
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/1
0/

20
25

 1
2:

08
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Challenges and o
aDepartment of Chemical Engineering, Uni

Iran. E-mail: s.yazdani@eng.ui.ac.ir; d.biria
bDepartment of Chemical Engineering, Ami

Iran

Cite this: RSC Adv., 2025, 15, 24624

Received 26th April 2025
Accepted 7th July 2025

DOI: 10.1039/d5ra02939b

rsc.li/rsc-advances

24624 | RSC Adv., 2025, 15, 24624–
pportunities in the application of
carbon nanotubes as membrane channels to
improve mass transfer to cells

Sara Yazdani, *a Davoud Biria*a and Gholamreza Pazuki b

The regulation and improvement of mass transfer through the living cell's membrane is of great importance

in various industrial, environmental and medical applications. Designing membrane channels based on

carbon nanotubes (CNTs) has been considered as a promising approach to this end because of the

geometry of CNTs, their physical properties, high chemical stability, and excellent transport features.

Despite their advantages, CNTs have a few problems such as their toxicity to living cells, low

bioavailability in an aqueous medium and difficulties with managing their orientation within the cell

membrane which should be addressed in the first place. Here, we tried to review recent studies on

overcoming these challenges and critically evaluate their advances and suggestions for future research.

Functionalization of CNTs with biocompatible materials has been recommended as the main solution

which decreases the inherent cytotoxicity of the pristine CNTs, enhances their solubility and dispersibility

in aqueous solution, and affects their orientation in the cell membrane. Molecular dynamics simulation

results for the interactions of the functionalized CNTs and the cell membrane have been reviewed as

well to demonstrate the effectiveness of functionalizing CNTs for membrane channel applications.

Finally, we highlighted that modified CNTs with appropriate functional groups and favorable physical and

geometrical conditions can be considered as an effective tool to make artificial channels in the cell

membrane.
1. Introduction

Plasma membrane which mainly consists of a phospholipid
bilayer is a common component of all cells. It is a semi-
permeable barrier that separates the internal parts of the cell
from the external environment and has several crucial func-
tions.1 For example, the cell membrane protects the sensitive
parts, maintains a favorable constant environment inside, and
transfers the nutrient materials and toxic substances across the
cell. In addition, there are proteins located on the surface of the
plasma membrane which enables the interaction of the cell
with the environment.2

Monitoring and controlling the transfer of materials across
the cell membrane is essential for many bioengineering appli-
cations. For instance, the successful secretion of internal
metabolites can intensify the bio-production of these
substances, the uptake of contaminants is signicant for envi-
ronmental processes and the effective transfer of several drugs
(doxorubicin, paclitaxel, and docetaxel) through the cell
membrane is one of the most important issues in biomedicine
versity of Isfahan, Isfahan 8174673441,
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and drug delivery.3–6 Endocytosis, including its subtypes pino-
cytosis and receptor-mediated uptake, along with direct uptake,
are mechanisms by which substances enter the cell. However,
the hydrophobic ingredients are harder to pass through the
membrane due to poor water solubility, and hydrophobicity is
known as the principal factor in determining the permeability
of the cell membrane.7 Therefore, several solutions (e.g.,
employing surfactants, peptides and nano-structures) have
been suggested to overcome the lower rate of transport of
hydrophobic materials to the cells. Surfactants can encapsulate
the oily materials in form of emulsion droplets and facilitate
their entrance to the cells by merging to the cell membrane
through a pinocytosis like mechanism. However, the interac-
tions between the surfactant and the enclosed material should
be studied in detail. Application of cell-penetrating peptides can
be considered as another method to facilitate the transport of
hydrophobic substances to the cells.8,9 These peptides can
improve the cellular absorption of a variety of molecular cargo
such as proteins, small interfering RNA (siRNA), deoxy-
ribonucleic acid (DNA), and pharmaceuticals to various cell
lines. However, their clinical application has been restricted
because of the lack of cell selectivity.10,11 Nanotechnology has
provided useful tools to overcome the obstacles of hydrophobic
substances entering to the cell.12 The nano-structures act as
carriers which can penetrate the membrane and transfer the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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desired materials binding to their bodies to the cells. The nano-
structures surfaces should be modied or functionalized to
activate the receptor-mediated absorption as their entry mech-
anism. Fig. 1 shows the nanoparticles critical sizes and the
corresponding mechanisms involved in their cellular uptake,
transport, and accumulation. In fact, the cellular uptake,
transport, and bioaccumulation will be affected by the engi-
neered nanomaterials (ENMs) physical properties such as
Fig. 1 Natural size rules and gatekeepers within a mammalian cell. The
diameter of nuclear pore complex is approximately 80–120 nm.20 The siz
for nanoparticle internalization were also introduced.21 Phagocytes co
nanoparticles, or nanoparticles with certain liagnd modification via phag
cell is mainly through pinocytosis or direct penetration. With various
nonspecific endocytosis. MR, mannose receptor; PRRs, pattern-recogni
receptor; CPPs, cell-penetrating peptides; IgG, immunoglobulin G; ER,
permission from ref. 14. Copyright 2013, American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
geometry, aspect ratio, dissolvability, degradability and surface
area. If the size and surface properties of ENMs are well
designed (on the scale of a nanometer), direct bilayer penetra-
tion independent of endocytosis will occur.13,14 Particles with
larger size or high-density cationic surfaces may cause the
production of cavities in the membrane, so cytotoxicity effects
will be inevitable. ENMs that adsorb via endocytosis-mediated
internalization are limited by the endocytotic size (Fig. 1).
thickness of membrane bilayer is typically between 4 to 10 nm. The
es of endocytic vesicles in both phagocytosis and pinocytosis pathways
uld take up large particles (or nanoparticle aggragates), opsonized
ocytosis. Nanoparticle internalization in a nonphagocytic mammalian
surface modifications, nanoparticles may be taken up via specific or
tion receptors; FcgR, immunoglobulin Fcg receptor; CR, complement
endoplasmic reticulum; Golgi, Golgi apparatus. Figure reprinted with
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Clathrin-coated vesicles with a 120 nm diameter are suitable for
ligand-modied nanoparticles internalization.14

Aside from being used as shuttles for transporting
compounds across the cell membrane, nanostructures such as
CNTs can be employed to make channels within the cell
membrane to facilitate the transport of certain materials. These
channels can mimic the function of porins in the membrane
and considered to be operational in a longer time than the
nano-carriers. In fact, CNTs have several favorable characteris-
tics such as high mechanical strength, electrical conductivity,
chemical, and thermal stability which represent them as
a proper option to modify the membranes in applications like
water treatment, anti-biofouling membranes, electrical-
conductive membrane, proton exchange membranes in fuel
cells, and salt rejection.15,16 Despite the appropriate function-
ality of CNTs in the conventional membrane systems, their
application to the cell membrane can be more complex. For
example, the toxicity of CNTs to the living cells should be noted
at the rst place. The alignment of CNTs in the cell membrane
should be perpendicular to the membrane plane which is
a crucial parameter to determine the effectiveness of CNTs as
the porin like structures.17–19 Finally, the selective transport of
chemicals through the CNT channels is another important
issue which is largely affected by the up-taking mechanism of
the CNTs. Although the mentioned problems seem to be
interdisciplinary, most of them can be addressed by tuning the
characteristics of CNTs. Several parameters such as the physical
structure, size, surface properties and functional groups of the
CNTs have been considered to be effective on their performance
in transporting materials across the cell membrane. Conse-
quently, an attempt is made to review the mentioned parame-
ters and their effects on the effectiveness of CNTs as porins for
transportation of materials across the cell membrane in this
paper.
2. Structure and characteristics of
CNTs as transportation facilitating
tools

CNTs are an allotropic form of carbon that has a cylindrical
structure and is composed of sp2 hybridized carbon atoms with
a hexagonal arrangement and a C–C bond length of 1.48 Å.22

CNTs are formed by rolling one or more graphite sheets and
creating cylindrical shapes. In addition to the sp2 hybridization,
there are a few carbon bonds with sp3 hybridization in the form
of pentahedral rings in the CNTs structure which provide ex-
ibility (e.g., high bending capability) and simultaneously, facil-
itate the addition of functional groups to CNTs.23,24 The most
common types of CNTs are single-wall carbon nanotubes
(SWCNT) and multi-wall carbon nanotubes (MWCNT). SWCNTs
are composed of a cylindrical graphite layer, while MWCNTs
have a more complex structure consisting of several concen-
trated layers of graphite.25 While both the mentioned CNTs have
found applications in various elds of bio-engineering appli-
cations, it seems that the SWCNTs aremore appropriate options
for mass transfer and delivery usages.26–28 SWCNTs can
24626 | RSC Adv., 2025, 15, 24624–24638
overcome the resistances of cell entry more conveniently
resulting in higher penetration rate. The solubility, biocom-
patibility, tracking in biological conditions and the purity of
SWCNTs are considered to be superior than MWCNTs and their
characterization is simpler than MWCNTs.26–30

Besides to their high physical stability, CNTs have several
favorable characteristics to act as a vehicle for transportation of
various compounds through small interfaces like tissues and
cell membranes. For instance, they have high conductivity and
proper optical properties, high surface to volume ratio, the
ability to possess various functional groups and bind to
a plethora of pharmaceutical compounds on their internal and
external surfaces.31 However, their poor aqueous solubility and
toxicity for the living cells can be considered as serious prob-
lems to their extensive application in biomedicine. Previous
research works have revealed that their synthesis method, size,
and surface properties are the main parameters that affect the
CNTs toxicity at in vitro and in vivo scale.32 Functionalizing the
CNTs with biocompatible materials (e.g., PEG, carboxylic and
hydroxyl groups) has been suggested to reduce their toxicity and
improve some of the surface properties such as their interfacial
adhesion. The toxicity of CNTs and efforts to overcome this
challenge has been assessed in the following section.

Functionalizing the CNTs can be advantageous to several
other properties of these nano structures. It has been reported
that the functionalized CNTs can easily pass through the cell
membranes and distribute in various cell parts through alter-
native routes.33 In fact, the modied CNTs can directly pass
through the cell membrane and be transferred to the cytoplasm
or penetrate into the cell through endocytosis or active phago-
cytotic pathways. Fig. 2 shows different cellular uptake mecha-
nisms for CNTs. These mechanisms usually exist during cellular
uptake and are strongly dependent on the type of CNT, func-
tionalization chemistry, surface charges, hydrophobic nature of
covalently linked molecules, and the cell type. The ability of
CNTs to be directly transferred to the cells has opened the way
for many studies that investigate the potential of these nano-
materials as drug carriers. The advancements in this subject
have been recently reviewed by Lacerda et al.34 and Corredor C
et al.17 Ghoderao et al.35 developed a multifunctional nanovector
by conjugating doxycycline (Doxy) with Fe3O4 nanoparticle-
decorated multiwalled carbon nanotubes (MWCNTs), forming
doxycycline-MWCNTs/Fe3O4 hybrids to enhance drug delivery
performance.35 Their system exhibited superparamagnetic
behavior, improved doxy loading and stability, and signicantly
enhanced antibacterial activity against E. coli and B. subtilis at
lower drug concentrations. The conjugates also showed sus-
tained drug release and higher bioavailability due to magneti-
cally guided uptake, offering a promising strategy for targeted,
controlled antibiotic delivery.35 Tan et al.36 developed four types
of biopolymer-coated, betulinic acid-loaded MWCNT nano-
composites—MWBA-CS (chitosan), MWBA-PG (PEG), MWBA-T2
(Tween 20), and MWBA-T8 (Tween 80)—to enhance CNT
biocompatibility for drug delivery applications.36 David et al. 37

synthesized TiO2 nanoparticle-decorated multi-walled carbon
nanotubes (MWCNTs) and embedded them into cellulose
acetate–collagen lms to develop novel antimicrobial and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Different cellular uptake mechanisms for CNTs (reproduced from ref. 40).
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biocompatible wound dressing materials.37 Khalid et al. 38

reinforced bacterial cellulose (BC) lms with multiwalled
carbon nanotubes (MWCNTs) to develop a composite material
for diabetic wound healing applications. The BC-MWCNT
composite exhibited broad-spectrum antibacterial activity and
signicantly accelerated wound closure in diabetic rats (99%
healing vs. 77% in controls aer 21 days). Histological and
molecular analyses conrmed enhanced re-epithelialization
and reduced expression of pro-inammatory cytokines (IL-1a,
TNF-a), alongside increased VEGF expression, indicating
a favorable immunomodulatory and regenerative environ-
ment.38 Beyond their application as drug transporters, CNTs can
be used to form nano pores in the cell membrane to control the
transportation of various molecules through the cells.29 Apart
from the type, size, toxicity and surface properties, the orien-
tation of CNTs within the cell membrane can be considered as
a crucial parameter inuencing the successful application of
CNTs as synthetic nano channels in the cell membrane.39 This
orientation is also depended on the structure and functional
groups of the CNTs and reviewed in the next sections.39
3. The challenge of toxicity
bioavailability of CNTs

The high toxicity and low aqueous solubility of CNTs are their
main limitations for biomedical applications. Due to their
highly hydrophobic surface structures, CNTs exhibit very low
solubility in most solvents, both organic and inorganic.
Enhancing the solubility of CNTs in aqueous solutions is
essential for their application in biological systems. Addition-
ally, it is important to address the inherent toxicity of CNTs.
© 2025 The Author(s). Published by the Royal Society of Chemistry
This can be achieved by modifying their surfaces with materials
that improve their physicochemical properties. Functionalizing
CNTs with organic and inorganic materials can enhance their
dispersion, boost their biocompatibility, and reduce their
toxicity. The structure, utilized synthesis method, presence of
surfactants, modication by functional groups, and catalyst
impurities are among the important factors that can consider-
ably affect the toxicity and solubility of CNT.28 Functionalizing
CNTs is a pivotal strategy to reduce their toxicity and enhance
their solubility, thereby making them more suitable for bio-
logical applications. There are two principal methods for
functionalizing CNTs: covalent and non-covalent functionali-
zation. Covalent functionalization involves chemically bonding
functional groups to the CNT surface, which can signicantly
alter their intrinsic properties. This method typically leads to
improved solubility and reduced toxicity as it introduces
hydrophilic groups that enhance dispersion in aqueous solu-
tions.41 On the other hand, non-covalent functionalization
relies on physical interactions, such as p–p stacking, van der
Waals forces, and electrostatic interactions, to attach functional
molecules to the CNTs without altering their core structure.
This method preserves the inherent electrical and mechanical
properties of CNTs while still enhancing their solubility and
biocompatibility. Both functionalization techniques are crucial
in tailoring the properties of CNTs to meet specic require-
ments in various biomedical and industrial applications.28,42

Although the mentioned factors have a similar nal inu-
ence on living cells, their destructive function are not identical.
The fatal interaction of CNTs with the cells has been explained
by three major mechanisms.32,43 The rst mechanism is based
on the irrecoverable mechanical damage to the cellular/nuclear
RSC Adv., 2025, 15, 24624–24638 | 24627
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membrane.43 Endocytosis, phagocytosis, and nano-scale pene-
tration are the main routes for entering the nanostructures to
a lipid membrane, which strongly depends on the dimensions
of CNTs, especially their length. The ability of CNTs to penetrate
macrophage membranes and trigger an immune response is
signicantly inuenced by their length and shape. Studies have
shown that shorter CNTs, around 0.22 mm in length, are more
readily absorbed by macrophages and phagocytes than longer
CNTs, which are greater than 0.8 mm in length.44,45 In experi-
ments conducted on rats, it was found that four weeks aer
injection into subcutaneous tissue, the majority of the short
CNTs were present within the cytosol of macrophages.
Conversely, the longer CNTs remained free-oating, leading to
persistent inammation.46 Oxidative stress is the second toxic
mechanism that happens due to high level of reactive oxygen
species (ROS) in CNTs structure and leads to multiple negative
side effects in the cell such as apoptosis, necrosis, proliferation
reduction, oxidative DNA damage, and inhibition of cell
growth.47,48 The genotoxicity mechanism is the last one,
somehow related to DNA damages specied by a wide spectrum
including the interaction between CNTs and proteins taking
part in chromosome aberration, the effect of CNT on themitotic
spindle, complex DNA oxidation, DNA failure.32,43 Functional-
izing CNTs with certain biocompatible and biodegradable
materials, modifying the CNT surfaces with special metal
oxides, and conjugating with proper proteins have been sug-
gested to address the toxicity problem. In addition to toxicity
reduction, these methods can improve CNTs' dispersibility in
aqueous solutions and also help to control the alignment of
CNTs within the cell membrane. Moreover, the same methods
have been applied to convert the CNTs to intelligent delivery
agents which enables them to have the multi-responsiveness
property.28,49 Addition of functional groups to CNTs can be
carried out either covalently or non-covalently. The involving
carbons hybridization structure changes from sp2 to sp3 state
aer covalent binding to the desired functional groups of the
reactive molecules. Fluorination of CNTs, carbene and nitrene
addition, cycloaddition, cholorination, and bromination are
a few examples of functionalizing CNTs covalently. On the other
hand, a typical non-covalent functionalization process includes
ultrasonication of CNTs, centrifugation and nally ltration.28

Ultrasonication, which involves using ultrasonic waves to
disperse CNTs in a solvent. This process helps to break up
aggregates and ensure that the CNTs are evenly distributed.
Surfactants or polymers are oen added during ultrasonication
to stabilize the dispersed CNTs through non-covalent interac-
tions. The energy from the ultrasonic waves facilitates the
adsorption of these stabilizing agents onto the CNT surfaces,
enhancing their solubility and preventing re-aggregation. In
next stage, the mixture is subjected to centrifugation. This step
separates the well-dispersed, functionalized CNTs from any
remaining large aggregates or unfunctionalized CNTs. During
centrifugation, the centrifugal force causes the denser,
unmodied aggregates to settle at the bottom of the centrifuge
tube, while the stabilized, functionalized CNTs remain in the
supernatant. This process helps to purify the CNTs, ensuring
that only those that have been effectively functionalized and
24628 | RSC Adv., 2025, 15, 24624–24638
dispersed are retained. The nal step is ltration, which further
puries the functionalized CNTs. The supernatant from the
centrifugation step is passed through a lter, typically made of
a membrane with pores small enough to retain the CNTs but
large enough to allow the solvent and any unbound functional
agents to pass through. This stage removes any residual impu-
rities and unadsorbed functional molecules, resulting in
a puried solution of non-covalently functionalized CNTs.50–52 A
broad range of compounds such as bio-molecules, polymers,
surfactants, and poly nuclear aromatic compound can be
attached to the surface of CNTs through physical weak inter-
action in the non-covalent process.51,53

Studying the toxicity of CNTs on various cells and the effect
of their modication by adding the proper functional groups
has been frequently reported in the literature. Results of several
recent researches on this topic have been summarized in Table
1. The Table 1 provides a detailed summary of studies investi-
gating the cytotoxic effects of MWCNTs and SWCNTs on various
cell types. These studies utilize a range of cytotoxicity assays,
including CCK8, LDH, MTT, MTS, Trypan blue, Flow cytometry,
and CellTiter-Glo, with the CCK8 assay being the most
frequently employed method. The administered doses vary
widely from 0.1 mg mL−1 to 400 mg mL−1, reecting differences
in experimental designs and the sensitivity of the cell types
tested. Cell viability percentages range from as low as 30% to as
high as 100%, typically correlating with higher doses or more
sensitive cell types showing lower viability. A broad spectrum of
cell types, including HepG2, NIH-3T3, Met-5A, Raw264.7,
HEK293, HUVECs, HT29, A549, HeLa, and primary cells, have
been examined, with both human and murine cell lines repre-
sented. The studies span from 2016 to 2024, indicating ongoing
research interest in this area. Comparatively, MWCNT studies
generally reveal a more consistent trend of reduced cell viability
at higher doses. For instance, MWCNT at 400 mg mL−1 shows
less than 50% viability in Raw264.7 cells.54 Conversely,
moderate doses of MWCNT at 64 mg mL−1 result in about 60–
80% viability across various cell types including HUVECs,55

THP-1,56 and SMCs.57 In contrast, low doses of SWCNT at 5–40
mg mL−1 exhibit less than 70% viability in human neuronal cell
line LN18.58 Cell type sensitivity also varies, with A549 cells
showing only 30% viability at 50 mg mL−1 of MWCNT,59 while
hMSCs exhibit 100% viability at 20 mg mL−1 of SWCNT.60 Yearly
trends suggest that earlier studies oen employed higher doses
with lower viability outcomes, whereas recent studies focus on
specic cell lines and slightly lower doses, yielding varied
results. The type of assay used impacts the observed cell
viability, highlighting the necessity for multiple assays to vali-
date ndings. Overall, MWCNTs demonstrate consistent cyto-
toxic effects at higher doses, whereas SWCNTs show more
variable results, inuenced by the type of cytotoxicity assay and
the cell type. As it can be estimated from Table 1 and in order to
have a high cell viability percentage (80 <), CNT dose less than
100 mg mL−1 is preferred. In addition to the dose of CNT, other
parameters such as diameter of CNT, size distribution, surface
chemistry, and various functional groups (hydroxylated CNT,
carboxylated CNT) can affect the cell viability. For instance,
Zhao et al.61 studied the effect of various diameters of CNTs on
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Cytotoxicity studies on pristine and functionalized CNTs with various cell types

Type of CNT Functional groups Cytotoxic test Dose % Viable cells Cell type Year, ref

MWCNT Pristine, hydroxylated,
carboxylated

CCK8 40 mg mL−1 50 HepG2 2016 (ref. 74)

MWCNT Carboxylated CCK8 100 mg mL−1 80 < NIH-3T3 2016 (ref. 75)
MWCNT Pristine LDH 80 mg mL−1 80 Met-5A 2016 (ref. 76)
MWCNT Oxidized-MWCNT MTS 400 mg mL−1 50 < Raw264.7 2016 (ref. 54)
SWCNT Pristine, hydroxylated,

carboxylated
CellTiter-Glo — — HEK293, MCF10A,

MRC-5, HepG2
2017 (ref. 77)

MWCNT Pristine LDH, WST8 32 mg mL−1 ∼80 HUVECs 2017 (ref. 78)
MWCNT Oxidized MTT 200 mg mL−1 40 HT29 2017 (ref. 79)
MWCNT Pristine, carboxylated PI 50 mg mL−1 30% dead A549 2017 (ref. 59)
SWCNT Carboxylated CCK8 50 mg mL−1 ∼50 HUVECs 2018 (ref. 80)
SWCNT Carboxylated CCK8 50 mg mL−1 ∼60 HUVECs 2018 (ref. 81)
SWCNT Pristine LDH 2 mg mL−1 50 HeLa, HUVEC,

Hep2G
2018 (ref. 82)

MWCNT Pristine Trypan blue 60 mg mL−1 60 < Primary
microglial cells

2018 (ref. 83)

MWCNT Oxidized CCK8 60 mg mL−1 ∼80 HUVECs 2019 (ref. 55)
MWCNT Pristine, hydroxylated,

carboxylated
CCK8 64 mg mL−1 80 < THP-1 2019 (ref. 56)

MWCNT Pristine CCK8 64 mg mL−1 60 < HUVECs 2019 (ref. 61)
MWCNT Pristine, carboxylated CCK8 64 mg mL−1 60 < SMCs smooth

muscle cells
2019 (ref. 57)

MWCNT Hydroxylated,
carboxylated

CCK8 64 mg mL−1 60 < HUVECs 2019 (ref. 84)

MWCNT Pristine LDH, trypan
blue

12 mg mL−1 60 < Bronchial epithelial
primary cells

2019 (ref. 85)

SWCNT,
MWCNT

Carboxylated PI, acridine
orange

50 mg mL−1 80 < H1299 2019 (ref. 86)

SWCNT Carboxylated WST1 20 mg mL−1 100 hMSCs 2019 (ref. 60)
MWCNT Pristine, acid

functionalized, and
annealed treatment

Flow cytometry 120 mg mL−1 ∼50 Raw264.7 2020 (ref. 87)

MWCNT Pristine LDH — — Mesothelial LP9 2020 (ref. 88)
MWCNT Pristine, carboxylated MTT, LDH — — A549 2020 (ref. 89)
SWCNT Pristine MTT, LDH,

trypan blue
50 mg mL−1 80 < Human umbillical

cord MSCs
2020 (ref. 90)

MWCNT
(+bers)

Pristine WST1 24 mg mL−1 60 < BEAS2B 2020 (ref. 91)

MWCNT Pristine, oxidized Hep2G 2022 (ref. 92)
SWCNT Pristine, carboxylated Trypan blue,

MTT
5–40 mg mL−1 70 < Human neuronal

cell line LN18
2022 (ref. 58)

SWCNT Pristine, carboxylated,
aminated

CCK8 37.5 mg mL−1 ∼75 HEK 293 2022 (ref. 64)

MWCNT Pristine CCK8 64 mg mL−1 ∼60 HUVECs 2022 (ref. 32)
MWCNT Pristine, carboxylated Trypan blue,

MTT, and live
dead cell assays

5–40 mg mL−1 ∼70 LN18 2023 (ref. 93)
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their toxicity to human umbilical vein endothelial cells and
concluded that the MWCNT with small diameters had the
highest level of cytotoxicity at a constant mass concentration.
This was justied by the fact that the human endothelial cells
may be affected by the autophagy dysfunction and endoplasmic
reticulum stress caused by the small diameter of CNTs.61 Jiang
et al.62 evaluated the role of lengths, functional groups, and
electronic structure on cytotoxicity of SWCNT. They concluded
that SWCNTs with longer length has lower toxicity than those
with shorter length. They also showed that semiconducting
SWCNT and metallic SWCNT had minimum and maximum
toxicity levels, respectively. Moreover, their results indicated
© 2025 The Author(s). Published by the Royal Society of Chemistry
that the carboxylated SWCNT derived a grosser toxicity than the
hydroxylated SWCNT especially in terms of genotoxicity.
Chowdhry et al.63 compared the cellular toxicity of pure
MWCNT, carboxy MWCNT, and amino MWCNT on HEK293
cells and zebra sh in vivo by MTT assay and trypan blue. The
results showed the toxicity increased at higher concentration of
MWCNT and unmodied MWCNT had the highest level of
toxicity in all concentrations compare to functionalized
MWCNT. The cell viability for carboxy MWCNT was higher than
amino MWCNT at 25 mg mL−1.63 Yazdani et al.64 evaluated the
toxicity of CNTs before and aer modication by 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene
RSC Adv., 2025, 15, 24624–24638 | 24629

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02939b


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/1
0/

20
25

 1
2:

08
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
glycol)] (DSPE-PEG-COOH) and also aer adding ethylenedi-
amine on HEK-293 cells. The CCK8 assay results showed the cell
viability of modied CNTs was higher than pristine CNTs in all
concentrations. They concluded the CNT functionalization lead
to decreasing their toxicity and also improve dispersibility and
aqueous solubility.64 Despite numerous advancements in
improving the biocompatibility and reducing the toxicity of
CNTs, signicant regulatory challenges remain before their
clinical translation can be realized. One of the major barriers is
the lack of universally accepted standards for evaluating the
toxicity of nanomaterials, including CNTs.65,66 Currently, testing
protocols vary across studies, making it difficult to compare
results and assess safety consistently. Regulatory agencies such
as the FDA and EMA emphasize the need for comprehensive
risk assessments, including long-term toxicity, biodistribution,
immunogenicity, and biodegradability.67,68 Moreover, mitiga-
tion strategies such as surface functionalization with FDA-
approved polymers (e.g., PEGylation),69 control over size and
aspect ratio, and removal of catalytic impurities are key to
improving biosafety.70,71 Development of biodegradable CNT
derivatives and targeted delivery systems also helps to minimize
side effects and reduce systemic toxicity.72 In this context, an
integrated approach that combines advanced functionalization
techniques, standardized testing, and regulatory alignment is
essential to accelerate the safe and effective clinical translation
of CNT-based systems.72,73
4. Interactions between CNTs and the
cell membrane

Among the diverse mechanisms for uptake of nanostructures by
living cells (i.e., direct uptake, endocytosis, phagocytosis, and
receptor-mediated endocytosis), the most effective internaliza-
tion mechanism is known to be receptor-mediated endocytosis,
which is controlled by various parameters such as the size,94,95

geometries,96–99 elastic stiffness,100,101 and surface properties of
the nano structures. The nano structure geometries have
attracted much attention, because of the different shapes of
nanostructures such as nano-capsules, nanorods, and nano-
sheets that have different interactions with cell membranes.
Experiments and simulation results showed that the nano-
structures with irregular geometry tend to rotation.102 For
instance, one-dimensional nanomaterials may enter cells by the
“head diagnosis and rotation” mode. In this state, the uptake
happens by the rotation of the nanostructures to the near-
vertical alignment.102 Molecular dynamic simulation (MDS)
results indicated that the endocytosis takes via a laying-down
and then standing-up rotation for nanostructures with
a sphere-cylindrical shape.103 Besides, it has been identied that
the direction and rotation of the nanostructures are of major
biological importance.102 The cellular uptake of CNTs func-
tionalized with biocompatible materials is inuenced by
multiple factors, including cell type, surface functional groups,
and the physical characteristics of CNTs such as length and
diameter.104–106 Studies have shown that shorter CNTs, espe-
cially those with amino functionalization, can behave like tiny
24630 | RSC Adv., 2025, 15, 24624–24638
nanoneedles capable of passive membrane penetration.
However, differences in cell membrane composition and
surface receptor expression also play a signicant role in
determining uptake efficiency.107,108 In other cases, CNTs
modied with DNA sequences, and proteins indicated an
endocytotic path of penetration.109 Raffa et al.110 synthesized
different type of MWCNTs and characterized their features such
as size (diameter and length), metal impurity, surface chem-
istry, and carbon soot. The cellular uptake was investigated by
standard uorescent probes and transmission electron
microscopy (TEM) images. They concluded that the length of
CNT have a considerable effect on the CNT uptake and MWCNT
with diameter shorter than 1 mm are penetrated easily.110 Shen
et al.111 investigated the role of coating CNT on the stabilization
and formation of CNT porins. Results showed that density of
lipid coating and end-functionalized groups had a strong effect
on the insertion of CNT into a bilayer membrane. Fig. 3 shows
the insertion of CNT coated with lipid into a 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocoline (POPC) lipid membrane at
various coating density. The angle between the CNT central axis
and the lipid membrane signed q. Fig. 3a indicates at the low
coating density (surface coating density (SCD) = 0.72), the
insertion angle (q) of CNT is toward a small angle, and simul-
taneously lipid coating of CNT fused with the membrane. The
equilibrium congurations of CNT with low density and pure
CNT are the same during the simulation. When the coating
density increased, the CNT would like to insert into a bilayer
membrane at a vertical alignment. The angles are 78°, 83°, and
85° for CNT with coating densities 2, 4, and 5.4, respectively
(Fig. 3b).111 Final results indicated the fewer functional groups
and average coating density are optimum state of efficient CNT
porins. All research results showed that the enter angle of CNT
into the cell membrane is not exactly 90° due to the thermal
uctuation.111 Moreover, CNT could easily enter the membrane
with an arbitrary orientation (vertically, horizontally, and tilted)
before functionalized and stayed in the hydrophobic part of
membrane, although it preferred to be located vertically aer
functionalized due to the electrostatic interactions between the
head groups of membrane and functional groups on CNT's
surface. Functionalized CNTs have strong potential to serve as
synthesized channel with high capability. The initial structure
of CNT affects the terminal orientation of CNT in themembrane
and as the CNT's length increases, the rotation movement will
become more complex.39
5. Artificial membrane channels
(porins) based on CNTs application

There are proteins in the lipid bilayer of the cells membrane
that formed channels called porins. Porins are open channels
usually lled with aqueous phase around the outer membrane
and conducts hydrophilic molecules passively thorough the
channel. Various types of porins have been specied in Gram-
negative bacteria and categorized according to the type of
their expression, kind of activity, and operating structure.112,113

For example, Escherichia coli (E.coli) generates three main types
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Incorporation of CNTs coated with lipid into a POPC bilayer membrane. (a) Snapshots of the configurations at starting time with different
SCD. (b) Time evolution of the insertion angle q of CNTs at five SCD values (schematically shown in the insets). Right panel indicates snapshots of
balance configurations for two SCD after 100 ns simulations.111 Figure reproduced with permission from ref. 111. Copyright 2020, Elsevier.
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of trimeric porins: OmpF, OmpC, and PhoE. Initial research and
studies with these three porins made the basis of the recent
knowledge of many other kinds of porins.113

Developing synthetic biological membrane channels, with
smart selectivity, and high yield, similar to natural membrane
channels attracts a lot of interest. The lipid bilayer as the
universal base for cell membrane structure is the rst barrier
that CNTs face when interacting with the cells. In addition to
self-assembly properties, a lipid bilayer has other properties
such as uidity and deformability, which are essential for many
membrane functions. The perfect transport properties of CNTs
and CNTs' thin hydrophobic inner pores made them an ideal
membrane channel platform. In addition, CNTs' inner struc-
ture mimics the structural motifs of biological channels.114 As
mentioned previously, aer CNT functionalized to improve
their solubility and decrease toxicity, they can penetrate into
lipid membranes and cell walls. CNTs with a short length have
been obliged into membranes to construct sensors.115

CNT porins are composed of long parts between 10 to 20 nm
of lipid-stabilized SWCNTs that can penetrate phospholipid
© 2025 The Author(s). Published by the Royal Society of Chemistry
membranes to create pores on a nanometer scale that is
dependent on the geometry and many main transport features
of biological membrane channels, such as selective perme-
ability, gatingmechanisms, rapid transport rates, directionality,
regulatory factors, energy requirements, pore size and shape,
and ion specicity. Evaluating the hydrophobic/hydrophilic
interactions between CNTs and bacterial cell membranes, and
also, investigation of the mechanical properties changes in
complex system of CNTs and bacterial cell membranes is crucial
to develop effective synthetic channels in the cell membrane.116

Sullivan et al.117 synthesized a group of CNT porins based on
CNT with 1.5 nm diameter that mimic the structure and main
motifs of membrane proteins and investigated the behavior of
CNT porins in lipid membranes composed of 1,2-dioleoyl-sn-
glycero-3-phosphocholine lipid (DOPC), and 1,2-dimyristoyl-sn-
glycero-3-phosphocholine lipid (DMPC) by high-speed atomic
force microscopy (HS-AFM) and MDS. HS-AFM results show the
motion of CNT porins was diffusive in the lipid bilayer plane
and diffusion coefficient for CNT porins was similar to diffusion
coefficient of membrane proteins in lipid bilayers.117 Geng
RSC Adv., 2025, 15, 24624–24638 | 24631
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et al.114 synthesized short CNTs from intact long CNTs through
sonication-assisted cutting process in the presence of 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC) lipid. Results indi-
cated that channels with unitary conductance of 70–100
picosiemens were created under physiological conditions, while
short CNTs automatically penetrated into lipid bilayers and cell
wall membranes. They called these CNT channels as “CNT
porins” which capable to transport DNA, protons, water, and
small ions.114 Tunuguntla et al.,118 explained synthesis methods
of CNT porins by long CNTs in presence of lipid amphiphiles
through ultrasound-assisted cutting process and evaluated the
incorporation of carbon nanotube porins (CNTP) with lipid
membrane through a proton permeability assay.119 They also
evaluated methods for measuring the conductance of single
CNT porins in lipid bilayers, and plasma membranes. Results
showed the CNTPs generated by this cutting method stay stable
and active for about three months.118

Liu et al.120 investigated the antimicrobial properties of CNTs
and their mechanisms of action against microorganisms for
water disinfection and microbial control. They reported that cell
membrane damage and release of intracellular contents as
a possible mechanism led to bacterial cell death. CNTs attach-
ment to the bacterial cells changed the structure, permeability
Fig. 4 (a) Diameter histogram of p-MWCNTs@GUVs at a 2 mg mL−1 conc
mL−1 concentration, (c) cartoon of the interaction in the p-MWCNTs@
concentration of 2 mg mL−1 of CNTs after one hour of incubation, (e) co
interaction of the system ox-MWCNTs@GUVs, (g) diameter histogram of
confocal images of alk-MWCNTs@GUVs at a 2 mgmL−1 CNTs concentrati
(i) confocal images of alk-MWCNTs@GUVs at a 2 mg mL−1 CNTs concent
Figure reprinted with permission from ref. 116. Copyright 2018, Springer

24632 | RSC Adv., 2025, 15, 24624–24638
and proton motive force of the cells membrane.120 Pérez-Luna
et al.116 studied the hydrophobic/hydrophilic interactions
between pure and functionalized MWCNTs with giant uni-
lamellar vesicles (GUVs) as a simple model of cell membranes as
well as the mechanical properties changes of the system and
concluded that the interactions between MWCNTs with cell
membranes depended on the type of CNT functionalization
(Fig. 4). Oxidized MWCNTs (ox-MWCNTs) had an interaction
with the polar section of phospholipids and remained in the cell
membrane, and alkyl functionalized MWCNTs (alk-MWCNTs)
remained inside the cell membrane. The mechanical features
of complexes systems investigated via the electrode deformation
method and the results showed that alkyl-MWCNTs formed
stable complex structures inside the membrane.116 Li et al.121

measured the amount of water and chloride ion penetration
through CNT porins with 0.8 nm diameter by using uorescence-
based assays under optimum experimental conditions.

6. Molecular dynamic simulation
analysis for studying CNT based porins

Recently, MDS has been applied to investigate the interactions
between nano structures such as CNTs and phospholipid
entration of CNTs, (b) confocal images of p-MWCNTs@GUVs at a 2 mg
GUVs systems, (d) diameter histogram of oxMWCNTs@GUVs at the
nfocal images of ox-MWCNTs@GUVs at 2 mg mL−1, (f) cartoon of the
alk-MWCNTs@GUVs at a 2 mg mL−1 concentration of alk-MWCNTs, (h)
on, colocalization of alk-MWCNTs GUVs on “ghost-like” structures, and
ration, colocalization of alk-MWCNTs GUVs on “ghost-like” structures.
Nature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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membranes.122 Simulations indicated that CNTs with a length
analogous to the thickness of a lipid bilayer membrane can
automatically cross over the cell membrane.114 How the CNTs
come down, conjugate to, and translocate through cell
membranes can be studied by MDS.34 It is important to note
that in many coarse-grained force eld-based molecular
dynamics simulations,123 the polarizability of CNTs is oen not
explicitly considered, and carbon atoms are typically modeled
as Lennard-Jones particles with zero partial charges. However,
atomistic simulations frequently include partial charges and
more detailed parameterizations to capture interactions more
accurately, as exemplied by Vögele et al.124 developed an
AMBER- and Lipid14-compatible parameterization scheme for
CNTs embedded in lipid membranes. One of the pioneering
MDS results of the interaction of CNT with the membrane
showed that SWCNT with hydrophilic groups at the open ends
was capable of displacement in the membrane spontaneously
which could form a transmembrane channel permeable for
water molecules.125 Zimmerli et al.126 evaluated the formation
and transport features of CNT-based transmembrane channels
by using MDS. Feasibility of electrophoretic transport of short
RNA segments through a channel based on transmembrane
SWCNT was observed. Results indicated that a partial electro-
static potential difference (1–2 V) retained the RNA part trans-
position with a velocity of about 1–30 nucleotides per
nanosecond (ns).126 Studying the interactions of the membrane
with pure CNTs of various lengths indicated that CNTs with
shorter lengths inside the lipid bilayer, preferred to be oriented
parallel to lipid molecules. On the other hand, CNTs with longer
lengths oriented parallel to the membrane plane.127 Computa-
tion results of a single chain mean eld theory (SCMF)128

determined that the necessary penetration energy for a verti-
cally oriented CNT with a hydrophilic surface is about
a hundred of kBT.129 A vertical penetration possesses the
minimum energy obstacle and generates the minimum damage
to the membrane. The hydrophobic core of the bilayer adsorbs
CNTs with a hydrophobic surface, which slows down their
motion and prevents them to separate from the membrane. The
SCMF theory was also used to evaluate the penetration param-
eters of a CNT that was modied with hydrophilic and hydro-
phobic bands on its surface.130 It was shown that a particular
pattern on the surface of a CNT can simplify its permeation
through a lipid bilayer.131 Kraszewski et al.132 evaluated the
interactions of pure and functionalized SWCNTs with the
membrane viaMDS. Results of MDS simulations indicated that
pure SWCNT independently penetrated into the bilayer. A multi
stage procedure was suggested which included an initial
landing and oating on the bilayer surface, penetrating quickly
from the head groups in the next step, and nally moving
smoothly through the lipid tails zone.132 It has been reported
that during the amine modied SWCNTs translocation, amine
groups were deprotonated on the membrane surface in the
simulation and aerward, when CNT came close to the opposite
membrane side, the charges were retrieved.132 The MDS for
penetration of open and closed SWCNTs to the lipid membrane
through the all-atom model were also investigated.133 The
penetration of CNT with a closed-end brings smaller membrane
© 2025 The Author(s). Published by the Royal Society of Chemistry
disorders than CNT with an open end. A closed SWCNT has
a minimum free energy obstacle to penetration through the
membrane, which makes it a favored choice for drug delivery,
performing as nano-carriers.133 In order to explore the proper-
ties of cell membrane interactions with pure and modied
SWCNTs of various diameters, lengths, and functional groups
locations, simulations with closed SWCNTs and aggregates of
SWCNTs had been performed.134 The CNTs had various loca-
tions of hydrophilic groups: SWCNTs with a complete hydro-
philic surface, with hydrophilic end groups, and a complete
hydrophobic surface. Simulation results showed the small
CNTs automatically penetrated the membrane. The membrane
center was the location where the hydrophobic SWCNTs were in
the maximum stable state. When the length of CNTs was
shorter than the membrane thickness, the least free energy level
for the vertical direction in the bilayer was a little lower.134

SWCNTs with a modied hydrophilic surface were ideally
adsorbed by the membrane at the interface of water and lipid
and the orientation of SWCNT was parallel to the membrane
plane. The possibility of crossing the membrane for such
SWCNTs is extremely low. Kraszewski et al.135 evaluated the
internalization of modied CNTs into a lipid bilayer via MDS
(using NAMD2.7b2) and Monte Carlo simulations as a function
of the CNTs length. They concluded that hydrophobicity played
an important role in the insertion process.135 Tabari et al.136

investigated the interactions between CNTs and cell
membranes using MDS (NAMD and GAUSSIAN package) and
density functional theory (DFT) models. DFT results indicated
that for open-ended CNTs, there were unsaturated bonds at the
end of the tubes and also a signicant dipole moment that
should not be neglected. They rst determined the partial
charges for pure and modied CNTs using DFT and then
applied the obtained results to the molecular dynamic force
eld.136 DFT results showed that partial charges for function-
alized CNTs were higher than pure CNT, and MDS results
showed that the interaction energy of nanotubes with biological
membrane was very strong.136 Gao et al.39 investigated the
orientation and permeation of pure and modied CNTs in
a lipid bilayer through atomic MDS. Results showed that pure
CNTs could eagerly penetrate into the membrane and settle in
the hydrophobic part without particular orientation (Fig. 5a),
while modied CNTs stand upright in the lipid bilayer center
(Fig. 5d and e).39 Pure CNT was preferred to be located with an
oblique angle of approximately 30° (Fig. 5b), while the func-
tionalized CNT preferably was placed vertically during the
whole simulation time in both horizontal and vertical entering
systems (Fig. 5d and e) and the tilt angle was almost always
more than 75° (Fig. 5f). Shiing from a horizontal to a vertical
state was explained by the electrostatic interactions between the
functionalized CNT and lipid bilayer (Fig. 5e). The number of
hydrogen bonds formed between hydroxyl groups on the ends
of functionalized CNT and lipid headgroups was an average of
about 5 which led them to complicated with each other, and
functionalized CNT was prone to vertical orientation (Fig. 5g).
Liu and coworkers137 used nonequilibrium MDS to explore
methane diffusion through (10,10) CNT membranes at 300 K
and up to 15 bar, highlighting the signicant role of interfacial
RSC Adv., 2025, 15, 24624–24638 | 24633
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Fig. 5 An entering route of pure CNT and functionalized CNT situated in the membrane vertically and horizontally. (a) Snapshots at critical times
for pure CNT. (b and c) Time evolvement of the center of mass (COM) distance in the z-direction, the tilt angle, and the interaction energy
between pure CNT andmembrane. (d and e) Snapshots at t= 0 ns and 100 ns for functionalized CNT, (f) the tilt angle, and (g) the hydrogen bonds
between functionalized CNT and lipid bilayer membrane. Figure reproducewith permission from ref. 39. Copyright 2019, Multidisciplinary Digital
Publishing Institute (MDPI).
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resistance at CNT entrances and exits in reducing permeability
by over two orders of magnitude.137 They137 found that factors
such as the adsorption affinity and surface area of the
surrounding matrix (anges) greatly inuence transport
performance. Their model distinguishes between ange resis-
tance and entrance–exit resistance, emphasizing how
membrane porosity and surface interactions independently
regulate mass transfer.137 These insights provide a deeper
mechanistic understanding of how CNT geometry and surface
chemistry affect diffusion efficiency in nanostructured
24634 | RSC Adv., 2025, 15, 24624–24638
membranes.137 Li and coworkers 138 introduced boron nitride
nanotube porins (BNNTPs) as synthetic membrane channels
that closely mimic biological porins, with diameters around
2 nm and high ion transport efficiency.138 Using cryo-TEM, DNA
translocation, and liposome assays, they demonstrated
successful BNNTP integration into lipid bilayers. Notably,
BNNTPs exhibited strong cation selectivity, unusual C1/4 scaling
with ion concentration, and pH-dependent conductance. Their
osmotic energy harvesting experiments revealed exceptional
© 2025 The Author(s). Published by the Royal Society of Chemistry
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power densities (up to 12 kW m−2), greatly outperforming
previous BNNT-based systems.138
7. Conclusion

In this review, we examined the potential of carbon nanotubes
(CNTs) in designing transmembrane channels to enhance the
mass transfer through the cells' lipid bilayer membrane. Our
analysis highlighted the signicance of the CNT length, noting
that while shorter CNTs can serve as stable membrane chan-
nels, longer CNTs tend to become obstructed within the
hydrophobic regions of the cell membrane. This insight
underscored the importance of optimizing CNT length for
effective membrane integration. Furthermore, we explored the
impact of surface functionalization on CNT permeability. The
previous research results indicated that pure CNTs can readily
penetrate plasma membranes without specic orientations,
oen causingmembrane disruption. In contrast, functionalized
CNTs demonstrated a preference for vertical alignment, which
minimized membrane damage and reduces energy barriers.
The density and type of functional groups, such as carboxylic
and amine groups, played a crucial role in maintaining this
vertical orientation and ensuring stable insertion into lipid
membranes. The study concludes that functionalized CNTs,
with their ability to maintain vertical congurations and reduce
membrane perturbation, are proper candidates for acting as
synthetic channels in the cell membrane. To overcome current
barriers in the practical application of CNT-based membrane
channels, future research should also prioritize the integration
of CNTs with living systems by improving biocompatibility and
minimizing cytotoxicity, which can be achieved through
advanced surface functionalization and biomimetic coatings.
Moreover, scalable and reproducible fabrication techniques
need to be developed to enable large-scale production of
uniform CNT channels with controlled length and functionali-
zation patterns. Finally, exploring responsive gating mecha-
nisms, such as stimuli-responsive functional groups or external
control via electric or optical signals, could provide dynamic
regulation of channel permeability, enhancing their utility in
smart drug delivery and biosensing applications. Addressing
these challenges will be critical for translating CNT membrane
channels from laboratory studies to real-world biomedical and
environmental technologies. In summary, the strategic func-
tionalization of CNTs presents a promising approach to devel-
oping effective membrane channels, paving the way for
advanced innovations in biomedical, environmental and engi-
neering applications. Future research should mainly focus on
optimizing functional group characteristics and densities to
further enhance the efficacy and safety of CNT-basedmembrane
channels in various applications.
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