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Due to their high anisotropy and chemical functions, two-dimensional (2D) nanomaterials have attracted
increasing interest and attention from various scientific fields, including functional electronics, catalysis,
supercapacitors, batteries and energy materials. In the biomedical field, 2D nanomaterials have made sig-
nificant contributions to the field of nanomedicine, especially in drug/gene delivery systems, multimodal
imaging, biosensing, antimicrobial agents and tissue engineering. 2D nanomaterials such as graphene/
graphene oxide (GO)/reduced graphene oxide (rGO), silicate clays, layered double hydroxides (LDHs),
transition metal dichalcogenides (TMDs), transition metal oxides (TMOs), black phosphorus (BP), graphi-
tic carbon nitride (g-C5N4), hexagonal boron nitride (h-BN), antimonene (AM), boron nanosheets (B NSs)
and tin telluride nanosheets (SnTe NSs) possess excellent physical, chemical, optical and biological prop-
erties due to their uniform shapes, high surface-to-volume ratios and surface charge. In this review, we
first introduce the properties, structures and synthetic strategies of different configurations of 2D nano-
materials. Recent advances and paradigms of 2D nanomaterials in a variety of biomedical applications,
ranging from drug delivery, cancer treatment, bioimaging and tissue engineering to biosensing are
discussed afterwards. In the final part, we foresee the development prospects and challenges of 2D
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nanomaterials after summarizing the research status of ultrathin 2D nanomaterials.
© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Ultrathin two-dimensional (2D) nanomaterials are a new class
of nanomaterials with sheet-like structures and transverse dimen-
sions larger than 100 nm, while the thickness is typically less than
5nm [1]. Due to their unique shapes, 2D nanomaterials possess
large surface and anisotropic physical/chemical properties [2].
The study of 2D nanomaterials was first reported in 2004, when
Novoselov et al. [3] succeeded in exfoliating graphene from gra-
phite. Graphene is a one-atom-thick and crystalline carbon film,
with various unexpected properties such as excellent trans-
parency, electrical/thermal conductivities, large specific surface
area, and extraordinary mechanical properties [4]. The success of
graphene has reignited interest in other ultrathin 2D nanomateri-
als. So far, relevant investigation has led to a large number of 2D
nanomaterials being discovered [5,6]. For example, silicate clays
[7,8], layered double hydroxides (LDHs) [9,10], transition metal
dichalcogenides (TMDs) [11,12], transition metal oxides (TMOs)
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[13], black phosphorus (BP) [14-17], graphitic carbon nitride
(g-C3Ny4) [18,19], hexagonal boron nitride (h-BN) [20,21]
antimonene (AM) [22-24], boron nanosheets (B NSs) [25] and tin
telluride nanosheets (SnTe NSs) [26] are all typical 2D nanomateri-
als with similar structural features and possess various properties
(Fig. 1). Notably, these 2D nanomaterials have broad application
prospects in catalysis [27], optoelectronic [28], energy storage
[29], biomedicine [30], sensors [31], supercapacitors [32], batteries
[33] and so on.

Due to their mechanical/chemical/optical properties, biocom-
patibility and degradability, 2D nanomaterials are widely used in
drug/gene delivery [34,35], biosensing [36-38], multimodal imag-
ing [39,40], antimicrobial agents [41,42], tissue engineering
[43,44], and cancer therapy [37,45]. As the thinnest materials, 2D
nanomaterials have the highest specific surface areas among all
known materials, which means they have Ilarge reservoirs
and anchoring sites to efficiently load and deliver therapeutic
agents [46]. Meanwhile, the planar nanostructure endows these
nanomaterials with special physio-chemical properties (e.g., light,
ultrasonic and magnetic responses) and biological behaviors such
as endocytosis, biodistribution, biodegradation and excretory
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Fig. 1. (Color online) Schematic illustration of 2D nanomaterials including carbon-
based nanomaterials, silicate clays, LDHs, TMDs, TMOs, BP, g-C3N,4, h-BN, AM, B NSs
and SnTe NSs.

pathways, which lead to their employment in various biomedical
applications [47-49].

As far as we know, the superior biomedical performance of 2D
nanomaterials has been discussed in previous reviews [2,23,46],
but few of them have been focused on the comprehensive profiles
of 2D nanomaterials, especially in drug delivery, tissue engineer-
ing and biosensing, which possesses great significance to the
biomedical development of 2D nanomaterials. In this review,
state-of-the-art biomedical applications of 2D nanomaterials from
drug delivery to biosensing are discussed. Firstly, we briefly intro-
duce the properties, structures and synthetic strategies of different
configurations of 2D nanomaterials for a comprehensive under-
standing of nanomedicine. Then, we summarize and discuss recent
advances and paradigms of 2D nanomaterials in versatile biomed-
ical applications, including drug delivery, combined therapy,
bioimaging, tissue engineering and biosensing in detail. Finally,
we foresee the development prospects and challenges of 2D
nanomaterials after summarizing the research status of ultrathin
2D nanomaterials.

2. Composition and structures of 2D nanomaterials

Although the composition and crystal structures of all 2D nano-
materials are significantly different, they still can be categorized as
layered 2D nanomaterials and non-layered 2D nanomaterials. In
layered nanomaterials, atoms on the plane are connected by strong
chemical bonds in each layer, while layers stack together to form
bulk crystals through a weak van der Waals interaction [50].
A typical representative of layered materials is graphite [51]. Other
layered materials include silicate clays, LDHs, TMDs, TMOs, BP,
g-C3Ny, h-BN, AM, B NSs and SnTe NSs are the main subjects of this
review. By contrast, non-layered nanomaterials crystallize in three
dimensions through atomic or chemical bonds to form bulk
crystals, such as polymers and metal oxides/chalcogenides [52].

For layered nanomaterials, many reliable methods for preparing
ultrathin 2D nanosheets have been developed, which can be classi-
fied into top-down and bottom-up approaches [53]. The top-down
method relies on driving forces to break the weak van der Waals

interaction between layers, and exfoliate layered 2D crystals into
single or few-layer nanosheets, such as mechanical cleavage,
sonication-assisted liquid exfoliation, ion-intercalation and exfoli-
ation [53-55]. The bottom-up method is based on direct synthesis
of ultrathin 2D nanosheets from different precursors by chemical
reactions under certain conditions, including wet-chemical synthe-
sis (templated synthesis, hydro/solvothermal synthesis, self-
assembly of nanocrystals and soft colloidal synthesis) and chemical
vapor deposition (CVD) [55,56].

The crystal structures of layered 2D nanomaterials are
described briefly. The atomic arrangements of 2D nanomaterials
greatly determine their biological and physicochemical properties.
A few atoms thickness in the vertical dimension makes them
extraordinary as compared with other materials [57]. Graphene
is an allotrope of carbon composed of a compact hexagonal net-
work, in which carbon atoms are interconnected by covalent sp?
bonds [1]. By contrast, with the same hexagonal carbon atoms as
graphene, GO contains not only sp? bonds but also sp® bonds, offer-
ing rich surface chemical properties owning to the existence of
oxygenated groups [60]. Meanwhile, this further increases the type
of interactions that can occur on GO surface. In addition, rGO, an
intermediate state between graphene and GO, can be easily syn-
thesized by the chemical or thermal reduction of GO via various
methods [58]. Since, rGO still retains some oxygen functional
groups after reduction, its concentration of structural defects is
higher than that of graphene [59].

Different from those 2D nanomaterials with a single atom thick-
ness, several 2D materials like silicate clays, LDHs, TMDs and TMOs
consist of stable single crystal units. For instance, as a synthetic clay
mineral, laponite consists of layered units in which two tetrahedral
silica sheets are sandwiched within an interior octahedral layer
containing Mg?* cations. Individual laponite crystals are typically
disk-shaped with a diameter and thickness of 25 and 0.92 nm
respectively, and an empirical formula expressed as Nag 7[(SigMgs 5-
Lig.3)020(OH)4]™%7 [60], in which lithium cations randomly substitute
magnesium (Mg) cations in the structure. As a result, the cations sub-
stitution process endows these laponite crystals with net negative
face charges and positive edge charges. LDHs, whose general formula
is expressed as [M35,M>*, (OH),](A™ )yn-mH,0 (M** and M3* are
bivalent and trivalent cations respectively, and A"~ acts as the
charge-balancing and exchangeable interlayer anion), are various
kinds of host-guest layered materials containing positively charged
metal host layer and negatively charged interlayer anion as well as
water molecules [61]. Because of the comparatively feeble interlayer
bonding, organic and inorganic anions can be inserted into the
interlayer of LDHs to compensate the positive charge of host layer.

Like silicate clays and LDHs, TMDs are MX,-type layered com-
pounds where M stands for a transition metal element (such as
Mo or W) and X represents a chalcogen (such as S, Se, or Te) [62].
TMDs have a three layered atomic structure with a transition metal
layer sandwiched between two chalcogen layers. Each TMDs
monolayer is roughly 0.7 nm thick with a triangular lattice struc-
ture. Due to their planar characteristicc TMDs exhibit a large
surface-to-volume ratio [63], which is conducive to functionaliza-
tion. 2D TMOs are composed of oxygen atoms and transition met-
als, and their different structures depend on their individual
components. Many remarkable properties of TMOs are governed
by the cationic species and their changeable oxidation state. In
addition, a variety of bandgaps exist in TMOs, providing the possi-
bility of designing optical and electric characteristics at almost any
desired wavelength [13].

Like graphene, BP is only made up of the phosphorus element,
and its puckered honeycomb structure is formed by the bonding
of one P atom with another three P atoms, exhibiting strong P—P
bonds [64]. Other ultrathin 2D nanomaterials with similar struc-
tures to graphene include g-CsN4 and h-BN. G-C3N, is a graphene
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analogue and possesses a van der Waals layered structure, which is
formed through the sp? hybridization of carbon and nitrogen
atoms [65]. h-BN exhibits a hexagonal structure consisting of an
equal number of boron and nitrogen atoms [21]. A monolayer
h-BN nanosheet is commonly known as the “white graphene”.

AM, a new semiconductor, possesses a layered structure similar
to BP, but the distance between atoms out-of-plane is shorter than
that of BP, indicating stronger interlayer interactions [66]. Element
boron (B), as the closest to carbon (C) in the periodic table, has
received extensive attention. Pure B has been made into B NSs with
nanoscale thickness, in which the B atoms are covalently bonded
[67,68]. As a cubic crystal structured semiconductor (0.18 eV at
300 K), SnTe NSs are compose with element Sn and Te, which are
two essential elements for human [69,70].

3. Graphene-based 2D nanomaterials for biomedical
applications

The graphene family usually includes three members: gra-
phene, GO, and rGO. Graphene is hailed as the “new wonder nano-
material”. The unique layered structure of graphene makes it the
thinnest nanomaterial with monoatomic thickness. Compared
with carbon nanotube, graphene has a higher specific surface area,
which is conducive to functionalization [34]. As to GO, it is
obtained by the partial oxidation of graphene. In other words, dif-
ferent types of oxidative functional groups (e.g., hydroxyl, car-
boxyl, or epoxy) can be introduced into graphene structure to
form GO, increasing its hydrophilicity and making it easier for
functionalization [71]. RGO, a substitute for pure graphene, can
be easily produced by removing most of the oxygenated groups
from GO. In contrast with GO, rGO has more sp? carbon, exhibiting
a higher absorbance in the near-infrared region (NIR) [72]. Studies
have utilized graphene and its derivatives in numerous biological
applications such as gene/drug delivery, biosensors, bioimaging,
antifungal activity and bioengineering, owning to their unprece-
dented electrical/thermal conductivities, versatile chemistry,
mechanical strength and biocompatibility [73]. Since a large num-
ber of researches have reported the biomedical application of
graphene-based materials, in this section, we will focus on some
representative examples published lately in drug/gene delivery,
tissue engineering and biosensing.

3.1. Graphene

As a relatively new treatment, gene therapy can treat various
diseases caused by genetic disorders. Functionalized graphene
has been widely exploited in gene delivery. For example, a biocom-
patible and efficient gene delivery vector for graphene modified
with polyamidoamine (PAMAM) dendrimer and oleic acid was
reported [74]. Cell culture experiments showed that the
graphene-oleate-PAMAM hybrids exhibited excellent gene trans-
fection capacity, which was 13 times higher than that of ultrason-
icated graphene. In addition, graphene-based nanomaterials have
been developed to induce cell necrosis. A recent report showed
that few-layer graphene (FLG) has specific killing effect on mono-
cytes without toxic or active effect on other immune function cells
[75]. This therapeutic activity of FLG has been used in myeloid
monocytic leukemia. Moreover, the higher specificity and toxicity
of FLG were confirmed when compared with chemotherapy drug
etoposide.

Graphene is being explored in tissue engineering owning to its
unique properties. Tissue engineering is an important new medical
strategy that combines cells, biochemical factors and engineered
materials to restore, maintain or improve the function of tissue
or organ [76]. In a recent study, a graphene hydrogel (MGH)

membrane consisting of multiple, chemically converted graphene
(CCG) sheets by face-to-face stacking (Fig. 2) was fabricated by
Lu et al. [77] to investigate its performance in guided bone regen-
eration (GBR). The results showed that CCG-based membranes
could effectively maintain bone space, promote early osteogenesis,
accelerate mineralization, and improve bone quality and bone
regeneration rate. The MGH membranes remained in situ 8 weeks
after implantation, indicating that the surface texture of MGH
membranes was conducive to their adhesion to bone tissues. This
study effectively demonstrated CCG’ s potential in GBR treatment
and biological tissue engineering.

In another study, a surface plasmon resonance (SPR) biosensor
based on graphene was developed for the detection of biomole-
cules. Zeng et al. [78] advanced the field by designing a novel
biosensor based on graphene-gold metasurface to realize directly
unlabeled ssDNA detection through the pi-stacking interaction
between graphene and ssDNA. The graphene sensing substrate
was prepared from the pristine graphene layers, and showed good
optical and electronic properties as well as high electron transfer
rate and optical transparency, leading to a strong plasmon
enhancement effect. As reported, the detection limit of graphene-
gold biosensing structure on ssDNA was 1 x 107'® mol/L, higher
than that of SPR biosensor. Based on the foregoing discussion, it
is not difficult to conclude that graphene plays an important role
in multisensor platform design for effective diagnosis of human
diseases.

3.2. GO

Due to the existence of primitive graphite structure and
oxygen-containing functional groups, as well as the coexistence
of hydrophobic and hydrophilic properties, GO exhibits not only
good water dispersion and biocompatibility, but also a high affinity
for some drug molecules. Motivated by these properties, GO
nanosheets are widely used as drug carriers to enhance therapeutic
effect. In addition, due to the strong NIR absorption, GO is often
used as the photothermal therapy (PTT) agent. For example, Yin
et al. [79] developed a hyaluronic acid-decorated GO nanosheet
(HSG) with a strong loading of doxorubicin hydrochloride (DOX,
chemotherapeutics drug) (Fig. 3). Results of in vivo and in vitro
tests indicated that such a nanosystem could achieve the pho-
tothermal controlled selective rapid drug delivery, as well as
photo-chemo synergetic therapy.

As one of the most typical 2D nanomaterials, GO has been
selected to develop tissue engineering. For instance, Ruan et al.
[80] constructed GO-based biocompatible scaffolds by covalent
cross-linking GO with carboxymethyl chitosan (CMC). The result-
ing porous GO-CMC scaffolds showed significantly higher modulus
and hardness compared with CMC scaffolds. Moreover, the m-1
stacking interactions of GO sheets led to the enhancement of
osteoinductivity of GO-CMC scaffolds. Systematic in vitro and
in vivo experiments demonstrated that these GO-CMC scaffolds
exhibited remarkable effect in repairing the skull defect of rats,
providing new insights into regenerative medicine and tissue engi-
neering. Additionally, the unique and versatile properties of GO
bring many opportunities to the development of advanced biosen-
sors. An advantageous immunosensing platform based on GO
coated nanopaper (GONAP) was prepared by Cheeveewattanagul
et al. [81]. The photoluminescence-quenching character of GONAP
enabled it to quench the photoluminescence of quantum dots inte-
grated with antibodies (Ab-QDs). When these antibodies were
bound to antigens, they could form antigen-Ab-QD complex and
then be desorbed from GONAP, restoring the photoluminescence.
Such a highly sensitive platform represents a virtually universal
immunosensor method, exhibiting ready-to-use immune sensing
properties. The assay was proved to be effective in the analysis of
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human serum. In a word, GONAP opens a way for immunosensing,
which can be applied to automated diagnosis.

3.3. RGO

RGO is commonly obtained by reducing GO to remove most of
its oxygenated functional groups, thus owning some structure
defects of carbon nanosheets. The recovered graphitic network of
rGO accounts for its high electrical conductivity [76]. With less
oxygen content, surface charge, and hydrophilic functional groups
than GO, rGO can also be assembled via non-covalent interactions
(van der Waals forces and m-7 stacking) to effectively adsorb drug
or biomolecules. Various studies have demonstrated that rGO has
good biocompatibility and excellent electrical conductivity, there-
fore is widely used in drug delivery, PTT, tissue engineering and
biosensing [73].

With a large specific surface area and good electrochemical
properties, rGO has become a research hotspot in drug delivery
system. He et al. [82] designed an electrochemically triggered drug
delivery system on the basis of DOX-loaded rGO thin films, in
which the DOX was combined with rGO via m-m stacking and
hydrophobic interaction. The loading efficiency of DOX onto rGO
was influenced by pH, and the maximal loading rate was 98% at
pH 9. In another study, a rGO-based PTT agent was developed for
effective cancer treatment. Yan et al. [83] designed multifunctional
rGO-based nanosheets containing indoleamine-2,3-dioxygenase
inhibitors (IDOi), which triggered PTT to destroy primary tumors
under NIR laser irradiation. At the same time, the IDOi released
by rGO nanosheets at the tumor sites could modulate the catabo-
lism of tryptophan, thus enhancing the antitumor immune
response. Both in vitro and in vivo experiments revealed that
IDOi/rGO nanosheets could synergistically induce systemic anti-
tumor immunity and directly kill tumor cells under laser
irradiation.

In addition, rGO has also been successfully tested in tissue
engineering. Huo et al. [84] designed rGO-enzyme-coated
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tissue-engineered blood vessels (TEBVs) to inhibit platelet aggrega-
tion, in which rGO functioned as a carrier to support two enzymatic
catalysts, apyrase and 5-nucleotidase (5-NT) for cascading reactions
(Fig. 4). These rGO-enzyme complexes could catalyze the conver-
sion of adenosine diphosphate (ADP) to adenosine monophosphate
(AMP) and further transfer AMP to adenosine, thereby inhibiting
ADP-induced platelet aggregation and thrombosis. Undoubtedly,
this work provides a new strategy for the construction of TEBV.

RGO-based materials have also been extensively studied as
biosensors because of their availability and electrical conductivity.
As a paradigm, a new type of nanocomposite material composed of
rGO/Rh nanoparticles was prepared to construct a sensitive elec-
trochemical enzyme biosensor for the detection of 17B-estradiol
[85]. 17B-estradiol is listed as an emerging contaminant because
it is harmful to the endocrine functions of animals and humans.
This rGO-based biosensor could successfully detect 17p-estradiol
with an ultralow detection limit of 0.54 pmol/L and a high sensitiv-
ity of 25.7 A (umol/L)"! cm™!, thus achieving the diagnosis of
endocrine function. Based on these results, such biosensors based
on rGO nanomaterials can be applied to the rapid and accurate
determination of hormones in urine samples.

3.4. Summary of graphene-based 2D nanomaterials for biomedical
applications

In summary, graphene-based nanomaterials (graphene, GO, and
rGO) are very appealing due to their flat honeycomb nanostruc-
tures and unparalleled performance. Recent advances in the syn-
thesis and functionalization of graphene-based materials have
brought new possibilities to their biomedical applications includ-
ing drug delivery, cancer treatment, tissue engineering and
biosensing. However, long-term adverse effects must be consid-
ered when designing graphene-based nanomaterials for biomedi-
cal applications. As a result, it is of great importance to study the
toxic mechanism for the purpose of designing and manufacturing
graphene-based nanocomposites safely. Future research may focus
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Fig. 4. (Color online) RGO-based TEBVs for antiplatelet function. (a) Construction process of RGO-enzyme-coated TEBV for inhibition of platelet aggregation. (b) RGO-
enzyme-coated TEBV and controlled TEBV, and the arrow indicated implanted TEBV on day 7. (c) The unobstructed proportion of TEBV on day 7. (d) HE staining of TEBVs on
day 7. (e) Microcomputed tomography angiography on day 7 under different conditions. Reproduced with permission from Ref. [84], Copyright © 2017, American Chemical

Society.
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on exploring more fundamental biological reactions of graphene-
based nanomaterials, such as systematic assessment of the physi-
cal and chemical properties associated with toxicity, to optimize
biological applications with minimal safety risks.

4. Silicate clays for biomedical applications

In recent years, the interest in silicate clays has increased dra-
matically because they can be easily modified for different pur-
poses. Smectite is one of the most common types of clays with a
crystal structure. It has an octahedral alumina sheet sandwiched
between two tetrahedral silica sheets in multiple layers [86]. Clays
are characterized by aqueous stability, high drug loading, shear
thinning, etc. The distinct layered structure of clays enables their
surfaces to carry permanent negative charge and the edges to carry
positive charge [87]. Because of these advantages, the use of clays
has been expanded to the pharmaceutical industry, where clays are
used for drug delivery, tissue engineering and biosensing [88-90].
In this part, recent advances in the biomedical application of clays
are reviewed in detail.

Over the past decade, silicate clays have inspired tremendous
research interest in gene or drug delivery for their incomparable
biological safety [34,91]. In addition to biocompatibility, they also
have other excellent properties that benefit delivery systems. For
example, the adsorption of silicate clays on nucleic acid and drug
molecules exhibits structural stability, which can prevent biologi-
cal molecules from degradation or destruction in rigorous condi-
tions. Moreover, compared with other vectors, silicate clays are
safe and high efficient therapy carriers to validly avoid severe
immunological and toxicological responses [92,93]. Recently, Jesus
et al. [94] constructed a clay-based nanocomposite by incorporat-
ing sodium montmorillonite (MMT) into a hybrid hydrogel of
siloxane-poly(ethylene oxide) to deliver sodium diclofenac (SDCF).
This hybrid hydrogel nanocomposite could realize the sustained
release of SDCF, offering the possibility of long-term treatment of
arthritis, sprains, gout, migraine, and postoperative pain.

(b)
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In other studies, silicate nanomaterials were developed for tis-
sue engineering applications [95]. Scientists designed a nanocom-
posite hydrogel using laponite nanosilicates and gelatin
methacrylate (GelMA) to control the rapid release of growth
factor-rich stem cell secretome [96]. The nanocomposite hydrogel
loaded with secretome provided a dual therapeutic system through
its ability to promote angiogenesis and protect the heart, possess-
ing the potential to improve the therapeutic efficacy of stem cell-
derived secretome for cardiac tissue repair and regeneration.
Another strategy for tissue engineering is incorporated a small
amount of laponites (XLG) with the silated hydroxypropylmethyl
cellulose (Si-HPMC) hydrogel [97]. The prepared composite hydro-
gel led to the development of a hybrid interpenetrating network,
improving the mechanical properties of the hydrogel. The physico-
chemical properties and in vitro cytocompatibility of the composite
hydrogel were also evaluated. The results showed that the compos-
ite hydrogel could improve the cell survival rate and increase the
number of cell clusters. Based on these preliminary results, Boyer
et al. [97] finally concluded that Si-HPMC/XLG hydrogel combined
with chondrocytes had potential application value in cartilage tis-
sue engineering,.

Another example of tissue engineering is the application of sil-
icate clays to hemostasis because these 2D natural clays can acti-
vate blood platelets to induce blood coagulation. For example,
Gaharwar et al. [98] successfully synthesized nanocomposite
hydrogels composed of silicate nanoplatelets and gelatin, which
could be used as injectable hemostatic agents to promote in vitro
and in vivo blood coagulation (Fig. 5). The results demonstrated
that the addition of silicate nanoplatelets to gelatin could signifi-
cantly improve the physiological stability, injectability and hemo-
static performance, and reduce the in vitro blood clotting time by
77%. In vivo tests further indicated that these nanocomposites
had good biocompatibility and could promote hemostasis in lethal
liver laceration. With such unique properties, these newly devel-
oped silicate-based gelatin nanocomposites could be used as injec-
tion hemostatic agents to treat emergent wounds outside the
hospital.
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In summary, various biological applications of silicate clays
have been presented in this part, which greatly improves the com-
prehension of clays as a potential biomaterial for medical applica-
tions. The shape and surface charge properties of silicate clays
allow them to interact with biomolecules. It is expected that abun-
dant transformation research based on silicate clays will be con-
ducted in fields of biosensing, immunomodulation and cancer
treatment.

5. LDHs for biomedical applications

As a class of 2D nanomaterials, LDHs have been widely explored
as inorganic-biology composite materials for biomedical applica-
tions, owning to their good stability, excellent biocompatibility
and the versatility in chemical composition [99-101]. Typically,
LDHs are composed of a layer of metal atoms sandwiched between
hydroxide layers, possessing a high layer charge density, which can

(a)

(b)

"
® o
.9

Cell viability (%9
=3
=)

Fig. 6. (Color online) Application of LDHs in drug delivery. (

ﬁli&&ﬁ—

realize chemical modifications or interlayer composition changes
[102]. Due to their unique 2D structure, LDHs are versatile in both
host layers and interlayer anions, and have the ability to non-
covalently bind anionic drug molecules and imaging material with
low toxicity, thus attracting research interest in drug delivery,
bioimaging, tissue engineering and biosensing.

Studies have demonstrated that LDHs can exhibit pH-sensitive
drug release. For instance, a recent work reported by Peng et al.
[100] used LDHs to develop a biocompatible nano-delivery system
(Fig. 6). Gd*>*-doped monolayer LDH nanosheets (MLDH) were suc-
cessfully synthesized with a novel bottom-up synthesis method. As
drug carriers, MLDH nanosheets could achieve the co-loading of
DOX and indocyanine green (ICG, photothermal and photodynamic
agent), showing an unprecedentedly high loading of DOX&ICG
(797.36%) and 99.67% of encapsulation efficiency. Since ICG could
realize an efficient photothermal conversion for its strong NIR opti-
cal absorption, the prepared DOX&ICG/MLDH composite showed
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) A schematic diagram of drug delivery system based on MLDH for efficient loading of theranostic agents. (

Relative viability of HepG2 cells after incubation with various drugs at different concentrations upon NIR irradiation and (c) the corresponding Calcein-AM/PI staining 1mages
(d) Digital photographs of the mice on day 14 after various treatments. Reproduced with permission from Ref. [100], Copyright © 2018, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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both pH and NIR induced DOX release. Meanwhile, this drug for-
mulation could produce a large number of reactive oxygen species
(ROS), demonstrating the synergistic treatment of chemotherapy,
PTT, and photodynamic therapy (PDT). In vitro and in vivo thera-
peutic evaluations demonstrated that DOX&ICG/MLDH nanocom-
posite material revealed a superior synergetic anticancer activity
and excellent biocompatibility.

In addition, due to the tunable composition of host layers, speci-
fic imaging functions can be achieved via changing the metal ele-
ments of layers. In a recent report by Mei et al. [101], rare-earth
(Gd3* and Yb*") co-doped LDH single-layer nanosheets (Gd&Yb-
MLDH) were prepared by one-step “bottom-up” method, showing
a uniform morphology. With the successful introduction of Gd>*
and Yb*' into the host layer of LDH, the Gd&Yb-MLDH
single-layer nanosheets exhibited superior magnetic resonance
(MR)/computed tomography (CT) dual-mode imaging perfor-
mance. By further combining with ICG, SN38&ICG/Gd&Yb-LDH
showed tri-mode imaging including near infrared fluorescence
(NIRF) imaging, MR imaging (MRI) and CT imaging, demonstrating
a noninvasive visualization of drug bio-distribution with high sen-
sitivity and spatial resolution. In vivo tests verified that SN38&ICG/
Gd&Yb-LDH achieved a complete tumor ablation, showing
excellent synergetic chemo/PTT/PDT theranostics performance.

LDHs are also widely applied to tissue engineering in recent
years. It is well known that LDHs possess compositional flexibility.
Therefore, the biocompatibility and osteogenic differentiation of
LDHs can be improved by substituting the bivalent cations and
trivalent cations with necessary bioactive elements like Mg, iron
(Fe) and strontium (Sr). Taking the advantage of the above charac-
teristics, Cao et al. [103] fabricated an Ag-loaded MgSrFe-LDH/
Chitosan (Ag-MgSrFe/CS) composite scaffold for bone tissue engi-
neering. In this work, CS, a typical natural material, provided a
favorable microenvironment for cell proliferation. Mg played a cru-
cial role in bone metabolism and regeneration, while Sr and Ag
showed antibacterial activity and anabolic activity. The prepared
composite scaffold exhibited excellent cellular compatibility,
osteogenic activity and antibacterial properties, showing extensive
clinical application prospects in tissue engineering.

Although LDHs are insulators, they can also be used as biosen-
sors, in which electrical conductance can be provided by other
materials. Wang et al. [104] successfully designed a non-
enzymatic glucose sensor based on CuAl-LDHs modified glassy car-
bon electrode. Due to the excellent electrocatalytic activity of
copper-based materials used for the oxidation of glucose, the pre-
pared CuAl-LDHs sensor exhibited high sensitivity, fast response
(less than 5 s) and low detection limit (0.02 pmol/L) in the deter-
mination of glucose. Moreover, the sensor also exhibited strong
anti-interference ability in the presence of ascorbic acid, acetami-
nophen, uric acid and other carbohydrate compounds. Therefore,
it could be used for the rapid and efficient determination of glucose
in human blood samples.

In conclusion, as a new kind of 2D nanomaterials, LDHs possess
excellent anion exchange capacity, good biocompatibility and drug
delivery potential, therefore can be used in drug delivery, tissue
engineering, biosensing and other biomedical fields without obvi-
ous side effects. However, there are still some drawbacks of LDHs
in preparation method and functionalization, therefore more
breakthroughs of LDHs-based biomedical applications are
expected.

6. TMDs for biomedical applications

As one of the most widely used 2D materials, TMDs, which are
composed of a layer of transition metal atoms sandwiched with
two layers of chalcogen atoms to form a hexagonal lattice, have

attracted extensive attention in fields of catalysis, energy materi-
als, electronics and more recently biomedicine [105]. Due to their
ultrathin atomic monolayer or multilayer structure, TMDs possess
distinctive physicochemical and biological properties, arousing a
great deal of interest from researchers. In addition, as semiconduc-
tors, TMDs possess an electronic bandgap which increases as the
thickness decreases [106]. These properties establish the impor-
tant role of TMDs in drug/gene delivery, cancer treatment and
biosensors.

Drug delivery systems are conducive to drug targeted transport
and alleviate side effects. With excellent biocompatibility and low
cytotoxicity after functionalization, TMDs can also be used as the
drug or gene delivery systems in the biomedicine field. For exam-
ple, Liu et al. [107] functionalized MoS; nanosheets with lipoic acid
modified polyethylene glycol (LA-PEG) via thiol reaction to
enhance the physiological stability and biocompatibility. The
extraordinary surface-area-to-mass ratio of MoS, nanosheets
achieved highly efficient loading of DOX. As a result, MoS,-PEG
loaded with DOX could realize the combination of PTT and
chemotherapy without noticeable toxicity. This was the first time
when TMDs was used as a new 2D nanocarrier for drug delivery
and tumor synergetic therapy. In another work, researchers
designed a MoS,-based nanocomposite modified with
polyethylenimine (PEI) and PEG via disulfide bonds [108]. Due to
the positive charge of MoS, nanosheets and negative charge of
nucleic acid molecules, the MoS,-PEI-PEG nanocomposite could
interact with DNA through electrostatic interaction, showing
promising potential for gene delivery.

With the continuous development of biomedicine, various
TMDs have been employed for simultaneous imaging diagnosis
and cancer therapy. TMDs can also respond to such tumor
microenvironment (TME) as pH, glutathione (GSH), H,0,, etc.
therefore can be used to pH-sensitive starving therapy, GSH sensi-
tive imaging, and chemodynamic therapy (CDT) [109,110]. How-
ever, since most TMDs cannot be rapidly excreted from the body,
they bear the risk of chronic toxicity due to accidental ingestion
of non-specific organs as well as long-term removal of nanoparti-
cles. To address this problem, Guan et al. [111] developed polyvinyl
pyrrolidone (PVP) coated Fe3S, tetragonal nanosheets (TNSs) by a
hot-injection thermal decomposition reaction. The PVP coated
Fes;S4 TNSs had strong near-infrared absorption, resulting in excel-
lent photothermal conversion efficiency (64.3%), infrared thermal
(IRT) imaging and great T,-weighted MRI. In addition, Fe3S4 TNSs
could achieve the synergism of PTT/CDT, because the localized heat
generated by PTT could enhance the Fenton process by utilizing the
excessive H,0; in the TME, while the hydroxyl radicals (+OH) pro-
duced by this process could inhibit tumor growth. Therefore, such
an inorganic theranostic platform could be applied to MR/IRT
imaging guided PTT/CDT. More importantly, TNSs could effectively
accumulate in the tumor while gradually transform to ultrasmall
FeOOH particles, completing the clearance from the body after
one month. All in all, the PVP coated FesS; TNSs-based body-
clearable theranostic platform has provided a new approach to
the design of inorganic pharmaceutical preparations for clinical
applications in the future.

Another biomedical application of TMDs stems from their
unique optical, electrical and mechanical properties, making them
promising candidates for biosensor. Chen et al. [112] fabricated
CVD-grown monolayer MoS,-based bioabsorbable, multifunctional
transient sensors to monitor critical parameters related to the
recovery of traumatic brain injury, such as intracranial pressure,
temperature, motion and strain (Fig. 7). Experiments in living ani-
mal models successfully confirmed the ability of these sensors to
measure intracranial parameters in mice. Such a technology plays
a clinically relevant role in diagnostic/therapeutic functions,
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Fig. 7. (Color online) Application of TMDs to biosensors. (a) Morphological and structural evolution of CVD-grown monolayer MoS; crystals with different dissolution times
in PBS solution. (b) Schematic of the structure of a MoS,-based sensor and its characteristic responses as a function of pressure, temperature, strain, and acceleration. (c)
Optical images of the sensor in PBS solution with different dissolution times. (d) Optical images of a MoS,-based bioabsorbable sensor implanted in a rat. (e) Histological
images of tissues surrounding the implanted MoS, for 4 weeks. Reproduced with permission from Ref. [112], Copyright © 2018, Nature Publishing Group.

paving the way for the integration of more 2D materials into sens-
ing platforms as well as temporary biomedical implants.

To sum up, in this section, recent development of TMDs in
biomedical fields including drug/gene delivery, biosensor, PTT
and CDT have been summarized and discussed. In spite of the
remarkable progress, there are still tremendous challenges in the
clinical application of TMDs. The synthesis and modification meth-
ods need to be optimized for preparing multifunctional TMDs with
lateral size, specific thickness and crystal phase. Additionally, more
emphasis should be placed on evaluating toxicology profiles of
TMDs nanomaterials before their possible clinical translation.

7. TMOs for biomedical applications

Besides the aforementioned well-known TMDs, TMOs are also
notable 2D nanomaterials. The transition metal s-orbital electrons
of TMOs are held strongly by the oxygen atoms, hence the struc-
tural and physicochemical properties of TMOs are mainly deter-
mined by d-orbital electrons [13]. Due to their wide bandgaps,
TMOs nanosheets show remarkable photochemical and electric
properties [113]. Moreover, some of the TMOs can directly interact
with biomolecules after surface modification. These appealing
properties enable the multiple biomedical applications of TMOs
in targeted drug delivery, cancer therapy, tissue engineering,
biosensing, etc. Currently, most of the published researches focus

on two well-studied materials: manganese dioxide (MnO,) and
titanium dioxide (TiO,).

MnO, nanosheets consist of an edge-sharing metal oxide octa-
hedral unit with ultra-sensitivity to the mild acidity to break up
and release Mn?* ions, leading to their wide application in drug
delivery and biosensor [114-116]. As a paradigm, a recent work
by Chen et al. [114] constructed an intelligent theranostic platform
based on DOX-loaded 2D MnO, nanosheets to achieve ultrasensi-
tive pH-triggered T;-weighted MRI and drug delivery. All these
experimental results showed that MnO,-based theranostics agents
with dual pH-responsive functions could realize successful cancer
treatment. In another similar study, Fan et al. [117] developed
intelligent 2D theranostic nanomaterials by anchoring upconver-
sion nanoprobes (UCSMs) onto MnO, nanosheets for simultaneous
pH-/H,0, responsive upconversion luminescent (UCL) imaging and
oxygen-elevated synergetic radiotherapy (RT)/PDT (Fig. 8). MnO,
nanosheets underwent decomposition in acidic TME to recover
the quenched upconversion luminescence of UCSMs. Moreover,
through reaction with H,0, to produce massive oxygen, MnO- sig-
nificantly improved the synergistic PDT/RT effect under NIR/X-ray
irradiation.

Different from other 2D TMOs, MnO, nanosheets possess facile
redox activity which can oxidize multiple reductants such as GSH
and ascorbic acid [118,119]. With this oxidation ability, MnO,
nanosheets were developed as biosensors to detect reduction
reagents. Yan et al. [120] designed a sensitive and convenient
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fluorescent “turn off-on” sensing platform on the basis of ultrathin
MnO, nanosheets and graphene quantum dots (GQDs) for the rapid
and selective detection of GSH in living cells. In this platform,
MnO, nanosheets could quench the fluorescence intensity of GQDs
by fluorescence resonance energy transfer. What’s more, MnO,
nanosheets could be selectively reduced to Mn?* cations by GSH,
which was beneficial to the release of GQDs as well as the sufficient
recovery of fluorescent signal. Therefore, the dual functions of
MnO, nanosheets as fluorescence quencher and GSH discriminator
in this sensing platform made it available to measure the intracel-
lular GSH concentration. The proposed nanosensor exhibited excel-
lent merits in GSH-associated disease monitoring.

As to TiO,, it has significantly different properties but a similar
structure to MnO,. As a semiconductor, TiO, possesses good optical
absorption at UV region to generate '0,, making it possible to act
as PDT agent [121]. Much effort has been devoted to developing
TiO,-based nanocomposite for inhibiting electron-hole pair recom-
bination and expanding the light response to visible region. For
example, Shang et al. [122] successfully prepared rGO-TiO,
composite via a simple hydrothermal reduction method recently.
Compared with unmodified TiO,, the absorption spectrum of
rGO-TiO, composite extended from UV to visible light region,

which effectively improved the photodynamic treatment perfor-
mance. Thus, the rGO-TiO, composite provide a new strategy for
PDT. In another application, nanocomposite hydrogels were pre-
pared by combining TiO, nanosheets with acrylamide, mimicking
some physicochemical properties of articular cartilage [123]. The
key of this technique is to use a strong magnetic field to align
TiO, nanosheets in a coaxial manner. As a research paradigm, this
nanocomposite is very prospective in biological tissue engineering.

It is clear from the above discussion that the application of
TMOs in drug delivery, PDT and biosensing derives from their
unique properties (redox activity and various photoelectric proper-
ties). MnO, nanosheets are widely used for their redox properties,
while TiO, nanosheets for their photocatalytic and dielectric prop-
erties. As many other 2D nanomaterials, although the biocompati-
bility of TMOs has not been fully evaluated, further study based on
these existing photoelectric properties in the biomedical field is
still very encouraging.

8. BP for biomedical applications

As a representative non-metallic layered semiconductor, BP is
formed by its puckered layers through weak van der Waals forces,



T. Hu et al./Science Bulletin 64 (2019) 1707-1727

and can be exfoliated into ultra-thin 2D nanosheets [124]. Com-
pared with other 2D nanosystems (e.g., graphene, TMDs), the
development of BP nanosheets’ biomedical application is much
slower due to the lack of mature synthetic strategies as well as
their instability in air and water. However, with the rapid develop-
ment of nano-synthetic technology and 2D materials chemistry,
the biomedical application of ultrathin BP nanosheets has made
significant breakthroughs.

Ultrathin BP nanosheets exfoliated from bulk BP can be used as
photosensitizer to generate !0, within the entire visible light
region, which was reported by Wang et al. [125] for the first time.
The water dispersible BP nanosheets showed notable cancer treat-
ment ability in both in vitro and in vivo studies. In subsequent stud-
ies, it is found that BP nanosheets can be used as carriers for the
delivery of therapeutic agents due to their high surface area.
Recently, Chen et al. [126] reported a novel DOX loaded multi-
modal therapeutic system on the basis of BP nanosheets (Fig. 9).
The drug release could accelerate in the acidic TME and further
promoted under NIR irradiation owning to the excellent pho-
tothermal effect of BP nanosheets. Such a drug delivery system
exhibited pH-/photo-responsive release characteristics and real-
ized synergistic PTT/PDT/chemotherapy. In another similar study,
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Tao et al. [127] also designed a DOX loaded delivery platform based
on BP NSs. The innovation of this work was to reveal the endocyto-
sis pathways and biological activities of PEGylated BP NSs, that is,
BP NSs was transported through “micropinocytosis” — “late endo-
somes” — “lysosomes”, and autophagy was involved in the degra-
dation of PEGylated BP NSs.

In addition to serving as therapeutic agents for drug/gene deliv-
ery, PTT and PDT, BP nanosheets possess intrinsic abilities of cellu-
lar bioimaging and tumor PA imaging. For example, Lee et al. [128]
employed a modified ultrasonication-assisted solution method to
prepare BP nanodots from BP nanosheets, which exhibited intrigu-
ing optical properties in biological imaging. After an efficient endo-
cytosis of BP nanodots, HeLa cells showed obviously blue or green
fluorescence upon exposure to laser irradiation at 358 or 400 nm,
indicating a potential application for cellular tracking or fluores-
cence imaging. In another example, Sun et al. [129] reported TiL,
(a sulfonic ester of the titanium ligand) coordinated BP quantum
dots (BPQDs) as efficient PA agents in bioimaging. The resulting
TiL4@BPQDs showed enhanced stability in water dispersions after
surface coordination. Moreover, this material displayed better PA
performance at 680 nm than that of AuNRs owing to its larger
NIR extinction coefficient. In vitro and in vivo experiments further
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demonstrated an excellent sensitivity and a high spatial resolution
in detecting tumors.

As noted above, BP nanosheets possess photothermal-
conversion properties for PTT application based on their obvious
black color. In a recent study, the bulk BP powder was exfoliated
into ultrasmall BPQDs (approximately 2.6 nm in lateral size and
1.5 nm in thickness) [130]. After surface PEGylation, the stable BP
QDs displayed an excellent NIR photothermal performance, and
the photothermal conversion efficiency at 808 nm was 28.4%.
Results of in vitro experiments indicated that the temperature of
BP QDs solution increased rapidly even at a low BP concentration
(50 ppm) after NIR irradiation. In another study, Wang et al.
[131] synthesized a multifunctional BP-based nanoagent
(BP/DTX@PLGA) to achieve targeted PTT/chemotherapy synergistic
therapy against cancer metastasis. Both in vitro and in vivo results
confirmed that BP/DTX@PLGA induced apoptosis-dependent cell
death and elimination of lung metastasis. This study opened a
new way to effectively inhibit tumor metastasis.

In addition, BP can be wused for photothermal cancer
immunotherapy. Liang et al. [132] successfully developed BPQDs
formulation to induce the apoptosis of breast cancer cell in situ
through NIR irradiation. Meanwhile, it mobilized the immune sys-
tem to eliminate the residual and metastatic cancer cells. Ye et al.
[133] prepared BP-based personalized cancer vaccines (Gel-BPQD-
CCNVs) and combined it with PD-1 antibody to prevent tumor
relapse and metastasis. Briefly, the BPQD coated with surgically
removed tumor cell membrane was loaded into a thermosensitive
hydrogel containing GM-CSF and LPS to form Gel-BPQD-CCNVs.
After hypodermic injection of Gel-BPQD-CCNVs, GM-CSF was con-
tinuously released to recruit dendritic cells (DCs) to capture tumor
antigen. Then, under the stimulation of NIR radiation and LPS, DCs
entered lymph nodes and expressed antigen to CD8" T cells, lead-
ing to the elimination of metastasis tumor.

3D printing is an emerging technology with great research
potential in the field of tissue engineering, and is hailed as the
beginning of a new era of biomedical technology. With this
advanced technology, a variety of artificial scaffolds were fabri-
cated, ranging from tissue regeneration to cancer treatment and
even the creation of artificial organs [134]. Very recently, Yang
et al. [135] incorporated BP nanosheets into a 3D printed biological
glass (BG) scaffold, constructing an unprecedented 3D printed
therapeutic platform. The dual-function BP-BG scaffold thus
designed could be used for the effective photothermal treatment
of osteosarcoma, which is beneficial to further bone tissue regener-
ation, and thus effectively overcome the limitations of current
osteosarcoma therapy.

The aforementioned paradigms have shown that graphene-
based nanomaterials and their analogues can be widely used in
the sensing field. Therefore, it is reasonable to consider whether
BP nanosheets can also be effectively applied to the biosensing
field. As a paradigm, Peng et al. [136] prepared Au nanoparticle-
decorated few-layer BP (FL-BP) to detect carcinoembryonic antigen
(CEA), which showed a wide detection range from 1 pg/mL to
10 pg/mL and a high sensitivity of 0.20 pg/mL. The high electron-
transfer and excellent electron-donor capacity of FL-BP greatly
improved the detection sensitivity for cancer biomarker. Therefore,
BP-based biosensors have the potential to be used in clinical sam-
ples of patients suffering from colon and breast cancer.

Some progresses have been made in overcoming BP’s surface
instability, including surface protection, surface chemical modifi-
cation and doping [137]. Surface protection refers to the formation
of a protective layer on the BP surface to isolate oxygen and water.
For example, Zeng et al. [138] reported a delivery system based on
polydopamine (PDA)-modified BP nanosheets to enhance the
stability and photothermal performance. Surface chemical
modification indicates that lone pair electrons of BP can form

coordination bonds, covalent bonds or noncovalent bonds so as
not to react with oxygen. For instance, Sun et al. [129] used BPQDs
coordinated with TilL4 as PA imaging contrast agent. The empty
orbital of titanium atoms accepted the lone pair electrons of BP
to form a ligand band, resulting in an obviously improved stability.
In addition, doping other elements such as tellurium (Te) and sul-
fur (S) into the BP layer could also enhance its stability [139,140],
and further in-depth studies are needed.

Overall, BP has gained influential and sustainable status in var-
ious biomedical fields like drug delivery, theranostics, tissue engi-
neering and biosensing with its excellent physiochemical
properties. BP nanosheets can induce cellular apoptosis by produc-
ing intracellular singlet oxygen, although its mechanism is still
unclear. This issue deserves the attention from the future biological
field, which may further lead to new biological applications. Mean-
while, the methods to improve the stability of BP also need to be
further studied.

9. 2D graphitic nitride nanomaterials for biomedical
applications

Some nitrogen-based 2D nanomaterials, such as g-C3Ny4, h-BN,
do not belong to any of the above categories due to their unique
atomic species and arrangement. In general, h-BN alternates boron
and nitrogen hetero atoms to form a hexagonal monolayer, while
g-C3N4 forms a strong and regular structure of alternating carbon
and nitrogen atoms [30]. For a long time, researchers have been
speculated that these elements can form their own 2D allotropes,
and only in recent decades the synthesis has been realized. In the
subsequent sections, g-CsN, and h-BN will be introduced sepa-
rately in the context of biological applications.

9.1. G-G3N,

G-C3N4 nanosheets have been reported to possess high drug
loading capacity. Recently, a targeted and O,-evolving PDT thera-
nostic platform based on Fe''-doped g-C3N, nanosheets was
demonstrated to achieve almost complete tumor ablation [141].
The ultrahigh surface area of g-CsN4 nanosheets could achieve
the co-loading of mitochondria-targeting agent triphenylphospho-
nium bromide (TPP) and photosensitizer methylene blue (MB).
Doped Fe" endowed the nanosystem with peroxidase-like proper-
ties, which could catalyze H,0, to generate O,, thus overcoming
tumor hypoxia and improving PDT efficiency. Unsurprisingly, this
work inspires a new direction for the development of g-C3N4-
based multifunctional nano-reagents for the destruction of tumor.

Like graphene and its derivatives, g-C3N4 nanosheets can selec-
tively adsorb DNA molecules and coordinate with protons or metal
ions. With this property, several sensitive and unlabeled fluores-
cent biosensors have been developed based on g-CsN4 nanosheets.
Xiang et al. [142] developed a novel fluorescent g-CsN4 nanosheet
biosensor for highly sensitive, unlabeled detection of alkaline
phosphatase (ALP) within the detection limit of 0.08 U/L. To put
it simply, the high-affinity chelation of pyrophosphate (PPi) with
Cu?* could inhibit the coordination of g-C3N, with Cu?". In the
presence of ALP, PPi could be catalyzed into phosphate (Pi) with
weak interaction with Cu?*, so as to restore the coordination
between Cu?* and the g-C5N4 nanosheet, and effectively quench
the strong fluorescence of g-C3N, via photoinduced electron
transfer (PET), thus achieving the detection of ALP. Hence, such a
g-C3N4-based biosensor may have great application potential in
biomedicine and clinical diagnostics.

In addition, g-C3N4 nanosheets have been proved as an effective
therapeutic agent and imaging contrast agent due to their inherent
photocatalytic and fluorescence properties. Chen et al. [143]
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prepared core-shell nanoparticles by encapsulating photosensi-
tizer g-C3N4 nanosheets into a zeolitici-midazolate framework-8
(ZIF-8) shell. DOX was further loaded into the ZIF-8 shell for
chemotherapy. As a result, combining DOX with the PDT effect of
g-C3N4 nanosheets significantly improved the therapeutic efficacy,
achieving photo-chemo synergetic therapy. Moreover, the fluores-
cence properties of DOX (red fluorescence) and g-C3N4 nanosheets
(blue fluorescence) provided additional dual-mode imaging to
monitor DOX release and guide cancer treatment process. In
another work, Liu et al. [144] synthesized ultrathin g-C3N4 in 2D
confined region of LDHs (CN/LDHs) via microwave induced con-
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densation reaction between citric acid and urea. The as-prepared
CN/LDHs emitted strong cyan light under UV irradiation, with an
ultra-high solid-state quantum yield (SSQY) of 95.9%+2.2%, which
was the highest among carbon materials. Cell culture experiments
showed that such g-C3N4-based nanomaterial could be used for
up-conversion cell imaging.

9.2. h-BN

Monolayer h-BN, which consists of boron and nitride atoms
with the stoichiometry of B and N being 1:1, has aroused extensive
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Fig. 10. (Color online) Application of h-BN nanosheets to drug delivery. (a) Schematic illustration of the preparation of h-BN nanosheets. (b) Water-soluble h-BN and
corresponding high-resolution TEM (HRTEM) images. (c) Release kinetics of DOX from DOX@BN under pH 5.5, 6.2 and 7.4 conditions. (d) Viability of LNCaP cells in the
presence of DOX@BN and free DOX solutions with different concentrations. Reproduced with permission from Ref. [146], Copyright © 2014, American Chemical Society.
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research interest from scientists. Different from a single element of
graphene-based nanomaterials, the strong polarity of B—N bond
localizes the electronic states, giving it unique properties with a
large bandgap in especial (5-6 eV) [145]. The chemical inertness,
low toxicity, excellent mechanical properties and high thermal
conductivity of h-BN make it an ideal candidate for drug delivery
and tissue engineering. In this section, the biomedical application
of h-BN will be reviewed briefly, although relevant research is still
scarce.

2D h-BN nanosheets possess many unique properties includ-
ing hierarchical porosity and high specific surface area, making
them suitable for drug delivery. As an example, Weng et al
[146] produced highly dispersed water-soluble hydroxylated h-
BN nanoplates via the thermal substitution of C atoms with
boric acid substructures in g-Cs3N4 (Fig. 10). The DOX loading
capacity of hydroxylated h-BN materials could reach 309 wt%.
The drug release kinetics was monitored, and the results showed
that the DOX could be released slowly and stably from the
hydroxylated h-BN carrier in the neutral solution, but it was
triggered to release rapidly in the acidic aqueous environment.
Such novel h-BN based materials possess excellent biocompati-
bility and perform well in anticancer drug loading, delivery

(a)
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and release, suggesting their promising application in the field
of biomedicine.

Considering the strength and biocompatibility of h-BN
nanosheets, some scientists have applied them to tissue engineer-
ing. For instance, Yoo et al. [147] synthesized an artificial nacre on
the basis of functionalized h-BN nanosheets, which could enhance
mechanical strength and induce cell differentiation at the same
time. Nevertheless, the research on the application of h-BN
nanosheets in the tissue engineering filed is almost scarce. There-
fore, it is suggested that relevant study should be strengthened in
the future.

9.3. Summary of 2D graphitic nitride nanomaterials for biomedical
applications

In general, both g-CsN4 and h-BN have exhibited remarkable
chemical and mechanical properties, indicating their potential
application in biology. However, as far as we are concerned, the
biomedical application of g-CsN4 and h-BN has not been fully stud-
ied. At the same time, we should also pay more attention to the inno-
vation of synthesis and functionalization methods of 2D graphitic
nitride nanomaterials, so that they can be applied to more fields.
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10. Other types of 2D nanomaterials for biomedical applications

In addition to the above 2D nanomaterials, several other types
such as AM, B NSs, SnTe NSs have been studied in biomedical appli-
cations. In brief, AM has attracted broad attention with appropriate
band gaps and excellent stability, and its layered structure is sim-
ilar to BP to some extent [148]. B NSs with single-atom thickness
have attracted great interest due to its extraordinarily optical, elec-
tronic, thermal and anisotropic mechanical properties [149]. As for
SnTe NSs material, it has been considered as an ideal substitute for
narrow bandgap nanomaterials with low toxicity and NIR optical
activity [150]. In the following part, we will introduce biomedical
applications of AM, B NSs and SnTe NSs respectively.

10.1. AM

AM has been reported with excellent photothermal conversion
efficacy and can be used as photothermal agents (PTAs) for cancer
therapy. For instance, Tao et al. [151] synthesized highly dispersed
AM quantum dots (AMQDs) by a simple liquid exfoliation method.
The prepared PEG-coated AMQDs showed superior NIR photother-
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mal performance with a photothermal conversion efficiency of
45.5%, and exhibited rapid NIR-induced degradability. This is the
first report on AM in biomedicine application. In their another
study, a drug-delivery platform (AM-PEG/DOX NSs) based on AM
NSs was developed with a high DOX loading capacity of 150%
(Fig. 11) [152]. With potential degradability, AM NSs delivery plat-
forms showed pH-/photoresponsive release properties, as well as
fluorescence/photoacoustic (PA)/photothermal imaging properties.
Moreover, this study revealed that AM-PEG NSs were taken up by
MCF-7 cells through macropinocytosis and caveolin-dependent
endocytosis pathways, and then transported via “early
endosomes”-"late endosomes”-"lysosomes”.

In addition, like graphene and BP, AM can be used as SPR biosen-
sor for DNA molecule sensing. Xue et al. [153] developed a biosen-
sor based on AM for specific label-free detection of cancer-
associated miRNA-21 and miRNA-155 with a detection limit of 10
aM, which was 2.3-10,000 times superior to the current miRNA
sensor. Moreover, AM interacted strongly with ssDNA, representing
the highest sensitivity in DNA molecule sensing. Such AM-based
biosensor serves as promising biomarker for cancer diagnosis and
provided an opportunity to develop lab-on-chip platforms.
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10.2. B NSs

Ultrathin B NSs are an interesting type of recently developed
2D nanomaterial with high chemical stability, thermoelectricity,
superconductivity [154]. Due to these intriguing properties and
excellent biocompatibility, B NSs have been explored in
nanomedicine. A recent study reported by Ji et al. [25] prepared
B NSs through a top-down approach by coupling liquid
exfoliating and thermal oxidation etching (Fig. 12). After modify-
ing with PEG-NH,, both biocompatibility and dispersibility of B
NSs were improved with a photothermal conversion efficiency
of 42.5%. Moreover, the PEGylated B NSs (B-PEG NSs) achieved a
high loading of DOX and imaging agent cyanine5.5 (Cy5.5). As a
result, the B-PEG NSs demonstrated synergistic PTT/chemotherapy
effect and multimodal fluorescence/PA/photothermal imaging
performances.

(b)

10.3. SnTe NSs

SnTe NSs are another type of 2D nanomaterial with two essen-
tial elements for human. As a semiconductor, SnTe possesses
unique cubic crystal structure and the direct bandgap is 0.18 eV
at 300K [63]. Consequently, SnTe NSs are promising to offer NIR
optical activity, good biocompatibility, which is suitable for poten-
tial diagnosis and cancer treatment. Based on the above features,
Zhang et al. [26] successfully developed SnTe NSs-based diagnostic
imaging and PTT agent by combining ball-milling and liquid exfo-
liation methods (Fig. 13). The prepared SnTe NSs were modified
with soybean phospholipid (SP) and MnO, shell (SnTe@MnO,-SP
NSs), showing excellent stability in physiological environment
and unique biodegradability in TME. The photothermal conversion
efficiency of SnTe@MnO,-SP NSs was 38.2% in NIR I and 43.9% in
NIR II. In particular, the main degradation product TeO3~ exhibited

Fig. 13. (Color online) SnTe NSs for cancer theranostiocs. (a) The scheme of SnTe@MnO,-SP NSs for synergistic PTT/chemotherapy of cancer. (b) CLSM images of MCF7 and
A549 cells stained with calcein-AM and PI after incubation with SnTe@MnO,-SP NSs. Reproduced with permission from Ref. [26], Copyright © 2019, Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim.
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excellent chemotherapy effect. Hence, SnTe@MnO,-SP NSs can be
potentially used in synergistic anticancer field.

10.4. Summary of other types of 2D nanomaterials for biomedical
applications

All in all, the 2D nanomaterials mentioned above (AM, B NSs,
SnTe NSs) are emerging materials in the field of biomedicine and
have made some progress in drug delivery and theranostics. How-
ever, experimental studies on biosensing, tissue engineering
remain largely unexplored, and the synthesis methods mainly
focus on the liquid exfoliation method. Therefore, emphasis should
be placed on developing new synthesis methods and wide biomed-
ical applications in the future research.

11. Conclusions and outlook

Due to their high surface-to-volume ratios, anisotropic physical
and chemical properties, flexible bioactivity and unique structures,
2D nanomaterials are rapidly expanding their biomedical applica-
tions. In this review, we have summarized and discussed the most
valuable and promising 2D nanomaterials and their progress in
drug delivery, combined therapy, biosensors, and tissue engineer-
ing. Based on the above studies, the biocompatibility, biodegrad-
ability and drug loading of different types of 2D nanomaterials
are compared detailedly in Table 1. Graphene-based nanomaterials
(graphene, GO, rGO), LDH, TMDs, TMOs and BP remain to be the
research focus in the biomedical field. The recently studied
g-C3Ny4, h-BN, AM, B NSs and SnTe NSs exhibit promising applica-
tion prospect, and can be widely evaluated once the synthesis
difficulty is overcome. Nevertheless, the investigation of these 2D
nanomaterials in biomedicine still stay at the immature stage.
Several challenges and issues need to be addressed to facilitate
the advances of this field for further clinical translation.

From the perspective of materials, the lack of standard synthetic
method to obtain 2D nanosheets with desired structural/composi-
tional parameters such as size, dispersity, charge and quality is a
key challenge, because size distribution and morphology are criti-
cal factors to determine the therapeutic efficiency and diagnostic
performance. With the rapid development of preparation method,
the bottom-up method has become an alternative approach to the
top-down strategy for obtaining size-uniform nanosheets,

Table 1

although how to produce 2D nanomaterials in large scale remains
a big challenge.

It is necessary to further investigate their interactions with bio-
logical entities. Understanding the interactions between 2D nano-
materials and structural proteins or genetic materials, as well as
how these 2D nanomaterials influence or control various signal
pathways, is of critical importance. Such knowledge will deepen
our understanding of how the size, shape, chemical composition,
and surface characteristics of nanomaterials control specific bio-
logical processes. Although the endocytosis pathways and biologi-
cal activities of 2D BP-PEG and AM-PEG nanosheets in cancer cells
have been reported, the exploration is still at a preliminary stage,
and more efforts are needed to further study BP, AM and other
2D nanomaterials.

In a variety of studies, 2D nanomaterials can combine with
many other biocompatible components to achieve multiple diag-
nostic and therapeutic purposes. In other words, synergistic treat-
ment can be realized by integrating different therapeutic
modalities. However, it is worth noting that the performance of
each function may be impaired when multiple functions are inte-
grated into a theranostics system. As the stability of such nanosys-
tems depends on various experimental conditions, further clinical
transformation requires a more rigorous and complex biosafety
assessment. Therefore, the nanosystem complexities (the loading
proportion of drug or imaging agents, degree of aggregations, non-
specific binding, and the loss of biological activity upon transition
from in vitro to in vivo) should be taken into account when setting
up nanosystems, and a standard protocol should be established to
balance the functional performance and complexity.

While 2D nanomaterials have made great progress, detailed
biological and biosafety assessments of them are urgently required
to guarantee safety in further clinical translations. Although previ-
ous studies have shown that most 2D nanomaterials have good
biocompatibility, the supporting data are not convincing enough
to prove their safety at the clinical stage. The evaluation should
further focus on how 2D nanomaterials affect the human immune
system and whether they can be degraded and/or cleared from the
body, as well as the degradation mechanism in the body. Moreover,
some 2D nanomaterials such as BP are easily degraded, resulting in
poor stability and unsatisfactory treatment effect. Therefore,
appropriate balance is required to modulate therapeutic efficacy
and biodegradability. In addition, current animal models should

Comparison of biocompatibility, biodegradability, drug loading capacity of 2D nanomaterials.

2D nanomaterials Biocompatibility

Biodegradability Drug loading capacity

GO 100 pg/mL in MDA-MB-231 cells for 48 h; cells viability: 80% DOX loading: 150% [156]
[79]
LDHs 500 pg/mL in HeLa, U87mg, KB and HepG2 cells for 24 h; cells SN38 loading: 925% [101] DOX&ICG load-

viability: over 90% [100]

BP 200 pg/mL in 4 Ty, HeLa, L929, and A549 cells for 24 h; cells

viability: over 95% [126]
2-C3Ny

24 h; cells viability: over 80% [151]
PVP-coated FesS; TNSs

100 pg/mL in A549 cells for 24 h; cells viability: 90% [143]
AM 200 pg/mL in HEK 293, Hela, PC3, MCF7, and A549 cells for

ing: 797.36%; DOX loading: 344.56%; ICG

loading: 227.88% [100]
Degradation during 24 h in DOX loading: 950% [126]
PBS [157]

DOX loading: 93% [155]
Degradation within 1 h upon  DOX loading: 150% [152]

NIR laser [151]

200 pg/mL in HelLa cells for 24 and 72 h; cells viability: over

80% [111]
MnO, 200 pg/mL in MDA-MB-231 cells for 48 h; cells viability: 80%

[117]
B NSs 500 pg/mL in HeLa, PC3, MCF7, and A549 cells for 48 h; cells DOX loading: 114% [25]

viability: over 90% [25]
SnTe NSs Degradation after 5 h in PBS

[26]
h-BN DOX loading: 309% [146]
MoS, DOX loading: 239%; SN38 loading: 118%,
Ce6 loading: 39% [107]

rGO DOX loading: 98% [82]
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not be limited to mice, and should be further extended to larger
animals. Further clinical trials should be carried out only after
proving the biosafety of 2D nanomaterials.

There are also some challenges to overcome before practical
biomedical applications. In terms of drug delivery, the biocompat-
ibility of 2D nanomaterials is a key factor. Some 2D nanomaterials
with excellent biocompatibility, such as LDHs that can be taken
orally, should be considered for their ion toxicity and metabolism
in the body. For tissue engineering, in general, 2D nanomaterials
are combined with polymers to form scaffolds, so consideration
needs to be given to whether the polymers used are toxic, and
whether the 2D nanomaterials are slowly released from the scaf-
folds within the acceptable range of the human body. As for
biosensors, the 2D nanomaterials studied at present are basically
used for in vitro biosensing. Therefore, it is necessary to improve
the uniformity and stability of 2D nanomaterials, as well as the
accuracy, sensitivity and repeatability of detection. In the case of
cancer theranostics, the current studies mainly adopt intravenous
injection to deliver the theranostic agents into the body. Thus, it
is worth considering the stability of 2D nanomaterial in the blood.
Moreover, whether the dosage and metabolism of 2D nanomateri-
als in the body can cause obvious toxicity should be noticed. There-
fore, after a thorough consideration and suitable resolution on
these issues, practical biomedical applications of 2D nanomaterials
in drug delivery and tissue engineering would realize in the near
future.

Overall, 2D nanomaterials provide unprecedented opportunities
and challenges for the development of next-generation technolo-
gies in cell biology, medical diagnostics, tissue engineering, cancer
treatment, biosensing, drug and gene delivery. It is worth believing
that 2D nanomaterials will expand the field of biomedicine. Hoping
that in the near future, 2D nanomaterials will enter the stage of
clinical research and application.
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