, larger size, sharper edge, and aggregation are 
beneficial for inserting/cutting mode, lipid extraction mode 
and pore formation mode, leading to stronger membrane 
destabilization.[78] The wrapping or masking mechanism also 
requires large lateral size of the GMs, specifically micrometer-
sized GMs.[51] In contrast, basal plane and oxidative level of 
GMs play crucial roles for ROS-dependent oxidative stress since 
they determine lipid peroxidation. Current results support that 
the higher the oxidative level of GMs, the more cytotoxicity 
can be achieved.[56] Small-sized GMs usually accelerate oxida-
tive stress owing to the fact that the defect density increases 
with the decline of the GMs’ size.[78] ET-based damage can be 
promoted significantly when coating GMs on conductive sub-
strates, which may provide a useful strategy for developing effi-
cient antibacterial coatings.[60] The remaining open question is 
the relationship between toxicity and the size of GMs. Further 
studies should focus on identifying the dominant antibacterial 
mechanism, in order to guide the size selection of GMs to be 
used in antibacterial applications.

The orientation of GMs could also be tailored for fabricating 
superior antibacterial coatings.[79] Magnetic field was used to 
tune the orientation of GMs.[80] Developing chemical vapor dep-
osition method with specific growth parameters was reported as 
another effective way for controlling the alignment of GMs.[81] 
Several published papers have observed that vertically aligned 
GMs were significantly more lethal for bacterial cells than ran-
domly orientated GMs.[82] This might arise from the synergistic 
effect of increased physical puncturing of cell membranes and 
more effective electron transfer since cell membrane and ver-
tical GMs had better contact with each other.[38a]

Scheme 1. Schematic diagram elucidating the three major antibacterial 
mechanisms and their underlying molecular basis.
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A very recent study indicated experimentally and theoreti-
cally that covalent bounding of silver nanoparticles (AgNPs) to 
cyanographene (GCN) exhibited excellent antibacterial activity 
against multidrug resistant strains. The bonding of AgNPs 
caused more severe membrane perturbation compared with 
bare GCN or AgNPs, owing to its stronger interaction with 
the bacterial membrane.[83] This may offer another method for 
designing GMs-based antibiotic agents with desired efficiency.

Besides tailoring the structural properties of GMs, estab-
lishing proper experimental methods also has a significant 
impact on bacterial killing efficiency. For instance, the expo-
sure of GMs in solution to bacterial cells in the planktonic state 
could exhibit higher antibacterial activity compared with the 
efficiency of killing biofilms. This is because bacteria inside 
biofilms have less opportunity to come into contact with GMs 
due to the protection of the extracellular matrix. However, in 
real biomedical applications, GMs often encounter colonies 
of bacterial cells and biofilms. Hence, the method for anti-
microbial assessment should be chosen carefully, depending 
on the proposed type of biomedical application. Furthermore, 
quantitative methods should be prioritized to determine the 
number of live/dead cells, rather than employing qualitative 
assessment, so as to standardize the antibacterial efficiency of  
GMs.

4.6. Reducing Cytotoxicity for Mammalian Cells

To apply GMs as biomedicine, the cytotoxicity of GMs for 
mammalian cells must be eliminated.[84] The above-mentioned 
interactions of GMs with phospholipids, cholesterol, and mem-
brane proteins generally induce membrane damage or oxida-
tive stress, which eventually result in declined cell viability with 
the increase of incubation time or concentration.[85] Reducing 
the GMs-membrane interaction by shielding GMs with a pro-
tein corona may be a feasible solution.[86] As demonstrated by 
experiments, protein (FBS) coated GO had almost no cytotox-
icity for A549 cells at high concentration.[87] Moreover, hemo-
lytic activity of GO could be greatly reduced using this protein 
corona effect. Theoretical model revealed that with the surface 
of GO being occupied by proteins, the available surface area 
of GO reduced and the steric effect increased. This in turn 
weakened the physical interaction between GO and the mem-
brane, more specifically, insertion mode and lipid extraction 
mode.[88] However, whether the protein corona has any influ-
ence on the interaction between GMs and the other membrane 
components, such as cholesterol and membrane proteins, still 
remains to be investigated.

In addition to a protein corona, various biocompatible 
small molecules or polymers have been shown to be useful 
for reducing cytotoxicity of GMs.[89] Though this approach 
appears to be promising, the underlying mechanism of how 
such a coating mitigates cytotoxicity of GMs has not been inves-
tigated. In future, more attention should be paid to studying 
mechanisms.

Adding antioxidants was reported to be effective for miti-
gating cholesterol oxidation on neutrophils.[68] Along the 
same lines, blocking certain signaling pathways (e.g., TLR4) 
using selective inhibitors might completely preclude cell death 

induced by GO.[70] Additionally, single layered GO exhibited 
stronger cell proliferation and higher ROS generation than four 
layered GO, which emphasized the importance of the number 
of layers of GMs in toxicology.[90] These preliminary results 
need to be verified in more cell lines, and their mechanism of 
action should be explained before they can be generally recom-
mended for mitigating cytotoxicity.

Impurity and instability of GMs in aqueous solution might 
contribute to their safety risks as well.[91] Ali-Boucetta et  al. 
illustrated that GO with high purity and good dispersibility 
exhibited minimum cytotoxic responses for A549 cells at a con-
centration of 100 µg mL−1.[92] After a 7-day exposure, no inflam-
mation or granuloma formation was observed in a mouse 
model that was injected with GO at a dose of 50 µg mL−1. This 
suggested that a precise control of quality and purity of GMs 
was more crucial than initially thought, and could lead to more 
reliable and reproducible results.[93]

4.7. Improving Selectivity for Cancer Cells

Functionalization of GMs with cancer-cell-targeting molecules, 
for instance, folic acid,[94] peptide nucleic acids,[95]DNA[96] has 
been widely applied for GMs-based selective cancer treatment. 
Meanwhile, inspired by the ability of GMs to activate transport 
pathways via interaction with membrane proteins (e.g. AQP1), 
researchers have designed an effective and convenient platform 
for improved cancer chemotherapy.[71] Indeed, increasing mem-
brane permeability and facilitating drug influx inside cancer 
cells can be a valuable strategy for cancer therapy and even 
for overcoming drug resistance if it is tumor targeted. How-
ever, based on current knowledge, GMs could be expected to 
activate various signaling pathways in both normal and cancer 
cell lines. Size may affect GMs-membrane protein interaction, 
but the relationship between size and selectivity is still unclear. 
Promoting the selectivity for membrane proteins that are over-
expressed on cancer cells will definitely be beneficial for the 
application of GMs in cancer therapy. But such optimization 
can only become possible once the interaction mechanisms 
between GMs and proteins are better understood.

5. Conclusions

In this review, we have summarized the molecular mecha-
nisms of how GMs interact with major components on biolog-
ical membranes, more specifically, phospholipids, cholesterol, 
and membrane proteins. Based on those, we proposed some 
general guidelines for modulating the biological performance 
of GMs in the area of antibacterial activity and cancer therapy. 
However, we are still far from fully understanding the relation-
ship between cytotoxicity and the intrinsic properties of GMs 
(e.g., surface area, thickness, aggregation). Several funda-
mental problems must be solved before drawing any universal 
conclusions.

The most crucial of these challenges is the absence of strict 
standards for quality evaluation of GMs and methodologies 
used in subsequent biological experiments. For instance, many 
publications emphasized the significance of the size effect in 
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the biological response of GMs. They all used the same term 
“micro-sized GO”, but the actual size of GMs they adapted 
ranged from tens of nanometers to several micrometers in dif-
ferent studies. In addition to setting experimental standards for 
GMs, theoretical simulation regarding GMs and their interac-
tion with biological membranes should also be standardized. 
Here, model of GMs and lipid membrane, force field (polariz-
able or nonpolarizable), convergence, solvent model, counte-
rions, mixing rules, etc. are critical parameters that may signifi-
cantly affect the results of molecular simulations.[97] To settle 
the ongoing debates, it is important to establish both experi-
mental and theoretical standards in this area.

The second issue concerns the insufficient understanding 
of mechanisms governing the interaction of GMs with 
cells. Although a majority of current research focuses on the 
 antibacterial effects, GMs also have been reported to induce 
membrane damage on fungi,[28b] virus,[98] yeast,[99] algae,[100] 
cyanobacteria.[100] It was illustrated that GO with a low degree 
of oxidation could act as a nano-blade and cause mechanical 
damage on cell membranes of cyanobacterium and algae,[100] 
which was widely used to explain the antibacterial activity of 
GO. Some studies have evaluated toxicity of GMs on plant cells 
(e.g. oxidative stress and drought stress), but molecular mecha-
nisms are still lacking.[101] Taking the diversity of biological 
membranes into consideration, it is not accurate to explain the 
toxicity of GMs for fungi or algae by drawing on the knowledge 
gathered about bacterial cells. In addition to the cell mem-
brane, other components of the cellular envelope such as the 
cell wall may influence the interaction with GMs. Indeed, in 
bacteria, the cell wall composed of peptidoglycans and poly-
saccharides is the first surface the GMs will encounter, before 
they can interact with the cellular membrane. Yet there is no 
experimentally derived conclusive information on how GMs 
interact with the cell wall. In addition to that, GMs accumulated 
inside cells could potentially interact with crucial intracellular 
molecules (proteins, ATP, DNA/RNA, et  al.) and organelles 
(mitochondria) via hydrogen bonding, π−π stacking, or elec-
trostatic adsorption. This could eventually cause intracellular 
stress and induce cell killing, which should be considered as 
antibacterial mechanisms as well. In future studies, it is impor-
tant to experimentally discriminate between different antibacte-
rial  mechanisms and identify the relative contributions of each 
mechanism to the overall bactericidal effect.

Finally, the theoretical models and experimental data need 
to become more connected and consistent with each other. For 
instance, the physiochemical properties we discussed above 
should be taken into account when building graphene models 
in simulation. The composition, fluidity, and dynamic struc-
ture of cell membranes have to be considered thoroughly for 
more precise insights into GMs-membrane interaction. How-
ever, it is not uncommon that some researchers use GO in 
actual experiments but use PG as a theoretical model in their 
computational simulations. Due to large differences in mate-
rial properties, no reliable conclusions can be drawn from such 
comparisons.

To sum up, investigation of molecular mechanisms and 
standardization of materials and experimental methods are the 
most logical future steps in the field of GMs-based biomedical 
applications.
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