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A B S T R A C T

Smart drug delivery nano-systems show significant changes in their physical or chemical properties in response
to slight change in environmental physical and/or chemical signals, and further releasing drugs adjusted to the
progression of the disease at the right target and rate intelligently. Two-dimensional materials possess dramatic
status extend all over various scientific and technological disciplines by reason of their exceptional unique
properties in application of smart drug delivery nano-systems. In this review, we summarized current progress to
highlight various kinds of two-dimensional materials drug carriers which are widely explored in smart drug
delivery systems as well as classification of stimuli responsive two-dimensional materials and the advantages and
disadvantages of their applications. Consequently, we anticipate that this review might inspire the development
of new two-dimensional materials with smart drug delivery systems, and deepen researchers’ understanding of
smart nano-carries based on two-dimensional materials.

1. Introduction

Smart drug delivery systems (SDDSs) is a kind of drug delivery
system which could transfer the signal, respond, deliver the drug, and
stop delivering automatically [1]. All kinds of the smart drug delivery
achieve a particular aim of delivering the drug by expected quantity at
expected time in a proper point. The control signals of SDDSs are not
only limited to internal in nature such as redox, pH, concentration of
specific biomolecules, and enzymatic activity [2–5], but also including
external in nature such as light of various wavelengths, magnetic fields,
electric fields, and ultrasound [6–9]. Carriers are the base of SDDSs.
These smart carriers include polymers [10–14], hydrogels [15–17], li-
posomes [18–21], nanoparticles [22–24], nanosheet [25–27], micelles
[28–30] etc. Two-dimensional (2D) materials refer to the material size
is reduced to the limit of atomic layer thickness in one dimension, while
in the other two dimensions the material size is relatively large [31]. In
2004, Novoselov et al. [32] reported that graphene was obtained from
the exfoliation of graphite by using Scotch tape. It's proved that it has
unique and excellent electrical properties. Since then, 2D nanomaterials
represented by graphene have gained rapid development [33–37], and

new two-dimensional materials have sprung up [38–40]. In addition to
graphene, the family of 2D materials generally also include transition
metal dichalcogenides (MoS2 [41–43], WSe2 [44], TiS2 [45,46], SnS
[47–49], etc. [50–52]), single element (graphene [53–55], selenium
[38,56], boron [57], tellurium [58], bismuth [59–61] and black phos-
phorus [62–65], etc [60,66,67].), main group of metallic sulfide com-
pounds (GaS、InSe、SnS、SnS2) [48,68–70] and other two-dimen-
sional materials [71–76]. These 2D materials have completely different
energy band structures and electrical properties, including photo-elec-
tronics, and water splitting and energy storage [77–80]. In addition,
they reveal interesting characteristics in medicine field, which may
provide new opportunities for SDDSs.

SDDSs show broad prospect in the application field in pharmacy,
and have rich research content [81–83]. Various intelligent drug de-
livery systems can be released at fixed point, time quantitatively
[84–86]. However, up to now, most of the studies on such drug delivery
systems are still in the experimental stage, and there are still many
problems applying them in clinical practice. For example, with the
deepening understanding of cancer, researchers have found that the
traditional nano-smart drug delivery system has obvious deficiencies
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[87]. The low drug load of carrier severely limits the application of
multi-mode therapy. And that single treatment (such as chemotherapy
and immunotherapy) is limited for the treatment of illness [88–90]. It is
difficult to effectively inhibit tumor development, metastasis, and to
achieve the precision treatment and visualization for cancer [91].

2D materials have great light photodynamic properties and heat
conversion efficiency, so they maintain diverse advantages in medical
applications. Which also endow them with great potentials in medicine
fields, such as sensing [92–94], imaging [95–97], and therapy
[98–102]. Meanwhile, 2D materials show a formidable capability in
drug delivery with a lot of advantages. 2D nano materials have one of
the lamella structures of the unique essential characteristics, which
ensure the huge surface area for high drug loading. One of the unique
essential characteristics of 2D nano materials is the lamella structure,
which provides the vast surface area for high-efficiency of drug loading
[103–105]. In addition, due to graphene and their derivatives have
special sp [2]-bond of carbon atoms and a large number of surface
contacts, they can strongly interact with drugs by hydrophobic inter-
actions and supra-molecular stacking [106–111]. These characteristics
of the 2D materials enable them to have good prospects for the appli-
cation of SDDSs [86] (Fig. 1). In this review, we emphasize the current
development of SDDSs for a great deal of smart 2D materials based
nanocarriers, including polymers, hydrogels, liposomes, nanoparticles,
nanosheets, micelles, etc. This review also correlates classification of
stimuli responsive 2D materials and the application fields of 2D mate-
rial SDDSs. Finally, merits and demerits of 2D materials for SDDSs are
also presented.

2. Two-dimensional material preparation

Since Novoselo et al. obtained monolayer graphene by micro-
mechanical exfoliation in 2004, a variety of methods have been de-
veloped for the preparation of 2D materials. However, not all pre-
paration methods are suitable for the application of drug loading
platforms. Micromechanical exfoliation is a simple method widely used
to obtain 2D material. Micromechanical exfoliated 2D materials, which
exhibit considerable lateral size, few defects, high purity, Ideal surface
as well as great crystallinity, are suitable for high-precision application
such as photodetector and field effect transistor. In 2004, Novoselov
et al. [112] cleavage high quality graphene with single-atomic thick-
ness from the highly-oriented pyrolytic graphite by micromechanical
exfoliation and opened the era of 2D materials. After the starting ma-
terial (graphite) was attached to the photo-resist, the scotch tape was
used to repeatedly process the surface of graphite. The mechanical force
interrupted the fragile van der Waals force between the layers, while
the stronger covalent bonds in the layer were retained. Then, the few-

layer graphene attached to the tape is released in acetone with ultra-
sound assistance and captured by the silicon wafer in the solution.
Fortunately, perhaps owing to van der Waals as well as capillary forces,
graphene with a thickness of less than 10 nm can be better attached to
the silicon wafer, so that most of the thick sheets can be removed by
ultrasonic-assisted acetone washing. Thanks to optical interference,
researcher can easily distinguish graphene with thicknesses higher and
less than 1.5 nm, the former is able to be observed under an optical
microscope and the latter not. The high-quality 2D materials obtained
by micromechanical exfoliation showed a lot of novel physical prop-
erties and realized a great number of amazing applications. However,
the low yield and the small radial size of as-prepared single-layer na-
nosheets limit the large-scale industrialization. In order to solve this
problem, Huang et al. [113] designed an improved micromechanical
exfoliation method, the yield of which is increased by 20–60 times
compared to the conventional method (Fig. 2A–D). Unlike the initial
use of silicon wafers to passively collect the few-layer 2D material at-
tached on tape, the silicon wafers are utilized to exfoliate the 2D ma-
terial from the thick bulk material held by the tape in the improved
method. To enhance the van der Waals force between silicon wafers and
outermost layer of the graphite sheet on the surface of tape, which is the
key factor for obtaining ideal graphene, oxygen plasma is used to clean
the surface of substrate and sufficient reaction time and temperature
(100 °C, 2–5 min) between the substrate and the tape with the material
is guaranteed. Notably, the tape is only treated 3 to 4 times after re-
moving the thick graphite sheet from the highly-oriented pyrolytic
graphite to ensure the diameter of graphene. Despite some progress, the
manual operation during the micromechanical stripping method
without the aid of equipment has inevitably led to the product ran-
domness and limited yield as well when brought convenience. As a
result, in the study of the 2D material-based drug carrier, the most
commonly used method is the liquid phase exfoliation described below.

The liquid phase exfoliation is one of the most widely used method
to achieve large-scale 2D material fabrication. Unlike the micro-
mechanical exfoliation, the 2D material obtained by the liquid phase
exfoliation tends to be small, which limits its electrical application but
is very suitable in the field of biomedicine. What's more, the size of the
2D materials obtained by this method is controllable and reproducible
with the liquid cascade centrifugation, indicating a great potential in
the clinical application [114]. The process and equipment of the liquid
phase exfoliation method are shown in Fig. 2F–Q. There are three key
steps in the process of liquid phase exfoliation: First, minimize the
energy required for exfoliation, and there are many strategies devel-
oped for this aim. The most common path to achieve this goal is to
disperse the bulk material in a suitable solvent where the energy re-
quired to break the van der Waals force between the layers of the

Fig. 1. Schematic illustration of 2D material as a smart drug delivery with multimodal imaging guidance.
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material matches the surface energy of the solvent itself. It is worth
noting that the solvent provides not only surface energy required for
exfoliation but also benefit protection, which is very useful for some 2D
materials such as black phosphorus. The commonly used solvent, such
as isopropyl alcohol and N-methyl-2-pyrrolidone, have toxicity and
require multiple wash with deionized water before they can be used as
drug delivery platform. Fortunately, in recent years, some biocompa-
tible solvents have also demonstrated the ability to fabricate 2D ma-
terials. For example, Tao et al. [115] obtained a black phosphorus na-
nosheet with an average size of 120 nm and thickness of 1–2 nm using
deoxygenated water, which achieved significant tumor treatment ef-
fects as a drug carrier, and a variety of characterizations confirm the
higher quality of the resulting nanosheets. Xue et al. [116] utilize
ethanol as solvent to exfoliate antimonene (radial size about 400 nm,
thickness about 3 nm) with excellent miRNA detection ability. In ad-
dition to pure solvent, mixed solvent or added solvents are also popular

to prepare 2D materials [117]. Surfactants are a common additive to
enhance the stripping efficiency of 2 materials in aqueous solutions.
The difficulty of completely removing the surfactant from the surface of
obtained 2D material limits the application of this technology in a lot of
conventional fields. However, a suitable surfactant that remains on the
surface of 2D material will further enhance the biological effects rather
than bring problem. Wang et al. [118] used human serum albumin as a
surfactant to obtain 2D black phosphorus successfully, and the attached
human serum albumin improves the dispersibility and stability of the
black phosphorus nanosheets as well as load the drug. In addition to the
common method of reducing the exfoliation energy by the surface en-
ergy of the solvent, a specific oxidation-assisted strategy has been de-
veloped for special 2D material, mainly graphene. This method uses a
strong oxidizing agent to form many oxygen-containing groups on the
surface of each layer of graphite to increase the interlayer spacing
[119]. The van der Waals force between the obtained graphite oxide

Fig. 2. A~D [113]: Optical images of graphene obtained by micromechanical exfoliation with standard methods (A and B) and modified methods (C and D) improved
micromechanical exfoliation method (C and D). Reprinted with permission from Ref. [113] E [120]: Compared with the traditional methods, graphene exfoliated by
modified method exhibit a much larger size. After Al is etched by HF and replaced with OH, Ti3C2 layers are connected by weak hydrogen bonds, which can be
interrupted by sonication. Reprinted with permission from Ref. [120] F ~ Q [121]: Illustration of the liquid phase exfoliation method. F: Typical starting material
(here WS2 powder). G:2D material disperse colloidally in organic solvent after liquid phase exfoliation. H:nanosheets with various size and thicknesses disperse in the
suspension. I: Schematic of cascaded centrifugation. The increasing speed ω enables efficient purification of 2D materials with specific size. J: Probe sonication. K:
bath sonication. L: rotor stator mixer. M: The household kitchen blender, which can also be used to exfoliate 2D material as long as there is sufficient speed. N-Q
Typical collection process for 2D materials with specific size. After the nanosheets mixture (N) is centrifuged at a suitable speed and time, nanosheets with a specific
size is deposited to the bottom of the centrifuge tube (O). The supernatant was removed as completely as possible to ensure uniformity of nanosheets in the sediment
(P). Finally, the nanosheets are redispersed to get suspension with any desired concentration (Q). Reprinted with permission from Ref. [121].
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layers is obviously weakened, and a large amount of graphene oxide
nanosheets can be obtained after sonication. Graphene oxide (GO) and
the related reduced GO (rGO) possess abundant oxygen-containing
groups on their surface, which ensure the strong drug-loading ability,
modification, and hydrophilicity. However, the oxygen-containing
groups also bring a lot of uncertainties to the toxicity of GO, which
should be solved before clinical application. It is worth noting that a
recent report pointed out that borophene, the neighbor of graphene on
the periodic table, can also be prepared by oxidation-assisted liquid
phase exfoliation. As the lightest 2D material, borophene has received
extensive attention. However, with non-layered structure, it is difficult
to fabricate ultrathin borophene by the conventional top-down ex-
foliation method. Ji et al. [57] oxidized the boron sheet (thicker than
15 nm) at a high temperature (650 °C) to transform the surface of the
boron sheet to B2O3. After that, the B2O3-coated boron sheet was dis-
persed in water, where B2O3 dissolved away and expose the ultrathin
borophene with an average size of 100 nm and thickness less than 5 nm.
In addition to oxidation, selective etching can also assist liquid phase
exfoliation to fabricate 2D materials (for example, Mxene),as shown in
Fig. 2E. Second, enough tensile stress is necessary to interrupt the in-
terlayer force of material. The sonication and shear forces are the two
most common approach to provide the energy needed for liquid phase
exfoliation, while the former requires less time and the latter have a
greater production scale as well as larger radial size. During the ex-
foliation, the bubble induced by liquid cavitation is the most important
contribution. Along with the bubble rupture, a strong shock wave can
effectively break the interlayer force of the material to achieve the
exfoliation of the 2D materials. Unlike traditional concepts, thanks to
their anisotropic chain structure and fragile van der Waals forces be-
tween the chains, non-layered materials, such as tellurium and sele-
nium, can also be exfoliated into 2D nanosheets with sonication-as-
sisted liquid phase exfoliation [38,56,58].

Notably, sonication may induce some defects, which is harmful in
electrical applications but is beneficial for the application of nanome-
dicine carriers due to the enhanced photothermal effect. Compared to
sonication, the shear forces has less application in the field of drug
carriers, probably due to its relatively short history. However, as an
attractive fabrication method with the largest yield, the shear-assisted
liquid phase exfoliation has unique advantages over other methods.
This method utilizes the rotor stator mixer to induce shear forces on the

surface of material, which can trigger the large scale 2D materials ex-
foliation. At present, this method has been able to obtain several hun-
dred liters of 2D material dispersion at one time. Finally, centrifugation
is also an essential step to obtain 2D materials with a relatively uniform
size. Liquid cascade centrifugation is especially suitable for biological
applications with the consideration of the close relationship between
the toxicity and size of 2D materials.

3. Encapsulation of 2D materials

Nanoscience derived from drug delivery vehicles is the center of
researchers’ main interest. Using nanotechnology, nano drug can
overcome many defects of traditional drugs with poor solubility and
low bioavailability, which provide a new way for the research of new
drug delivery systems. For example, nanoparticles (NPs) may enhan-
cing drug biocompatibility through increasing the drug stability during
transport in the blood and improving cell absorption in the process of
entering the cell [122]. Smart NPs, which exhibit dramatic conforma-
tional changes in their physical/chemical properties in response to mild
change in environmental physical and/or chemical signals, further play
an important role in synergism and attenuation through increasing the
drug concentration in the target tissues or cells and reducing the drug
release in the normal tissues or cells. Due to the ultrahigh specific
surface area, 2D materials exhibit great potential in the drug delivery
application. Unfortunately, 2D materials may agglomerate into larger
particles in physiological conditions, which limit its clinical application.
To solve this problem, researchers used a variety of methods to en-
capsulate the 2D material, which significantly improved the bio-
compatibility and dispersion of 2D material. In this section, we dis-
cussed various techniques for encapsulating 2D materials (Fig. 3).

3.1. Encapsulation of 2D materials by polymers

Innovations in SDDSs field allow the introduction of 2D polymers
since they could deliver drug at the appropriate time and site of func-
tion and establish a link between therapeutic need and drug delivery
[123,124]. To this end, researchers have made use of characteristics of
2D materials polymers, because they can regulate large reversible,
physical, or chemical fluctuations as responses to small changes in
environmental conditions, such as temperature, light and pH.

GO was prepared from purified natural graphite on the basis of an
improved Hummers' method. Afterwards, to introduce amine groups,
GO was functionalized by adipic acid dihydrazide. To obtain GO-SA
conjugate, sodium alginate (SA) was covalently conjugated to GO via
the formation of amide bonds. The polymers maintained a low drug
release under physiological conditions, but achieved a higher drug re-
lease under tumor cell microenvironment. In fact, the release rate can
increase with the decrease of pH [125]. Furthermore, in the study of Li,
Tan et al. [126], PEGylated nanographene oxide and polyethylenimine
(PEI, 25 kDa) solution were mixed at 80° °C for 2 h. In this way, they
successfully synthesized nanographene oxide (nrGO) conjugate (PEG-
nrGO-PEI) with high gene delivery efficiency. The 25 min irradiation
(2 W/cm2) of 808 nm laser does not enhance the gene transfection ef-
ficiency of PEG-nGO/PEI, but augments gene transfection efficiency of
PEG-nrGO-PEI. By one-pot solventless high energy mechanical milling
technique, biocompatible PEGylated and water-soluble black phos-
phorus (BP) nanoparticles were prepared. Because the new BP nano-
particles exhibit excellent photostability, and can efficiently convert
near-infrared (NIR) light into heat, they can be applied to photothermal
therapy of cancer and photoacoustic imaging (Fig. 4A) [127]. Yang
et al. [128] reported MoS2 nanoparticles coated by polyvinyl pyrroli-
done with high drug loading capacity having good synergistic effect on
tumor photothermal and chemotherapy. MoS2 NPs release drug via a
controlled NIR- and pH- dual responsive manner, and the porous
structure of MoS2 NPs is conducive to the improvement of the drug
loading rate (adjustable drug loading percentage is 7–72%).

Fig. 3. Schematic representation of the nanocarriers used in smart drug de-
livery. polymers(A), hydrogels(B), liposomes(C), micelles (D).
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Now research shows that 2D materials polymers as carriers of SDDSs
can effectively inhibit tumor growth, and significantly reduce the toxic
side effects of drugs. At the same time, 2D materials polymers have the
ability to enhance uptake and to target cancer tissues by cancer cell, in
addition to increasing fast release of payloads in response to a stimulus
[129–132].

3.2. Encapsulation of 2D materials by hydrogels

Hydrogels are three-dimensional hydrophilic polymeric networks
that can swell in an aqueous environment [133]. They are rich in water
molecules but insoluble in water. They are immensely biocompatible
because of similarity in extracellular matrix. Physical, chemical, and
biological properties can be controlled by adding specific 2D materials
to hydrogels, usually introduce physical or chemical methods

Fig. 4. (A) Schematic illustration of PEGylated BP for cancer photothermal therapy and PA imaging [127] Reprinted with permission from Ref. [127]. (B) Digital
pictures of hydrogels and hydrogels encapsulated BP. (C and D) Are the AFM phase images of hydrogels and hydrogels encapsulated BP, respectively. (E–H) Are the
cross-section SEM images of hydrogels encapsulated BP with various pBP contents. Cryo-TEM image of liposomes modified (I) WS2 and (J) GO (scale bars: 100 nm).
The arrowheads in (I) point at liposome features [135]. Reprinted with permission from Ref. [135]. (K) Schematic illustration of micelle encapsulated GO, the layer
by layer (lbl) assembly building block (left), and bPEI/BCM and GO/BCM multilayer films assembled by the lbl assembly [147]. Reprinted with permission from Ref.
[147].
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[134,135], because of their efficiency, ease and simplicity (Fig. 4B–J).
These modifications can enable materials reacting to external stimuli,
where they trigger or perform chemical and physical change or a spe-
cific function upon interaction with pH, temperature and light or other
stimuli.

Nanosheets acting as excellent drug nanocarriers can combine with
a hydrogel system to increase the performances of drug loading and
release. It is also possible to utilize a thermo-sensitive deformable hy-
drogel to control the rate of release effectively, or to deploy the lamellar
surface modification function of the polymer to develop a targeted
precision medical therapy [136]. Through the in situ reduction of ad-
sorbed Ag+ by hydroquinone in a citrate buffer solution, GO na-
nosheets impregnated with Ag NPs were prepared. The as-prepared
composite material has stronger antibacterial activity [137]. Further-
more, by the action of concentrated sulfuric acid, using dextrin as
material and cetyltrimethyl ammonium bromide as stabiliserdextrin,
graphene carbon nanosheets were synthesized. Oxidation of such sheets
produces GO like materials. The results showed that carbon nano-sheets
have no effect on normal cells, but induced apoptosis on cancer cells
[138]. In the investigation of Li and Xiang et al., soybean phospholipid-
encapsulated MoS2 (SP–MoS2) nanosheets were successfully synthe-
sized in a rotary evaporator. The results displayed the SP-MoS2 na-
nosheet was a promising platform for breast tumor photothermal
therapyin vitro and in vivo [139]. NIR photothermal-responsive 2D
smart materials display supernormal advantages in biomedical appli-
cations bacause of their prominent tissue-penetration ability. Herein,
exploiting the high photothermal conversion efficiency of poly-
dopamine modified black phosphorus, these and composite hydrogels
are in good cellular interaction and biocompatibility, and demonstrated
an on-demand NIR-responsive drug release behavior [135]. Recently,
2D materials have been shown to be promising for applications in an-
ticancer therapy. Zhu, Xiali et al. [140] prepared a novel biodegradable
and thermo-sensitive hydrogel. The hydrogel is made of chitosan and
beta-glycerophosphate salt. Super paramagnetic GO modified with PEI
was used as a minimally invasive treatment of cancer lesions through
magnetically inducing local thermotherapy. A drug delivery system was
prepared by adding adriamycin (DOX) into hydrogel which was pre-
loaded on GO. The GO-based SDDSs showed higher antitumor efficacy
than free DOX on MCF-7 cells in vitro. Moreover, Zhang and Qian et al.
[141] prepared a new GO-based supramolecular hybrid nanohydrogel,
in which GO as the cross-links was put in the hydrogel through non-
covalent bind. They loaded doxorubicin hydrochloride into the mixed
hydrogel as a model drug. According to the research in vitro and in vivo
experiments, hydrogel showed the inhibition of tumor cell proliferation
and tumor growth.

3.3. Encapsulation of 2D materials by liposomes

Liposomes are naturally occurring drug carriers based on amphi-
pathic phospholipid [142]. Phospholipids act as an important part of
the cell membrane. It consists of a hydrophilic head based on phos-
pholipid and a hydrophobic tail based on fatty acid. When the phos-
pholipids are added into an aqueous medium, they can self-assemble
into a bilayer vesicle, with the polar ends facing the water and the non-
polar ends forming a bilayer. The cores formed by the bilayer can be
water-soluble or entrap water drugs. During the past years, liposomes
have attracted extensive attention as pharmaceutical carriers with great
potential, on account of their extraordinary properties with low toxi-
city, biocompatibility, biodegradability and immunogenicity. Many
types of 2D materials have already been interacted with liposomes,
including MoS2, WS2 and graphene-related materials. Comprehensive
studies have been performed on 2D materials.

Recently, Sahu, Abhishek et al. [143] have prepared nanographene
oxide integrated liposomes. The embedded nrGOs could act as a mo-
lecular switcher for NIR light controlled drug release from the lipo-
somes. Through irradiation of pulsed NIR lasers into the nrGO-liposome

suspensions, the drug delivery can be intelligently controlled. Fur-
thermore, through the thin film hydration method, nanoliposomes were
prepared. Graphene nanosheets and Dox were added to the liposomes
during the hydration of the lipid film [144]. In addition, Liu, Jue et al.
[145] have prepared hybrid materials made of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and transition metal dichalcogenides lipo-
somes. WS2 synergistically adsorbed DOPC and DOX liposomes. On
bare WS2, the adsorption capacity of DOPC was about one fourth of the
weight of WS2. After DOX was adsorbed on WS2, the adsorption capa-
city of liposome increased approximately to 110%. Thus hydrogen
bonding also promoted the adsorption of liposome on DOX-loaded WS2.

3.4. Encapsulation of 2D materials by micelle

Polymer micelle is a kind of drug carriers. As amphiphilic mole-
cules, polymer micelle have both hydrophilic and hydrophobic por-
tions, and exhibit particular self-assembly characteristics of self-as-
sembly in solvent [146]. It consists of two individual parts. One is
hydrophobic core and the other is hydrophilic shell. Polymer micelle
form amphiphilic “core-shell” structure. Hydrophilic shell can improve
the stability of drug delivery system, and hydrophobic core has the
function of drug delivery. Han, Uiyoung et al. [147], reported the basic
properties of layer by layer films (Fig. 4K). These films composed of
different substances, such as 2D-shaped GO, and branched poly-
ethylenimine (bPEI), and polystyrene-b-poly (acrylic acid) amphiphilic
block copolymer micelles (BCM). Because each material has different
pH dependence, the results displayed significant differences. For in-
stance, in pH 2 and pH 7.4 PBS buffer, the drug release rates of the GO/
BCM film are faster than the (bPEI/BCM) film. Furthermore, rapid drug
release can be induced by inserting GO layers into the bPEI/BCM
multilayer.

4. Classification of stimuli responsive two-dimensional materials
SDDSs

Due to the unique quantum confinement effect and abundant che-
mical active sites on the surface, 2D materials can respond sensitively to
a variety of external stimulus. As a result, the 2D material-based drug
delivery system can realize image-guide intelligent drug release. In this
section, we introduce the response of 2D materials to light, magnetic
field and PH.

4.1. Light-sensitive SDDSs

One of the most widespread used stimuli for stimuli-responsive 2D
materials is light, since it has practical advantage and it is easily con-
trolled in vivo and in vitro. Light, either visible or NIR, is ideal for
applications of SDDSs as a source of energy [78,148,149]. But NIR part
of the spectrum is more useful than visible light due to less harmful
nature and deeper penetration ability in tissue. In general, the NIR light
at the range of 700–1000 nm wavelength is widely used in biomedicine
[150]. NIR-responsive nano systems can release chemotherapeutic
drugs by NIR-absorbing plasmonic materials to transform the energy of
the absorbed photons into heat (Fig. 5A). The main advantages of NIR
radiation therapy are less toxic to normal cells, and deeper penetrating,
with less biological tissue damage [62].

On the base of GO for NIR light controlling chemotherapeutic/
photodynamic (PDT)/photothermal (PTT) trimodal synergistic therapy,
a multifunctional antitumor drug delivery system was synthesized.
Indocyanine green-wedelolactone-GO could effectively absorb and
transform optical energy to heat under NIR laser irradiation, generate
damage and ablate tumor cells by reactive oxygen species [151]. Fan,
Jing et al. [152] reported the novel sandwich nanomedicine with NIR
light responsive release of nitric oxide (NO) has been constructed by a
NO donor BNN6 (N,N′-di-sec-butylN,N′-dinitroso-1,4-phenylenedia-
mine) through self-assembly of GO nanosheets. The GO-BNN6
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nanomedicine has high NIR responsiveness, and good thermal stability,
and a high drug loading capacity. In addition, a novel shape memory
polymer composite with excellent shape memory performance and
biodegradability was prepared by using polyurethane as thermal re-
sponse material and BP as near infrared photothermal nano-filler. The
material can be controlled by remote NIR and degraded gradually after
it has completed its function in vivo [153]. Under NIR light irradiation,
BP nanosheets decorated with Ag nanoparticles can rapidly destroy the
bacterial membrane. In vivo, Ag@BP can effectively reduce the bac-
terial burden in mice and the tissue damage related to infection. In
addition, Ag@BP has excellent biocompatibility, which guarantees
their biosafety in future clinical applications [154]. BP nanosheets are
combined with [poly (d,L-lactide)-poly (ethylene glycol)-poly (d,L-lac-
tide) (PDLLA‐PEG‐PDLLA: PLEL)]. The BP@PLEL hydrogel exhibits a
rapid NIR-induced sol-gel transition and excellent NIR photothermal
performance [155].

4.2. Magnetic field-responsive SDDSs

Due to the high tissue penetration and spatial resolution, magnetic
resonance imaging (MRI) has been widely used in clinic. To achieve a
good imaging effect, a suitable MRI contrast agents is essential. The
signals of traditional MRI contrast agents are not tumor-specific, which
makes it difficult to distinguish the target from the background signal.
To solve this problem, researchers design a novel MRI strategy based on
two-dimensional MnO2 nanosheets. In 2014, Zhao et al. [156] fabri-
cated MnO2 nanosheets with a size of ~141 nm and a thickness of
~1.5 nm as MRI contrast agents, which exhibited tumor-specific MRI
signals. Due to the modification of aptamers, MnO2 nanosheets can
effectively target cancer cells. After the endocytosis of MnO2 na-
nosheets into cancer cells, MnO2 was reduced into Mn2+ ions by in-
tracellular GSH and shows obvious MRI signals, while the MnO2 shows
a negligible MRI background signal in normal tissues. Compared with
MnO2 nanosheets, the longitudinal relaxation rate (1/T1) and lateral
relaxation rate (1/T2) of the reduced products are enhanced by 48
times and 120 times respectively, indicating the great potential of
MnO2 nanosheets as targeting MRI contrast agents. After that, another
researcher used MnO2 to realize the MRI-guided cancer starvation

therapy (Fig. 5B). He et al. [157] used melanin as a biotemplate to
prepare MnO2 nanosheets with a size of ~70 nm and a thickness of
~2 nm under neutral conditions. Due to abundant catechol groups,
melanin can be adsorbed on the surface of MnO2 nanosheets effectively
and achieve enhanced stability, water solubility and photothermal ef-
fect. In addition, the surface of melanin-modified MnO2 has abundant
carboxyls, which can graft glucose oxidase (GOx) through EDC/NHS
reaction. MnO2 can catalyze the decomposition reaction of H2O2 to
produce oxygen and improve the GOx-based cancer starvation therapy.
Then, under the combination of the acidic condition in the tumor and
the degradation products of glucose, MnO2 decomposes into Mn2+ ions,
which can produce a significant MRI signal. In summary, MnO2 na-
nosheets can be used as a drug delivery platform to achieve effective
MRI imaging-guided tumor treatment.

4.3. pH-responsive SDDSs

The pH-responsive SDDSs have attracted more and more attention
because they are able to deliver drugs in a controllable manner at a
specific time and site. The pH changes can occur at different parts of the
digestive tracts (stomach, intestine) and genital duct (vagina) and at
different organelles (lysosome and endosome) and at the extracellular
sites (such as cancer cells). For example, compared with more slightly
basic intracellular pH, the extracellular pH in tumors is an acidic en-
vironment. As a result, pH has been considered to be an effective
physiological feature for SDDSs to the targeted tumor sites. Normally,
the pH-sensitive carriers stabilize and store drug at physiological pH,
but only rapidly release in the acidic environment of cancer cells, which
ensure that the concentration of drug reaches a peak in cell. There have
been many reports of 2D materials pH-responsive SDDSs in the litera-
ture.

In the study of Yang, huihui et al. [159], the functionalized gra-
phene-based material were synthesized by GO modified with carbox-
ymethyl chitosan (CMC), fluorescein isothiocyanate (FI) and hyaluronic
acid (HA). Then, DOX was loaded on the conjugate (GO-CMC–FI–HA).
The drug release rate under pH 5.8 was dramatically higher than that
under pH 7.4, and the drug loads were as high as 95%. Studies of cel-
lular uptake maintain that GO-CMC–FI–HA/DOX can effectively inhibit
cancer cell growth and particularly target cancer cells over-expressing
CD44 receptors. In the work of Xie, bei and others [160], the conjugate
of doxorubicin/graphene oxidepolyethyleneimine/p53 plasmid were
synthesized. The results contend that the complexes were able to re-
lease DOX significantly higher under tumor cell microenvironment than
physiological conditions. A novel multifunctional GO drug carrier was
developed by surface modified GO with PEI sequentially derivatised
with PEG-linked lactobionic acid and fluorescein isothiocyanate, and
acetylation of remaining terminal amines of the PEI. The studies
showed that the release rate of DOX from complexes was significantly
faster at pH 5.8 than at pH 7.4 in vitro [161]. A new type of thermo/pH
sensitive Nanogels was prepared by acrylic acid (AA) and salep mod-
ified GO with branched N-isopropylacrylamide. Compound loaded DOX
showed slow drug release at lower temperature and neutral pH, but
increased significantly in higher temperature and acidic pH without any
burst release [162].

Different response exhibits different advantages and disadvantages.
The energy of the laser is concentrated, so the phototherapy perfor-
mance is obvious at low material concentration. However, the pene-
tration of the laser limits the clinical application of phototherapy based
on 2D materials. Unlike lasers, magnetic field can easily penetrate deep
tissue. MRI imaging based on magnetic field response has been ex-
tensively studied and has mature applications in the clinic. However,
due to the large concentration of materials required, there are not as
many researches related to magnetic thermotherapy as photothermal
therapy. As an important feature of tumor microenvironment, acidic PH
value has received extensive attention in the field of drug delivery. The
acidic environment at the tumor site can significantly affect the rate of

Fig. 5. A: Schematic diagram of the working principle of BP@Hydrogel. BP@
Hydrogel released the encapsulated chemotherapeutics under NIR-light irra-
diation to broken the DNA chains, leading to the apoptosis induction [158].
Reprinted with permission from Ref. [158] B: T1-weigthed MR images of mice
treated with MNS or MNS-GOx at 0, 1, 8, 24 h post-injection [157]. Reprinted
with permission from Ref. [157].
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drug release and material degradation, and enhance the targeting of
drugs. However, some studies have shown that the PH value in tumor
cells is neutral or even weakly alkaline. As a result, PH-responsive drug
delivery vehicles may have difficulty functioning inside the cells, which
affects the final therapeutic effect.

5. The field of 2D materials SDDSs therapy

5.1. Cancer

At present, cancer has become one of the major diseases that ser-
iously affect human health and threaten human life all over the world.
Conventional treatments for cancer, such as surgery, chemotherapy and
radiotherapy, have some major defects, such as severe side effects, drug
resistance, limited efficacy, and so on. In order to solve these issues,
people have developed many new cancer treatment methods including
PTT, PDT, etc [85,163,164]. Nanotechnology and nanoscience have
made amazing progress, and offer unprecedented opportunities for
cancer treatment over the past decades. So far, nano-materials have
been widely explored for biomedical fields, such as graphene, carbon
nanotubes, magnetic iron oxides, quantum dots, up-conversion nano-
particles, Au nanostructures [165,166]. Due to their unique chemical/
physical properties, 2D materials, as novel nanoplatforms for SDDSs,
have become a hot topic in recent years.

One of the most effective anti-tumor strategies against certain
cancer-cells-specific is nano-sized active targeting drug delivery sys-
tems in vivo [167]. Multidrug resistance of cancers towards che-
motherapeutic drugs is the main cause for the failure of chemotherapy
[168]. Therefore, it is critical to improve biocompatibility of target
drugs to cancer cells, improve drug delivery in cells, and overcome
multiple drug resistance. The results revealed that the targeting nano-
hybrids not only had good antitumor activity, but also little systemic
toxicity to B16 tumor-bearing mice [169]. Yu, Jiantao et al. [170]
synthesized reduced GO nanocomposite modified with a specific pep-
tide conjugated polydopamine (PDA). They loaded antiarrhythmic
peptide 10 (AAP10) onto the surface of dopamine-modified rGO.
Through NIR radiation, AAP10-pDA/rGO can effectively ablate breast
tumor in tumor-bearing mice, and inhibit tumor growth nearly 100%.
Through immobilizing gold nanoparticles on folate modified dendritic
mesoporous silica-coated reduced GO nanosheets, a novel sandwich-
like nanocomposite was prepared as cell imaging and a multifunctional
intelligent nanocarrier for curcumin (Cur) targeted delivery. This new
drug delivery system exhibits a lot of interesting properties, such as
suitable surface area, biodegradability, good biocompatibility, and high
drug loading capacity. In addition, the nanocarrier showed pH-re-
sponsive and sustained-release properties. The obtained results dis-
played that new drug delivery system can be used as an effective an-
ticancer drug in targeted cancer therapy of breast cancer [171]. Xing,
Chenyang et al. reported that the intrinsically characteristic of naked
BP is easy to be oxidized (or degrade naturally) and deposited in the
tumor microenvironment, which can result in uneven photothermal
effect and short-term treatment. The injectable hydrogel based on BP
nanometer sheet and cellulose has good anticancer effect on PTT. Im-
portantly, the hydrogel nanometer platform is completely biocompa-
tible and harmless in vivo and in vitro [172].

5.2. Antibacterial

Since the discovery of bacteria in the 19th century, the battles be-
tween these tiny pathogens and human beings have continued for
hundreds of years. With the gradual expansion of antibiotic indication,
the abuse of antibiotics is very common, and the emergence of anti-
biotic-resistant pathogens in the treatment of infectious diseases has
become a greatly threat to human beings [173]. At the same time, the
public health is still seriously threatened by the infections bacause of
some pathogenic microorganisms. Therefore, it is very imperative to

find new antibacterial drugs. In recent years, the appearance of 2D
materials in the field of biomedicine has attracted extensive attention. It
is noteworthy that some 2D materials have been found to be effective in
antifungal and antibacterial.

Zeng, Guangjian et al. [174] prepared the MoS2-PDA-Ag nano-
composites by combining microwave irradiation with mussel inspired
chemistry. In alkaline aqueous solution, PDA films were formed by self-
polymerization of dopamine. Then Ag nanoparticles were easily mod-
ified to the surface of MoS2-PDA by using microwave irradiation via in
situ reduction. The results believed that the complex had higher anti-
bacterial activity than pure MoS2-PDA and MoS2. Through introducing
arginine (Arg) into the surface of GO/Ag nanostructure electrospun
polycaprolactone (PCL) nanocomposite were fabricated. (PCL)-GO/Ag/
Arg nanocomposites not only have great antibacterial activity on Sta-
phylococcus aureus (S. aureus) and Escherichia coli (E. coli), but also have
suitable biocompatibility to L929 fibroblastic cell [175]. Athinar-
ayanan, Jegan et al. [176] developed an environmental and simple
chemistry method to synthesize Cu2O/graphene nanocomposites.
Compared with GO and Cu2O nano particles, the Cu2O/G nano-
composites exhibited outstanding bactericidal activity, that inhibited
the gram-positive and gram-negative bacterial growth at 300 mu/g.
Zhang, Lingling et al. [177] reported a photon-controlled antibacterial
platform, through encapsulating drug and BP quantum dots inside a
thermal-sensitive liposome, which can kill drug-resistant bacteria, and
efficiently avoid the generation of new bacterial resistance. Since the BP
quantum dots can generate heat to disrupt the liposome under NIR
stimulation, the antibacterial platform can release drug in a temporal,
spatial, and dosage controlled manner. This novel SDDSs can sig-
nificantly reduce the antibiotic dosage, thus preventing the generation
of superbugs and avoiding the indiscriminate use of antibiotics.

5.3. Central nervous system

Brain disease is one of the biggest threats to public health. Brain
disease include the treatments of inflammatory brain disorders, stroke,
psychiatric diseases, neurodegenerative disease, and neurodevelop-
mental disease [178]. An intact blood-brain barrier (BBB) impedes ac-
cess by therapeutic agents with high hydrophilic indices or large mo-
lecular masses. BBB has become an urgent problem that drugs enter the
brain to treat brain diseases.

GO quantum dots (GQDs) were good carriers with their high hy-
drophobicity and low toxicity. Studies have shown that the aggregation
of A beta peptides is a key factor leading to Alzheimer's disease (AD).
Inhibition of the A beta peptide aggregation has become one of the most
primary strategies to treatment of AD. GQDs may be small enough to
cross the BBB and inhibit the aggregation of A beta peptides. Therefore,
it is believed that GQDs may be therapeutic agents against AD [179]. In
addition, Go (120) showed better inhibition than Go (60) by providing
a larger effective contact surface area when the total number of atoms
was the same [180]. GQDs can rescue synaptic loss and neuronal death,
and reduce Lewy neurite and Lewy body formation. Furthermore, GQDs
can ameliorate mitochondrial dysfunctions. GQDs could penetrate the
BBB and breast tumor inhibit the formation of alpha-synuclein (alpha-
syn) aggregation in Parkinson's disease. In addition, GQDs have no
significant toxicity in vitro and vivo, which is expected to be a clinical
drug for the treatment of Parkinson's disease [181]. In the treatment of
central nervous system diseases, direct conversion into nerve cells
without inducing pluripotency has a better therapeutic effect. In a
mouse model, Parkinson's disease symptoms were alleviated by facil-
itating the production of induced neurons by transmission of repro-
gramming factors into the brain by oxide-polyethylenimine complexes
[182].

5.4. Orthopedic

2D materials have superb physical, chemical properties and
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biological properties, and they have bone repairing ability and drug
release property. According to reports, graphene can promote stem cell
proliferation and osteogenic differentiation. Therefore, it has broad
application prospects in the field of orthopedic biomaterials. The study
focuses on the aspects of bone tissue engineering scaffold, bone repair,
bone graft materials, etc.

Saravanan, Sekaran et al. [183] developed a thermosensitive and
injectable Chitosan hydrogel containing GO and its properties were
studied. Through up-regulation of Runt-related transcription factor 2,
Type-1 collagen, Alkaline phosphatase, and osteocalcin under osteo-
genic conditions, the hydrogel facilitated osteogenic differentiation of
mouse mesenchymal stem cells. In addition, a new graphene nanosheet
(GNS) composite has been fabricated. It is doped with micro-arc oxi-
dized-AZ91D based calcium phosphate (CaP)-CS. In the early stage,
extracts from GNS-CaP-CS/AZ91D could prominently extend calcium
mineral deposition, alkaline phosphatase activity and osteoblast-related
genes expression of human bone marrow mesenchymal stem cells
[184]. Furthermore, Zhao, Bin et al. synthesized a GO/silk fibroin (GO/
SF) barrier film loaded with simvastatin (SIM) by a freeze-drying
method. The experimental results of against defective skulls of Sprague
Dawley rats showed that the GO/SF/SIM exhibited a better bio-
compatibility in vitro among the four membranes (SF membrane, GO/
SF membrane, GO/SF/SIM membrane and SF/SIM membrane) and the
best bone repairing ability [185]. Zhang, Xiaodi et al. [186] reported
that few-layer MoS2 nanoflakes were assembled on substrate by a facile
hydrothermal method and then nanostructured MoS2 biointerface was
establish. The results revealed that MoS2 interface the with nanoporous
structured can not only accelerate the mesenchymal stem cells (MSCs)
osteogenesis, but also promote the MSCs attachment and spreading.

5.5. Diabetes

Human islet amyloid polypeptide (hIAPP) aggregation has been
found to be directly related with insulin deficiency and pancreatic p-cell
death in type 2 diabetes. Therefore, destroying the pre-formed hIAPP
fibrils is expected to be an effective way to treat patients with type 2
diabetes [187]. Recently, engineered nanoparticles have been exploited
as anti-aggregation nanodrugs. In the presence of GO, GO can reduce
aggregation of hIAPP and inhibit effect on hIAPP aggregation [188].
Furthermore, stable GO-PEI complex was prepared by modification of
PEI on the surface of GO by using covalent binding method. The result
showed that GO-PEI is more efficient than GO in inhibiting hIAPP fibril
formation [189]. In the study of Zhou, Xianbo et al. [190], nGO na-
nocomposite modified with PEG and an insulin-derived peptide (EA-
LYLV) was synthesized, which can inhibit the aggregation of hIAPP,
protect INS-1 cells from the toxicity of hIAPP, stabilize mitochondrial
membrane potential and decrease intracellular reactive oxygen species.

Lee, H et al. [191] reported that a flexible translucent patch was
fabricated by adding gold particles to graphene and combining them
with a gold mesh Fig. 6). The patch contains a series of sensors that can
detect humidity, glucose, pH and temperature. The results show that
the patch can deliver metformin via thermally activated process and
reduce blood glucose levels when the patch monitor high glucose levels
in sweat. Several different types of smart drug delivery systems and
their application were summarized in Table 1.

6. Advantages and disadvantages of two-dimensional materials in
intelligent drug delivery system

6.1. Advantages

Due to sensitive response to external stimuli, 2D materials are more
controllable compared to traditional drug delivery platform (such as
polymers). 2D materials have a huge specific surface area, resulting in
an effective load of fluorescent dyes, targeting molecules and ther-
apeutic drugs [192–195]. In addition, many 2D materials exhibit great

phototherapy performance, which makes combined therapy possible
[196–199]. Gao, Nansha et al. [200] prepared a nanocapsule by coating
the BP nanosheets with PDA. Then a novel nanoparticle was prepared
by introducing the targeting polymer mercapto group-PEG-folic acid
into the nanocapsule and loaded with adriamycin. This BP-based na-
noparticle exhibited better photothermal conversion performance,
biocompatibility and targeting ability for cancer cells.

The surface of targeted GQDs could be loaded with cisplatin up to
50% at neutral conditions and, and reduce the common systemic toxi-
city of cisplatin. Its release behavior showed slow release property and
pH dependence. Cell experiments displayed that it has low cytotoxicity,
high selective uptake rate of tumor cells and good tumor targeting. The
toxicity of targeted cisplatin-loaded nanocarriers on MDA-MB-231 cells
was significantly higher than non-targeted ones [201]. By combining
2D GO nanopletlets with thermosensitive matrix, a hybrid nanogels
with photothermal effect they and good stability can be acquired. GO
nanopletlets with well-dispersed in the nanogels not only increased the
encapsulation efficiency of an anticancer drug, but also exhibited an
enhanced photothermal effect [202].

6.2. Disadvantage

2D nanomaterials may interact with biological systems including
tissues, organs, cells and biomolecules, which can lead to acute and
chronic toxicity. The ultra-high surface area of GNS is composed of
purely of carbon. Compared with other nanocarriers, GNS has the ad-
vantages of high drug-loading rate. However, there is a downside to
such a large surface area. Due to GNS can improve interactions with
blood components, and formation of precipitates with serum proteins or
red blood cells after in vivo administration [203]. On the other study,
GNS can cause side effects abnormal cells. For example, graphene
causes the transforming growthfactor-β-related signaling pathways, and
induces apoptosis of mitogen-activated protein kinases; graphene in-
creases intracellular ROS and destroys the mitochondrial Membrane
potential to cause cytotoxicity; graphene derivatives showed dose-de-
pendent hemolytic activity [204]. It has been reported that unmodified
graphene can induce apoptosis by epidermal growth factor receptors in
lung epithelial cells. By activating IP3 pathway, graphene induced an
increase in Ca2+ transportation. In fact, cystolic Ca2+ increase stimu-
lates Ca2+ mediated apoptosis with increased Ca2+ transportation
[205].

Few layer thick graphene, high dose and long exposure of GO can
impart mitochondrial dysfunction. Lammel et al. [206] found that ex-
posuring to GO and carboxyl graphene can disrupt mitochondrial
structure and function. Inhalation of graphene can lead to accumulation
in lungs, and result in severe health issues. When mice were exposed to
10mg/body weight dosage of GO for 14days, the results showed severe
accumulation of graphene in lungs leading to granulomatous lesions,
pulmonary edema, inflammatory cell infiltration and fibrosis [207].

7. Conclusions and perspectives

Nano-scale drug-delivery systems can increase drug loading rate,
improve drug biological distribution, and endue drug slow-release
performance, thus reducing drug toxicity and enhancing drug efficacy.
Therefore, nano-scale drug-delivery systems has attracted more and
more attention in the field of medicine and generated a strong impetus.
In addition to natural drug carriers, biomedical enterprises and phar-
maceutical have invested massive money, energy and time to research
potent nanocarrier systems.

2D materials have attracted much attention due to their diverse
physical and chemical properties and their broad application prospects
in the fields of devices, sensors, catalysis, medicine and energy. 2D
materials also show strong ability in drug delivery. Compared with
traditional drug delivery systems, the unique essential characteristics of
2D materials is the ultrathin nanosheet structure, which is closely
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related to the huge specific surface area, thickness-dependent band gap
and sensitive responses to various external stimuli. 2D materials can be
used for highly efficient photodynamic and photothermal therapy of
diseases. In addition, 2D nano materials are the lamella structures that
ensure the huge surface area for high-efficiency drug loading.
Meanwhile, with surface modification of 2D material, 2D materials can
have active targeting. Drugs can be accurately delivered to the focus,
and drug side effects are reduced. At the same time, with the NIR re-
sponse and pH response of 2D materials, 2D SDDSs can release drugs
accurately, and effectively control the blood concentration, so as to
achieve the best therapeutic effect. These characteristics will provide an
opportunity for multimodality treatment of disease. These unique ad-
vantages make research of 2D materials in SDDSs more and more
popular. However, there is still a long way to go before they can be

applied in clinical practice, and there are still some urgent problems to
be solved, such as the long-term degradability and long-term toxicity of
2D materials; Besides, the research of 2D materials is only limited to in
animal land in vitro, and further in vitro experiments are an indis-
pensable step in its clinical applications. It is anticipated that in the
future, with the in-depth research and more in vivo experiments, the
applications of 2D layered materials and their derivatives in SDDSs
eventually will be applied in clinical practice. In this review we high-
light the recent development of SDDSs for a lot of smart 2D materials
carriers, including polymers, hydrogels, liposomes, nanoparticles, na-
nosheet, micelles, etc. It is one of the main biological applications of 2D
materials to act modified 2D materials as drug delivery carriers. Using
2D materials as drug carrier can improve the therapeutic effect of drugs
on diseases by controlled release, sustained release and improving the

Fig. 6. Demonstration of the wearable diabetes monitoring and therapy system in vivo. A, Optical image of the integrated wearable diabetes monitoring and therapy
system connected to a portable electrochemical analyser. The electrochemical analyser wirelessly communicates with external devices via Bluetooth. B, Optical
image of the GP - hybrid electrochemical device array on the human skin with perspiration. C, RH measurement by the diabetes patch. D, Measurement of the pH
variation in two human sweat samples from two subjects. E, One-day monitoring of glucose concentrations in the sweat and blood of a human (subject 2 in d). F,
Comparison of the average glucose concentrations with the commercial glucose assay data in e before and after correction using the measured pH (error bars show
the standard deviation). G, Plots showing the stable sensitivity of the glucose and pH sensors after multiple reuses of the patch. H, Schematic illustrations of
bioresorbable microneedles. I, Drug release from the microneedles at different temperatures (N = 3, error bars show the standard deviation). J, Infrared camera
images of multichannel heaters showing the stepwise drug release. K, Optical images of the stepwise dissolution of the microneedles. L, Optical image of the heater
integrated with the microneedles, which is laminated on the skin near the abdomen of the db/db mouse. The hair on the skin was shaved off before treatment with
the microneedles. M, Optical image (left) and its magnified view (right) of the db/db mouse skin stained with trypan blue to visualize the micro-sized holes made by
the penetration of the microneedles. N, Optical (left) and infrared (right) camera images of the patch with the thermal actuation. O, Blood glucose concentrations of
db/db mice for the treated group (with the drug) and control groups (without the patch and without the drug). The error bars show the standard deviation in each
group and small P values show that the results are statistically reliable. The asterisks indicate significant difference (P < 0.05) between the treated (red) and the
non-treated group (blue and green) on each time point [191]. Reprinted with permission from Ref. [191].
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targeting of drugs. Consequently, 2D materials have a bright future in
the development of the next generation of SDDSs.
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Abbreviations

Smart drug delivery systems SDDSs (SDDSs)
Two-dimensional 2D
Graphene oxide GO
reduced Graphene oxide rGO
nanoparticles NPs
sodium alginate SA
Polyethylene glycol PEG
polyethylenimine PEI
black phosphorus BP
near-infrared NIR
soybean phospholipid-encapsulated MoS2 SP-MoS2
1,2-dioleoyl-sn-glycero-3-phosphocholine DOPC
branched polyethylenimine bPEI
block copolymer micelles BCM
photodynamic PDT
photothermal PTT
nitric oxide NO
(N,N′-di-sec-butylN,N′-dinitroso-1,4-phenylenediamine) BNN6

Table 1
Summary of SDDSs based on 2D nanomaterials.

2D materials modification of 2D materials Response clinical application Biological model Ref

BP Polymer Light anticancer 4T1 tumor [127]
MoS2 Polymer Light &pH antitumor HT29 tumor [128]
GO Ag N.A. antibacterial antibacterial [137]
GO N.A. N.A. anticancer anticancer [138]
MoS2 Liposomes Light antitumor 4T1 [139]
GO Polymer pH antitumor Hela cells [125]
BP Polymer Light anticancer MCF7 breast tumor [165]
MnO2 Aptamer Magnetic field antitumor N.A.
MnO2 glucose oxidase Light &Magnetic field antitumor A375 tumor
GO Hydrogel Magnetic field antitumor S180 tumor [140]
GO Hydrogels N.A. antitumor antitumor [141]
GO Liposomes Light N.A. N.A. [143]
graphene Liposomes Light anticancer MCF-7 cells [144]
WS2/MoS2 Liposomes N.A. anticancer HeLa cells [145]
GO Films pH the control of coating techniques N.A. [147]
GO BNN6 Light anticancer 143B cells [152]
BP Polymer Light intelligent implantable devices N.A. [153]
BP Pt Light antitumor 4T1 [154]
BP Hydrogels Light postoperative treatment of cancer HeLa [155]
GO Polymer pH anticancer Hela and L929 cells [159]
GO Polymer pH antitumor HeLa cells [160]
GO Polymer pH anticancer SMMC-7721 cells [161]
GO Hydrogels Light &pH anticancer HeLa cells [162]
GO Polymer redox antitumor B16 tumor [169]
rGO Polymer Light anticancer 4T1 tumor [170]
rGO gold and folic acid Light &pH anticancer MCF-7 cells [171]
BP Hydrogels Light anticancer SMMC-7721 cells [172]
MoS2 Polymer N.A. antibacterial S. aureus [174]
GO Polymer N.A. antibacterial S. aureus and E. coli [175]
graphene Cu2O N.A. antibacterial Vibrio cholerae and Salmonella typhimurium [176]
BP Liposomes Light antibacterial Methicillin-resistant

Staphylococcus aureus
[177]

GO N.A. N.A. anti-Alzheimer's disease N.A. [180]
graphene N.A. N.A. antiparkinsonian N.A. [181]
GO Polymer N.A. antiparkinsonian N.A. [182]
GO Hydrogels thermosensitive bone tissue repair Human MG-63 cells [183]
graphene Polymer N.A. bone tissue repair SaOS-2 cell [184]
GO Films N.A. bone tissue repair Defective skulls of Sprague Dawley rats [185]
MoS2 Films N.A. bone tissue repair rat bone marrow mesenchymal stem cells [186]
GO N.A. N.A. diabetes NIT-1 cells [188]
GO Polymer N.A. diabetes N.A. [189]
GO Polymer N.A. diabetes INS-1 cells [190]
graphene Gold temperature diabetes N.A. [191]
BP Polymer Light anticancer Hela tumor [200]
graphene Antibody pH anticancer MDA-MB-231 cell [201]
GO Hydrogels Light/redox anticancer HeLa cells [202]
graphene N.A. N.A. respiratory diseases BEAS-2B cells [205]
GO Polymer pH anticancer Hela and L929 cells [206]
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poly(d,L‐lactide)‐poly(ethylene glycol)‐poly(d,L‐lactide) PLEL
magnetic resonance imaging MRI
carboxymethyl chitosan CMC
fluorescein isothiocyanate FI
hyaluronic acid HA
adriamycin DOX
acrylic acid AA
polydopamine PDA
antiarrhythmic peptide 10 AAP10
arginine Arg
polycaprolactone PCL
Staphylococcus aureus S. aureus
Escherichia coli E. coli
blood-brain barrier BBB
GO quantum dots GQDs
Alzheimer's disease AD
calcium phosphate CaP
simvastatin SIM
mesenchymal stem cells MSCs
Human islet amyloid polypeptide hIAPP
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