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Abstract

In clinical diagnostics, as well as food and environmental safety practices, biosensors are powerful
tools for monitoring biological or biochemical processes. Two-dimensional (2D) transition metal
nanomaterials, including transition metal chalcogenides (TMCs) and transition metal oxides
(TMOs), are receiving growing interest for their use in biosensing applications based on such
unique properties as high surface area and fluorescence quenching abilities. Meanwhile, nucleic
acid probes based on Watson-Crick base-pairing rules are also being widely applied in biosensing
based on their excellent recognition capability. In particular, the emergence of functional nucleic
acids in the 1980s, especially aptamers, has substantially extended the recognition capability of
nucleic acids to various targets, ranging from small organic molecules and metal ions to proteins
and cells. Based on -7 stacking interaction between transition metal nanosheets and nucleic
acids, biosensing systems can be easily assembled. Therefore, the combination of 2D transition
metal nanomaterials and nucleic acids brings intriguing opportunities in bioanalysis and
biomedicine. In this review, we summarize recent advances of nucleic acid-functionalized
transition metal nanosheets in biosensing applications. The structure and properties of 2D
transition metal nanomaterials are first discussed, emphasizing the interaction between transition
metal nanosheets and nucleic acids. Then, the applications of nucleic acid-functionalized transition
metal nanosheet-based biosensors are discussed in the context of different signal transducing
mechanisms, including optical and electrochemical approaches. Finally, we provide our
perspectives on the current challenges and opportunities in this promising field.
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1. Introduction

Two-dimensional (2D) transition metal nanomaterials, including transition metal
chalcogenides (TMCs) and transition metal oxides (TMOs), which possess planar
morphology and ultrathin thickness, have received growing interest in the fields of
electronics (Lembke et al. 2015; Radisavljevic et al. 2011b), sensors (Li et al. 2012; Sarkar
et al. 2015; Yang et al. 2013), catalysis (Voiry et al. 2013; Xie et al. 2013), and energy
harvesting (Chhowalla et al. 2013; Sun et al. 2014b). Moreover, these 2D nanosheets provide
outstanding biosensing performance owing to their unique physical, chemical and electronic
properties (Pumera and Loo 2014; Xu et al. 2013). In particular, their unique structure and
specific surface area favor high loading efficiency for biomolecules. Many transition metal
nanosheets also possess intrinsic fluorescence quenching abilities (Goswami et al. 2013; Liu
and Lu 2007; Sakai et al. 2005), which could be applied in fluorescence resonance energy
transfer (FRET)- and chemiluminescence resonance energy transfer (CRET)-based sensing
platforms (Zhu et al. 2013). More importantly, they are biocompatible and readily dispersed
in aqueous solutions without surface modification or surfactants, making them suitable in
biosensing applications.

Since the discovery of the double helix structure, nucleic acids have been employed in
biosensors as recognition elements based on Watson-Crick base-pairing rules. In particular,
the emergence of functional nucleic acids in the early 1980s further extends recognition
capability (Guerrier-Takada et al. 1983; Kruger et al. 1982). Functional nucleic acids are
specific oligonucleotides capable of folding into distinct three-dimensional structures and
performing functions beyond carrying genetic information. Among them, aptamers are
single-stranded oligonucleotides with specific recognition abilities through receptor-ligand
interactions. Aptamers are selected by a technique known as “systematic evolution of
ligands by exponential enrichment” (SELEX), and they exhibit high affinity towards a wide
range of targets, such as small organic molecules, metal ions, proteins and cells (Ellington
and Szostak 1990; Fang and Tan 2010; Tuerk and Gold 1990). Therefore, the introduction of
aptamers can significantly expand the application scope of nucleic acid-based biosensors
(Chen et al. 2011; Chen et al. 2015a; Shukoor et al. 2012; Tan et al. 2013; Yasun et al. 2012;
Zheng et al. 2015). Metallo-base pairs also provide a feasible recognition strategy for
biosensing. Through specific metal ion coordination between thymine (T) and Hg?* or
cytosine (C) and Ag*, T-Hg?*-T and C-Ag*-C base pairs are formed with high stability
(Miyake et al. 2006; Tanaka et al. 2002; Wagenknecht 2003). This strategy was employed in
biosensors for selective detection of metal ions (Dave et al. 2010; Tortolini et al. 2015). In
sum, owing to their powerful recognition properties, nucleic acid-based biosensors,
especially aptasensors, have found a broad range of applications in the fields of bioanalysis
and biomedicine e (Kong et al. 2011; Li et al. 2010; Liu et al. 2012; Lubin and Plaxco 2010;
Tan et al. 2012; Tang et al. 2015; Wang et al. 2009; Zhao et al. 2015c).
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The new wave to incorporate nanomaterials into biosensors has spawned many studies
reporting on the integration of nucleic acids into transition metal nanosheet-based biosensors
to improve sensing performance (Chen et al. 2015b; Wang et al. 2010; Yang et al. 2010; Zhu
et al. 2015). Specifically, - stacking interaction between transition metal nanosheets and
nucleic acids promotes facile assembly into biosensing systems. In addition, the high
loading efficiency of nucleic acids can enhance biosensor sensitivity and recognition
performance. Meanwhile, transition metal nanosheets can serve as carriers of nucleic acids,
and by preventing nuclease degradation in complex environment, their many practical
applications can be realized, in particular those involving clinical diagnostics. The first
nucleic acid-functionalized transition metal nanosheet-based biosensor was reported by Zhu
et al. (2013) for the detection of nucleic acids and small molecules. From then on, various
biosensing systems have been continuously developed, with the scope of target analytes
ranging from small molecules to large biomolecules (e.g., proteins). Besides detection in
buffer solutions, driven by the needs of biomedicine and clinical diagnostics, increasing
attention has been paid to the detection in more complex systems (e.g., living cells). Several
research groups have successfully employed this system in intracellular imaging and
detection (Jia et al. 2015; Zhao et al. 2014). Therefore, the combination of 2D transition
metal nanomaterials and nucleic acids has resulted in many novel strategies for biosensing
applications.

In this review, we provide an overview of nucleic acid-functionalized transition metal
nanosheets in biosensing applications. The structure and properties of 2D transition metal
nanomaterials are first discussed, emphasizing the interaction between transition metal
nanosheets and nucleic acids. Next, we present recent progress in coupling nucleic acids and
transition metal nanosheets to detect various targets in the context of different signal
transducing mechanisms, including optical and electrochemical approaches. Finally, future
perspectives and challenges are discussed.

2. Structure and properties of transition metal nanosheets

2D transition metal nanosheets are graphene analogues with atomic thickness and planar
structure. Compared with graphene composed of only carbon, 2D transition metal
nanomaterials constitute a large family and provide greater flexibility and diversity of
composition, structure and functionality. TMCs are MX2-type compounds where M is a
transition element of groups 1V, V, and VI, and X is a chalcogen, such as S, Se, and Te
(Doran 1980; Yoffe 1990). For example, layered MoS, consists of a sandwich structure of
Mo atoms between two layers of S atoms, exhibiting strong in-plane covalent bonding and
weak out-of-plane interaction, therefore enabling exfoliation from bulk 3D materials into 2D
nanosheets (Ataca and Ciraci 2011; Brent et al. 2015; Huang et al. 2013b; Leonard and Talin
2011; Schwierz 2011). Single- or few-layer nanosheets present many attractive properties
over their bulk counterparts and, as such, cater to wide applications in nanoelectronics (Lee
et al. 2015; Radisavljevic et al. 2011a; Wu et al. 2014; Yin et al. 2012), catalysis (Chianelli
et al. 2006; Gao et al. 2015; Huang et al. 2013a), energy harvesting (Jaramillo et al. 2007;
Sun et al. 2014a) and biomedicine (Chen et al. 2015b; Cheng et al. 2014). On the other hand,
TMOs are composed of oxygen atoms bound to transition metals. Generally, these oxide
nanosheets exhibit high stability and tunable properties owing to diversity of chemical
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composition and crystal structure (Geng et al. 2010; Ma et al. 2006; Osada and Sasaki 2009,
2012). For example, manganese, molybdenum and tungsten oxides possess facile redox
activity (Ma and Sasaki 2010; Sasaki 2007), while titanium and zinc oxides show
photocatalytic activity (McLaren et al. 2009; Wang and Sasaki 2014). Therefore, TMO
nanosheets are widely applied in the fields of photocatalysis (Cai et al. 2015; Deng et al.
2015; Ebina et al. 2002; Shibata et al. 2007), optoelectronics (Osada and Sasaki 2009, 2012,
2015) and magneto-optics (Osada et al. 2006; Osada et al. 2008).

In addition to such exceptional properties, which make them attractive in the fields of
electronics, catalysis, and energy harvesting, transition metal nanosheets are also gaining
growing interest in the development of biosensors. As graphene analogues, TMCs and
TMOs share many physiochemical properties in common with graphene, such as
fluorescence quenching ability and physisorption towards single-stranded DNA (ssDNA)
through rt-me stacking interaction (Chen et al. 2012; Moses et al. 2009; Rurack 2001; Tang et
al. 2010). MoS; is a typical family member of transition metal chalcogenides, and, taking it
as an example, several studies have demonstrated the physisorption of aromatic (e.g.,
pyridine or purine) and conjugated compounds on the basal plane of MoS, (Heckl et al.
1991; Moses et al. 2009). Therefore, MoS, nanosheets could adsorb ssDNA via van der
Waals interaction between nucleobases and basal plane of MoS,. In contrast, double-
stranded DNA (dsDNA) exhibits remarkably lower adsorption than ssDNA as a result of
nucleobase shielding by helical phosphate backbones. Apart from DNA hybridization, it is
worth pointing out that specific aptamer-target recognition can also weaken the adsorption of
aptamer through 3D structural switching. Based on preferential adsorption towards random
coil ssDNA, Zhang and coworkers first established a MoS, nanosheet-based sensing
platform for the detection of DNA and small molecules (Zhu et al. 2013). Since then, other
transition metal nanosheets, such as WS,, TaS,, CoS and MnO», have been found to exhibit
similar physisorption and quenching abilities, and they have been successfully applied in
biosensing systems.

In addition to the physical adsorption approach, nucleic acids can be immobilized on
transition metal nanosheets through the decoration of metal nanoparticles. Gold
nanoparticles (AuNP) are the most popular metal nanoparticles owing to their superior
electrical and catalytic properties, as well as remarkable biocompatibility. The
implementation of AuNPs can improve payload capacity for nucleic acids via Au-S bond
self-assembly. On the other hand, AuNPs can also amplify electrochemical signals by
accelerating electron transfer, and since poor conductivity is one of the obstacles hindering
electrochemical applications of transition metal nanomaterials, this feature is of singular
importance (Meng et al. 2013). For example, Huang et al. (2014a) coupled AuNPs with
WS,-graphene nanosheet/ glassy carbon electrode (GCE), and based on the synergistic
effect of WS,-graphene nanosheets and AuNPs, the as-prepared biosensor demonstrated
increased effective active area of electrode and enhanced electrochemical signal.

Furthermore, transition metal nanosheets could serve as a carrier for nucleic acid payloads,
as well as protect against nuclease degradation in complex conditions, thus facilitating their
biosensing performance in practical applications. Recently, our group reported a MnO,
nanosheet-aptamer nanoprobe for dual-activatable fluorescence/MRI bimodal tumor imaging
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(Zhao et al. 2014). In this study, dye-labeled aptamers capable of selectively recognizing
specific tumor cells are adsorbed on MnO» nanosheets, while redoxable MnO5 nanosheets
serve as aptamer nanocarrier, fluorescence quencher and MRI contrast agent. In the presence
of target cells, the interaction between aptamers and their targets induces desorption of
aptamers and uptake of nanosheets into target cells. During this process, fluorescence
recovery is observed by the dissociation of dye molecules from nanosheets. Meanwhile,
endocytosed MnO, nanosheets are subsequently reduced by intracellular glutathione,
generating a large amount of Mn2* for MRI signal. In the absence of target cells, neither
fluorescence nor MRI signal is activated. Later, our group also demonstrated that DNAzyme
adsorbed on MnQO, nanosheets can provide protection against enzymatic digestion and
provide efficient delivery into cytoplasm (Fan et al. 2015).

acid-functionalized transition metal nanosheets for optical

Transition metal nanosheets have a natural gift as fluorescence nanoquenchers, which is
achieved through energy-transfer or electron-transfer from excited fluorophores to
nanosheets. In addition, their large surface area offers more quenching sites, thus providing
enhanced quenching performance and detection sensitivity. Therefore, transition metal
nanosheets can serve as energy acceptors in biosensor construction based on FRET or
CRET. Meanwhile, TMCs, such as MoS,, WS, and WSe,, were found to exhibit strong
photoluminescence from their direct-gap electronic structures. Taking advantage of such
quenching abilities and intrinsic photoluminescence, a variety of optical sensing strategies
have been implemented to detect nucleic acids, proteins and small molecules.

3.1 Detection of nucleic acids

Sensitive, selective, rapid, and cost-effective analysis of nucleic acids plays a critical role in
medical diagnostics, genetic and environmental monitoring, drug discovery and food safety
(McCarthy and Hilfiker 2000; Velusamy et al. 2010). Based on specific adsorption
properties towards nucleic acids, transition metal nanosheets are widely employed for
nucleic acid detection.

In 2013, Zhang and coworkers first reported that MoS, nanosheets possess fluorescence
quenching capability and different affinity towards sSDNA and dsDNA (Zhu et al. 2013).
Based on this finding, MoS, nanosheets were employed in a DNA sensing platform. As
shown in Figure 1A, a dye-labeled ssDNA was adsorbed on MoS, nanosheets with
quenched fluorescence. However, upon addition of the complementary target DNA,
hybridization weakened the van der Waals interaction between nucleobases and nanosheet,
leading to desorption of DNA strand and restoration of fluorescence. This MoS, nanosheet-
based biosensor exhibited excellent performance for rapid and homogeneous analysis of
DNA, with a detection limit of 500 pM. The author further demonstrated the versatility of
this platform by using an adenosine aptamer as probe DNA, and a detection limit of 5 uM
was achieved.
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Inspired by exceptional performance of the MoS, nanosheet-based biosensor and
considering physical and chemical properties shared in common by transition metal
nanomaterials, researchers found that other transition metal nanosheets, such as WS, (Yuan
et al. 2014a), MnO5, (He et al. 2014; Wang et al. 2015a) and Tay;NiSg(Tan et al. 2015)
nanosheets, also exhibit high quenching efficiency and physisorption properties towards dye-
labeled ssDNA. As a consequence, these 2D nanomaterials have also been employed for
biomolecule detection. Typically, the Zhang group further adapted the sensing platform for
multiplexed DNA detection by simultaneously adsorbing two different ssDNA probes
targeting Influenza A virus subtype H1IN1 gene and subtype H5N1 gene onto TaS;
nanosheets. The probes only responded to specific target sequence and emitted
corresponding fluorescence (Zhang et al. 2015).

Several adaptions have since been made to this sensing platform to improve biosensor
performance. For instance, Wang et al. (2015b) first used a peptide nucleic acid (PNA)
probe, instead of a DNA probe, in a WS, nanosheet-based platform, owing to higher binding
affinity and sequence specificity of PNA/DNA hybridization. This platform shows lower
background signal and greater discrimination of single-base mismatch. Huang et al. (2015a)
coupled the MoS, nanosheet-based biosensor with hybridization chain reactions (HCR) for
improved sensitivity, achieving a detection limit of 15 pM. In addition, this assay can be
further integrated into a microfluidic device for heterogeneous and high-throughput
detection of DNA. The use of microfluidics significantly reduced sample volume, thereby
achieving detection of 0.5 fmol target DNA in a visible manner within minutes (Huang et al.
2015d).

Besides different affinities towards sSDNA and dsDNA, it was also revealed that short
oligonucleotide fragments (<10 bases) and ssDNA (<10 bases) exhibit different interactions
with WS, nanosheets. Based on this finding, Jiang and coworkers developed a WS»-based
biosensing platform coupled with duplex-specific nuclease signal amplification (DSNSA)
for microRNA (miRNA) detection (Xi et al. 2014). As shown in Figure 1B, dye-labeled
ssDNA probe was designed to be complementary to target miRNA, and the resulting
heteroduplex was cleaved by duplex-specific nuclease. Resulting from changes in length, as
well as the secondary structure, the cleaved DNA probe exhibited weak affinity towards
WS, nanosheets and was barely adsorbed onto the nanosheets, thereby recovering
fluorescence. However, in the absence of target miRNA, the full-length DNA probe strongly
adsorbed onto nanosheets, and the fluorescence was almost entirely quenched. Taking
advantage of such signal amplification strategy, this method showed enhanced sensitivity
with a detection limit of 300 fM.

Apart from FRET-based biosensors, transition metal nanosheets have also been incorporated
into CRET systems for nucleic acid detection. Zhao et al. (2015a) reported a novel WS,
nanosheet-based CRET platform to detect miRNA. Using an ssDNA probe containing a G-
quadruplex-hemin DNAzyme structure adsorbed onto the WS, nanosheets, the
chemiluminescence produced by the G-quadruplex-hemin-H,O,-luminol system was
quenched by the WS, nanosheet as a result of its broad light absorption. Upon addition of
target miRNA, which hybridized with the 3’-end of the DNA probe to form a stable
RNA/DNA heteroduplex, DNAzyme was dissociated from the nanosheets, and a strong
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chemiluminescence signal was observed. The restoration of chemiluminescence and the
concentration of target miRNA showed a linear relationship, ranging from 0.5 to 10 nM,
with a detection limit of 180 pM (3a) (Fig. 1C).

As mentioned above, in addition to acting as a fluorescence nanoquencher, several transition
metal nanosheets possessed intrinsic photoluminescence (Rao et al. 2013). Taking advantage
of this property, Loan et al. (2014) developed a graphene/MoS, heterostructure to detect
DNA hybridization. In this work, graphene serves as a biocompatible interface layer to host
DNA molecules, as well as provide a protective layer to prevent undesirable reaction
between MoS, and ambient environment. The photoluminescence intensity of MoS,
increases as the amount of positive charge increases in the presence of target DNA.
Moreover, the introduction of graphene reduces the electron concentrations of MoS,
nanosheets, thereby increasing the sensitivity of this system. The photoluminescence
intensity of MoS, positively correlates with the concentration of target DNA, with a
detection limit of 1 aM (10718 M).

3.2 Detection of proteins

Proteins play vital roles in regulating various physiological functions. Sensitive protein
detection is critical in medical diagnostics and therapy (Tan et al. 2014; Tyrakowski and
Snee 2014; Zhou et al. 2012). Aptamers possess several advantages over antibodies in
protein recognition and detection, such as /n7 vitro synthesis, chemical stability, low
immunogenicity and flexible fabrication (Bunka and Stockley 2006; Famulok et al. 2007;
Oshorne et al. 1997). Moreover, according to the universal principle described above, the
transition metal nanosheet-based biosensing platform is suitable for various types of protein
detection by using dye-labeled aptamer probes. The interaction between aptamers and their
target proteins induces a rigid conformation, which impairs the affinity between aptamer
probes and nanosheets, leading to the desorption of probe DNA and restoration of
fluorescence signal (Ge et al. 2014a; He et al. 2014; Kong et al. 2015; Wang et al. 2015a;
Yuan et al. 2014a; Zhu et al. 2013). For example, Ge et al. (2014a) developed a novel
biomolecule sensor by adsorbing thrombin aptamer onto MoS, nanosheets. Kong et al.
(2015) employed prostate specific antigen (PSA) aptamer as the recognition unit for
sensitive detection of PSA, and the constructed biosensor was successfully applied in human
serum samples. Yin et al. (2015) reported a VS, nanosheet-based biosensor for detection of
cytochrome c.

Apart from using aptamers, another strategy employed for protein detection involves the
conversion of protein assay into highly sensitive detection of DNA (Ge et al. 2014b; Liu et
al. 2014a; Wang et al. 2015a; Xiang et al. 2015; Zhao et al. 2015b). To accomplish this,
Xiang et al. developed a novel fluorescence biosensor for streptavidin (SA) detection by
combining the terminal protection of small-molecule-linked DNA (TPSMLD) and
exonuclease 111 (Exo Ill)-aided DNA recycling amplification (Xiang et al. 2015). As shown
in Figure 2, a biotin-linked probe 1 and a FAM-labeled probe 2 were used in this study, and
probe 2 was tethered to the 3’-end of the antisense strand of probe 1. In the absence of SA,
ssDNA probe 2 was firmly adsorbed onto MoS, nanosheets, emitting a low fluorescence
signal. In the presence of SA, the specific binding of SA to biotinylated molecule avoided
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the degradation of probe 1 by Exo I, and the addition of probe 2 resulted in the formation of
DNA duplex. Meanwhile, since probe 2 was hydrolyzed by Exo 111, leaving sSSDNA probe 1
to the next signal generation cycle, releasing more probe 2 from the nanosheet surface and
recovering the fluorescence signal. The detection limit reached 0.67 ng/mL.

T4 polynucleotide kinase (PNK) phosphorylates DNA at the 5°-hydroxyl termini by
catalyzing the transfer of A-phosphate residue of ATP to nucleic acids, playing an important
role in many cellular events (Becker and Hurwitz 1967; Cameron and Uhlenbeck 1977).
Several attempts have been made to detect the activity of T4 PNK (Ge et al. 2014b; Liu et al.
2014a). In particular, Ge et al. (2014b) succeeded in developing a WS, nanosheet-based
biosensor to analyze the activity of T4 PNK. As shown in Figure 3, a FAM-labeled dsDNA
was phosphorylated in the presence of T4 PNK, which was promptly digested by A
exonuclease to yield a FAM-labeled ssDNA. Addition of WS, nanosheet could substantially
quench the fluorescence of FAM because of the interaction between ssDNA and nanosheet.
However, in the absence of T4 PNK, the 5’-hydroxyl group prohibited cleavage, and since
the remaining dsDNA had weak affinity towards WS, nanosheets, a strong fluorescence
signal was observed. This assay for T4 PNK activity offers a low detection limit of 0.01
U/mL with a linear range from 0.01 to 10 U/mL.

The fluorescence polarization (FP) assay is a convenient fluorescent technique widely
applied in the detection of various biomolecules (Jameson and Ross 2010). Zhao et al.
(2015b) developed a WS, nanosheet-based sensing platform coupled with Exo Il co-
assisted signal amplification for highly sensitive fluorescence polarization analysis of DNA
glycosylase activity. The FP value correlates with the mass of FAM fluorophores labeled on
probe DNA, which is affected by the adsorption and desorption of DNA probe onto WS,
nanosheets. This strategy exhibited excellent sensitivity with a detection limit of 0.00030
U/mL.

3.3 Detection of small molecules and metal ions

The successful applications of transition metal nanosheets in detecting nucleic acids and
proteins have sparked new interest in developing novel transition metal nanosheet-based
biosensors for different targets. Since aptamers have a board range of targets, including
various important organic small molecules, such as intracellular biomolecules and drug
molecules, aptamer-functionalized transition metal nanosheet-based biosensors can also be
used to detect small molecules. Using this strategy, Jia et al. (2015) synthesized a smart
MoS,-based nanoprobe by adsorbing ATP aptamer onto MoS, nanosheets for /n situ
monitoring of intracellular ATP.

In addition to fluorescence dye, emissive nanoparticles are also quenched by some transition
metal nanosheets. Liu and coworkers first revealed that the fluorescence emission of
upconversion nanoparticles was quenched by MnO, nanosheets when MnO, was coated on
the surface of the nanoparticles (Deng et al. 2011). Based on this finding, Yuan et al. (2014b)
employed MnO, nanosheets as a label-free biosensor for homogeneous sensing applications.
As shown in Figure 4A, ochratoxin A (OTA) aptamers tethered to upconversion
nanoparticles are assembled on the MnO, nanosheet, resulting in the fluorescence quenching
of upconversion luminescence through energy transfer from the fluorophore to MnO,. Upon
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addition of the target molecule OTA, the aptamer undergoes conformational changes which
weaken the interaction between nucleobases and nanosheets, making it possible to observe
desorption of upconversion nanoparticles and the recovery of fluorescence. These sensors
can be applied in both aqueous solutions and complex samples with a detection limit of 0.02
ng/mL.

Quantitatively monitoring the level of drug molecules is important in disease therapy and
related mechanistic research. Bleomycin (BLM) is a widely used antitumor drug. In the
presence of Fe(ll), it has been reported that bleomycin forms a BLM Fe(1l) complex, which
could further interact with oxygen to generate an active BLM Fe(I11)OOH complex capable
of catalyzing the incision of DNA (Claussen and Long 1999). Based on this scission ability,
Qin et al. (2015) developed a simple and sensitive WS, nanosheet-based sensing platform
for bleomycin detection. In this work, a FAM-labeled long ssDNA was adsorbed on WS,
nanosheet with the fluorescence of FAM quenched. However, the addition of BLM Fe(ll)
complex induced an irreversible scission of long ssSDNA, and the resulting short sSSDNA
tagged with FAM was barely adsorbed on nanosheet, thus retaining a strong fluorescence
emission. In this construct, fluorescence recovery is related to the concentration of
bleomycin and displays a wide linear range with a detection limit of 0.3 nM (see Fig. 4B).

In addition to organic small molecules, various metal ion biosensors have been explored
based on the specific interaction between metal ions and nucleic acids, especially T-Hg2*-T
base pairs and C-Ag*-C base pairs. Therefore, such metallo-base pairs can also be
implemented for use in transition metal nanosheet-based biosensors to detect metal ions.
Yang et al. (2014a) proposed a rapid and simple detection of Hg2* ions by using MnO,
nanosheets and FAM-labeled T-rich sequences. As shown in Figure 5, in the absence of
Hg?*, the probe DNA adopts a random coil able to easily interact with MnO, nanosheets
and quench fluorescence. In contrast, in the presence of Hg2*, the coordination between
Hg?* and thymine bases yields a rigid hairpin structure, with little chance of adsorption onto
MnO, nanosheets, thereby retaining fluorescence. Also, by choosing a cytosine-rich
sequence as the probe, highly sensitive and selective detection of Ag* could be achieved
using a similar strategy (Mao et al. 2015).

4. Nucleic acid-functionalized transition metal nanosheets for

electrochemical detection

Electrochemical biosensors are known to possess many advantages, including simplicity,
low-cost, high selectivity and sensitivity (Wang et al. 2013). Based on their exceptional
physical and electrochemical properties, two-dimensional transition metal nanomaterials are
attracting increasing attention in electrochemical sensing. For example, bulk WS, is
generally an n-type semiconductor with an indirect bandgap (~1.4 eV), while monolayer
WS, has a direct bandgap of ~1.9 eV (Wang et al. 2012). Meanwhile, MoS; has sparked
tremendous interest in recent years. Several groups have shown that a single-layer of MoS,
has a direct bandgap up to 1.90 eV (Braga et al. 2012). Recently, 2D-layered transition metal
nanomaterials have been successfully applied in the development of electrochemical sensors
(Su et al. 2015).
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4.1 Detection of nucleic acids

Compared with optical detection of nucleic acids that commonly use dye-labeled DNA
probes, electrochemical assays employing transition metal nanosheets provide a label-free
platform with faster and simpler detection, while, at the same time, reducing the uncertainty
induced by labels. Recently, Wang et al. (2015c) developed a label-free and ultrasensitive
electrochemical DNA sensor based on thin-layer molybdenum disulfide (MoS,) nanosheets.
In this work, thin-layer MoS, nanosheets with enhanced electrochemical activity were
prepared by ultrasound exfoliation. Based on different affinities towards ssDNA versus
dsDNA of the MoS5 nanosheets, methyl blue (MB) was chosen as the indicator to monitor
the changes of electrode surface induced by DNA immobilization and hybridization. The
target gene sequence related to Vibrio parahaemolyticus could be detected from 1.0x 10716
M to 1.0x10710 M with a detection limit of 1.9x10717 M.

On the other hand, MoS5 nanoflakes can be used as inherently electroactive labels with the
inherent oxidation peak exploited as the analytical signal. MoS, nanoflakes could effectively
adsorb the immobilized ssDNA probe via van der Waals force interaction. When ssDNA
probe underwent hybridization with its complementary DNA to form dsDNA, the degree of
interaction between the resulting dsDNA duplex and MoS, nanoflakes was reduced.
Therefore, more MoS;, nanoflakes were conjugated with the ssSDNA probe-modified
disposable electrical printed (DEP) chip surface relative to the dsSDNA duplex-modified DEP
chip surface and, thus, a greater voltammetric signal, stemming from the oxidation of MoS,
nanoflakes, was achieved for ssSDNA. The concentration of the DNA probe immobilized
onto the DEP chip surface was determined to be 10 uM, while the concentration of MoS,
nanoflakes was 0.018 mg/mL. Under the optimized conditions, the range of detection was
determined to be from 0.03 nM to 300 nM with good linearity (see Fig. 6) (Loo et al. 2014).

Thus far, the electrochemical application of transition metal nanosheets has suffered from
poor conductivity. To overcome this obstacle, other conducting materials, such as graphene
(Huang et al. 2014b), multi-walled carbon nanotube (MWCNT) (Huang et al. 2014c) and
AUNPs (Huang et al. 2014b; Huang et al. 2014c), have been combined with transition metal
nanosheets. For example, Huang and coworkers reported an electrochemical DNA biosensor
based on MoS,/MWCNT nanocomposites coupled with AuNP signal amplification and an
enzyme-assisted signal amplification strategy. In this work, a MoS,/MWCNT and AuNP-
modified electrode coupled with glucose oxidase (GOD) was assembled with a thiol-tagged
DNA probe. The MoS,/MWCNT heteronanostructure exhibited good conductivity for
accelerating electron transfer, while GOD served as a redox marker generating DET signal.
Meanwhile, the modification of GOD and AuNPs provided enzyme-assisted signal
amplification for biosensing. The multiple signal amplification strategy exhibited a detection
limit to 0.79 fM with a linear range from10 fM to 107 fM. This DNA biosensor also showed
good discrimination of single-base mismatch, three-base mismatch and noncomplementary
DNA.

4.2 Detection of proteins

Electrochemical assays provide a fast, simple and inexpensive method of detecting proteins
(Erdem and Congur 2014; Yang et al. 2014b). However, ultrasensitive detection at ultra-trace
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level remains an obstacle. In this situation, aptamers are promising candidates for target
recognition. Huang et al. (2014a) reported a label-free electrochemical assay for sensitive
determination of immunoglobulin E (IgE) by assembling aptamers on a glassy carbon
electrode (GCE) modified with WS,-graphene nanosheets and AuNPs. The WS,-graphene
nanosheet acted as a good electrical conductor for accelerating electron transfer, while the
modification of AuNPs provided a large electroactive surface area for electrochemical
detection. The detection of IgE was performed by measuring the electrochemical signal
response of [Fe(CN)6]374- using differential pulse voltammetry (DPV). The peak current
and the logarithm of IgE concentration displayed a linear relationship range from 1.0x10712
to 1.0x1078 M with a detection limit of 1.2 x 10713 M (30/S) (see Fig. 7).

In order to improve detection sensitivity, Jing et al. (2015) developed a signal-amplified
sandwich-type electrochemical aptasensor fabricated for selective quantification of thrombin
based on palladium nanoparticles (PANPs)/poly(diallyldimethylammonium chloride
(PDDA)-graphene-MoS, flower-like nanocomposites and enzymatic signal amplification.
As shown in Figure 8, the primary aptamer of thrombin (TBA) was assembled on an Au
electrode surface through Au-N affinity, while PANPs/PDDA-graphene-MoS, served as a
nanocarrier to load large amounts of the electron transfer mediator toluidine blue (Tb),
which was further functionalized by hemin/G-quadruplex and GOD as the secondary
aptamer. The target protein thrombin was sandwiched between the primary aptamer and the
prepared secondary aptamer to fabricate the sandwich-type electrochemical aptasensor.
GOD, PdNPs and hemin/G-quadruplex could amplify the electrochemical signal through
synergetic catalysis. The proposed aptasensor for thrombin detection showed high sensitivity
with a linear range of 0.1 pM to 40 nM and a low detection limit of 0.062 pM.

Several attempts have also been made to couple different nanoparticles for signal-amplified
detection of proteins, taking advantages of their large electroactive surface area, high
electron transfer characteristics and high electrochemical stability. For instance, Fang et al.
(2015) reported an electrochemical aptasensor for PDGF-BB detection, combining MoS,/
carbon aerogel composites and AuNPs for signal amplification. Liu et al. (2014b) developed
a thrombin aptasensor using MoS, nanosheet-graphene composites and AuNPs for signal
amplification.

4.3 Detection of small molecules

The detection of small molecules is related to many biological process and diseases. Nucleic
acid-functionalized transition metal nanosheet-based biosensors are also employed in the
determination of various small molecules. 17p-estradiol, for example, has been listed as a
typical environmental endogenous estrogen which can disrupt the endocrine system, leading
to adverse effects on normal physiological processes. Huang and coworkers reported an
electrochemical biosensor for 17p-estradiol by assembling an aptamer on AuNPs/CoS-
modified GCE (Huang et al. 2015c). As shown in Figure 9, the CoS/AuNPs film, which
formed on the biosensor surface, served as a good conductor for accelerating electron
transfer and enhancing the detection signal. MB was applied as an indicator, and a guanine-
rich complementary DNA was designed to bind with unbound aptamer for signal
amplification. Hybridization between guanine-rich DNA and aptamer was inhibited in the
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presence of 17p-estradiol by aptamer-target interaction. The use of guanine-rich DNA
significantly amplified the redox signal of MB bound to the detection probe. Under the
optimized conditions, this 17p-estradiol biosensor demonstrated a detection range from
1.0x1079 to 1.0x10712 M with a detection limit of 7.0x10713 M. Furthermore, the biosensor
exhibited good selectivity towards 17p-estradiol, even when some potential interferents were
presented at 100-fold concentrations. The same group also developed other two aptasensors
for 17p-estradiol detection, using layered tungsten disulfide nanosheets/Au nanoparticles
(Huang et al. 2015b) and copper sulfide nanosheets/Au nanoparticles (Huang et al. 2014d)
for signal amplification, respectively.

Riboflavin (6, 7-dimethyl-9-(d-1-ribityl)-/zo-alloxazine), commonly called vitamin B2, is
one of the most widely used vitamins. Wang et al. (2015d) developed an electrochemical
sensor based on a 32-mer homoadenine ssDNA/molybdenum disulfide-graphene
nanocomposite-modified gold electrode (MoS,-graphene/A32/Au electrode). The obtained
electrode was used as a probe for DPV sensing of riboflavin. The linear detectable ranges
were from 0.025uM to 2.25uM, and the limit of detection (LOD, S/N=3) was 20 nM.
Moreover, the MoS,-graphene/A32/Au electrode could be successfully used for riboflavin
detection in urine samples.

5. Conclusion and perspectives

In this review, we have presented an overview of recent advances in nucleic acid-
functionalized transition metal nanosheets for biosensing applications. Taking advantage of
the unique physicochemical properties of 2D transition metal nanomaterials and the
powerful recognition abilities of nucleic acids, the combination of these two components
provides new insights into biosensing. Various targets, including nucleic acids, proteins,
orgainc small molecules, metal ions and even cells can be detected using nucleic acid-
functionalized transition metal nanosheet-based biosensors with high selectivity, high
sensitivity, fast detection time, easy operation, and low cost.

In spite of remarkable progress, the exploration of these biosensors in practical applications
remains challenging. Currently, most of the reported results are performed in optimal
laboratory conditions as proof-of-concept. However, in the case of complex environment
(e.g., blood and urine), a mixture of biomolecules and ions may induce false signals and
reduced sensitivity (Chiu et al. 2010). For instance, sSSDNA adsorbed onto nanosheets could
be displaced by nonspecific interaction between nanosheets and biomolecules in complex
environment, leading to false signals. Additionally, several studies have reported that
nanoparticles tend to aggregate in complex condition (French et al. 2009; Keller et al. 2010).
Therefore, more emphasis should be placed on evaluating feasibility and performance in
complex environments. To move this field forward, a substantial amount of work remains to
be done. First, from a materials point of view, controllable, reproducible and scalable
synthesis of transition metal nanosheets with desired physicochemical properties will
significantly improve their optical and electrochemical sensing performance. Hence, precise
control of nanomaterial synthesis, together with an in-depth insight of synthesis mechanism,
deserves more intensive research. Furthermore, current studies mainly focus on limited
materials, such as MoS,, WS, and MnO,. Since transition metal nanomaterials constitute a
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large family, making full use of other transition metal nanomaterials, or constructing hybrid
nanostructures based on different family members, will bring intriguing properties and
promising applications.

Undoubtedly, the integration of various functional nucleic acids (e.g., aptamers and
DNAzyme) into transition metal nanosheet-based biosensors has extended the avenues for
biosensor development (Liu et al. 2009). However, in complex environments, genetic
materials face the additional limitation of instability. However, the use of artificial nucleic
acids, such as PNA and locked nucleic acid (LNA), or chemical modifications of nucleic
acids, such as 2’-O-methyl modification and phosphorothioate modification, may overcome
the instability. Meanwhile, nucleic acids offer intrinsic design flexibility with easy
modification of nucleobase and DNA strands. The introduction of nucleic acids modified
with functional moieteis or containing unnatural nucleotides will further introduce various
functional groups. Thus, multiplexed and multimodal biosensing can be realized by
combining different capabilities and merits. Additionally, as mentioned above, the
adsorption/desorption of nucleic acids on nanosheets is critical for reducing background
signals and enhancing detection sensitivity. Therefore, a better understanding of the
interaction between nucleic acids and nanosheets will lead to better biosensing performance.
By improving the stability and effectiveness of biosensors, it is anticipated that detection in
complex conditions can be achieved.

The applications of biosensors for /n vivo detection and imaging hold great promise in
biomedical and clinical research. To realize /n vivo biosensing, more attention should be
given to the instability, targeting specificity and biosafety effects of biosensors. It is well
known that biological barriers are presented by the /n vivo environment, such as nonspecific
accumulation of nanosheets on nontarget sites by the lack of targeting specificities.
Biosafety is also an important issue to consider before undertaking applications /7 vivo. To
this end, exploring nanomaterials with low toxicity and appropriate surface modifications to
nanosheets is necessary. Additionally, although current acute toxicity evaluations have
demonstrated low toxicities of several transition metal nanosheets, more emphasis should be
placed on evaluating long-term toxicity, including biodistribution and metabolism
assessments, while the toxicity tests should be extended from cellular level to tissue level.
With rapid development of nanotechnology and life sciences, it is anticipated that
advancements in nucleic acid-functionalized transition metal nanosheet-based biosensors
will have increasing impact on biological studies, diagnosis and environmental monitoring
in the future.
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Highlights

. A summary of recent progress in nucleic acid-functionalized transition metal
nanosheets for biosensing applications are presented.

. The combination of 2D transition metal nanomaterials and nucleic acids
brings intriguing opportunities in bioanalysis and biomedicine.

. The applications in the context of different signal transducing mechanisms,
including optical and electrochemical approaches are introduced.

. The perspectives on the current challenges and opportunities in this promising
field are also discussed.
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Fig. 1.

Optical biosensors for nucleic acid detection based on nucleic acid-functionalized transition
metal nanosheets. (A) Schematic illustration of the fluorimetric DNA assay based on MoS,
nanosheets as biosensors. Reproduced with permission from Zhu et al. (2013). Copyright
2013 American Chemical Society. (B) Schematic illustration of the miRNA assay based on
WS, nanosheet-mediated fluorescence quenching and duplex-specific nuclease signal
amplification. Reproduced with permission from Xi et al. (2014). Copyright 2014 American
Chemical Society. (C) Schematic illustration of the WS, nanosheet-based CRET platform
for DNA detection. Reproduced with permission from Zhao et al. (2015a). Copyright 2015
Royal Society of Chemistry.
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Fig. 2.
Schematic illustration of the mechanism of a MoS,-based biosensor for SA detection via

TPSMLD. Reproduced with permission from Xiang et al. (2015). Copyright 2015 Elsevier.
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Fig. 3.
Schematic illustration of the WS, nanosheet-based platform for analysis of T4 PNK activity

and inhibition. Reproduced with permission from Ge et al. (2014b). Copyright 2014 Royal
Society of Chemistry.
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Fig. 4.
Optical biosensors for organic small-molecule detection based on nucleic acid-

functionalized transition metal nanosheets. Reproduced with permission from Yuan et al.
(2014b). Copyright 2013, Royal Society of Chemistry. (A) Schematic illustration of MnO,
nanosheet-based FRET aptasensing. (B) Schematic illustration of WS, nanosheet-based
fluorescence strategy for bleomycin detection. Reproduced with permission from Qin et al.
(2015). Copyright 2015 Elsevier.
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Fig. 5.

Schematic illustration of the fluorescence sensor for Hg2* based on MnO, nanosheet.
Reproduced with permission from Yang et al. (2014a). Copyright 2014 Royal Society of
Chemistry.
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Fig. 6.

Schematic illustration of the DNA assay based on MoS, nanosheets as inherently
electroactive labels. Reproduced with permission from Loo et al. (2014). Copyright 2014
Royal Society of Chemistry.
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Fig. 7.
Schematic illustration of the IgE aptasensor based on WS,-graphene nanosheets and AuNPs.

Reproduced with permission from Huang et al. (2014a). Copyright 2014 Royal Society of
Chemistry.
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Schematic illustration of the thrombin aptasensor based on PANPs/PDDA-graphene-MoS;
flower-like nanocomposites and enzymatic signal amplification. Reproduced with
permission from Jing et al. (2015). Copyright 2014 Elsevier.
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Fig. 9.
Schematic illustration of the electrochemical aptasensor for 17p-estradiol detection.

Reproduced with permission from Huang et al. (2015c). Copyright 2014 Elsevier.
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