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Abstract 

Non-covalent adsorption and desorption of oligonucleotides on two-dimensional nanosheets 

are widely employed to design nanobiosensors for the rapid optical detection of targets. A 

precise control over the weak interactions between nanosheet interfaces and oligonucleotides 

is crucial for a high-sensing performance. Herein, the interface of ultrathin WS2 nanosheets 

used as a fluorescence quencher was engineered by four different dextran polymers in an 

aqueous solution to control the adsorption kinetics and thermodynamics of the DNA probe. 

The WS2 nanosheets, functionalized by the carboxyl group-bearing dextran (CM-dex-WS2) 

or the trimethylammonium-modified dextran (TMA-dex-WS2), exhibited 3.6-fold faster 

adsorption rates of the fluorescein-labeled DNA probe (FAM-DNA), which led to the 

effective fluorescence quenching of FAM, compared to the nanosheets functionalized with 

pristine dextran (dex-WS2) or the hydrophobic phenoxy groups-bearing dextran (PhO-dex-

WS2). Isothermal titration calorimetry measurements showed that the adsorption strength of 

FAM-DNA for CM-dex-WS2 was one order of magnitude greater than its hybridization 

energy for a target microRNA (miR-29a) that is well-known as an Alzheimer’s disease (AD) 

biomarker, leading to the unfavorable desorption of the DNA probe from the surface. In 

contrast, TMA-dex-WS2 exhibited the proper adsorption strength of FAM-DNA, which was 

lower than its hybridization energy for miR-29a, leading to its favorable desorption from the 

nanosheet surface along with the noticeable restoration of the quenched fluorescence after its 

hybridization with miR-29a. Finally, the interface modulation of WS2 nanosheets allowed the 

selective and sensitive recognition of miR-29a against non-complementary RNA and single 

base-mismatched RNA in human serum via increases in target-specific fluorescence.         

 

Keywords: Alzheimer’s disease, interface engineering, microRNA detection, optical biosensor, 

and WS2 nanosheet 
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1. Introduction  

MicroRNAs (miRNAs) are a group of short and functional non-coding RNAs that regulate 

the expression of target mRNAs via their degradation and translation repression (Bartel 2004). 

The aberrant function of the regulatory miRNAs has been found to be associated with various 

diseases (Ikeda et al. 2007; Mitchell et al. 2008). In addition, several miRNAs have been 

known to be expressed in the human brain (Sempere et al. 2004), and their functions in 

neurodegenerative diseases and the central nervous system have been identified (Kosik 2006; 

Maes et al. 2009), Among them, miR-29a and miR-29b are known to be involved in the 

pathophysiology pathway for the deposition of the amyloid beta (Aβ) plaques and 

neurofibrillary tangles in the brain of the patients suffering from the Alzheimer’s disease (AD) 

(Delay et al. 2012; Hebert et al. 2008). A decrease in the expression levels of miR-29a and 

miR-29b facilitates the expression of the Aβ protein precursor (AβPP) and the β-site AβPP-

cleaving enzyme (BACE1) in the AD brain, which results in a tremendous increase in the 

formation of toxic Aβ peptides. The alteration of the miR-29 expression levels is observed 

not only in the AD brain, but also in biological fluids, such as blood and the cerebrospinal 

fluid (CSF)(Cogswell et al. 2008). It has been found that miR-29 is tremendously higher in 

the CSF of AD patients than that of normal individuals(Kiko et al. 2014). Hence, miR-29 can 

be regarded as an AD-specific biomarker, and its simple, rapid, and sensitive detection from 

biological fluids is of great significance for the early diagnosis and therapy of AD. 

Several standard methods, including the Northern blotting (Lagos-Quintana et al. 2001), 

microarrays (Thomson et al. 2004), and real-time quantitative polymerase chain reaction (RT-

qPCR) (Chen et al. 2005). have been widely used to detect miRNAs. However, certain 

limitations, such as the time-consuming nature of the processes, requirement of large amounts 

of samples, additional labeling, sophisticated procedures, low specificity, and high cost, have 
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been recognized in the conventional analytical methods. In addition to these standard 

methods, new approaches, including fluorescence (Neely et al. 2006) and bioluminescence 

assays (Cissell et al. 2008), enzymatic assays (Allawi et al. 2004; Hartig et al. 2004; Su et al. 

2007; Wu et al. 2020; Xiong et al. 2020), bead-based profiling (Lu et al. 2005), gold 

nanoparticle-based colorimetric assay (Yang et al. 2008), nanoquenchers-based fluorescent 

detection (Koike et al. 2017; Li et al. 2011; Tian et al. 2015; Wang et al. 2011), and 

exponential isothermal amplification (Jia et al. 2010; Liu et al. 2012; Van Ness et al. 2003; 

Zhang and Zhang 2012), hybridization chain reaction amplification (Ge et al. 2020), or 

rolling-circle amplification assays (Liu et al. 2013) have been proposed to circumvent the 

limitations of the conventional standard methods. In addition, some miRNAs in living cells 

were detected by MoS2 quantum dots (Ge et al. 2020), enzyme-MOF composites (Xiong et al. 

2020), and DNAzyme nanoprobes (Wu et al. 2020). However, it remains an immense 

challenge to develop a simple, rapid, cost-effective, and sensitive approach for the specific 

detection of short miRNAs that are associated with AD from biological fluids, such as the 

human blood and CSF. In particular, a few analytical methods for the specific and sensitive 

detection of miR-29 for AD diagnosis have now been reported (Jumeaux et al. 2018; Muller 

et al. 2016). 

Transition metal dichalcogenides (TMDs) are an emerging class of layered nanomaterials 

of which physicochemical properties are strongly dependent on the composition and 

dimension (Chhowalla et al. 2013; Manzeli et al. 2017; Wang et al. 2012). The electronic 

structures and surface activities of the TMDs can be fine-tuned by reducing the number of 

layers to monolayers (Mak et al. 2010; Zhao et al. 2013), which enables them to be the 

attractive nanomaterials for application in various research fields (Huang et al. 2013; Lopez-

Sanchez et al. 2013; Raza et al. 2017; Xu et al. 2017). For biological and medical applications, 

thin TMD nanosheets have been exploited as sensing and therapeutic nanomaterials due to 
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their large surface areas, strong Raman scattering signals, and high surface reactivity (Hu et 

al. 2019a; Hu et al. 2019b; Kalantar-zadeh et al. 2015; Kang et al. 2018; Lin et al. 2014; Ping 

et al. 2017). WS2 has widely been employed as a sensing material in fluorescent (Ge et al. 

2017; Zuo et al. 2016), electrochemical (Huang et al. 2014; Nasir et al. 2017; Rahmanian et al. 

2018), photoelectrochemical (Sui et al. 2019), and surface plasmon resonance (Ouyang et al. 

2016) sensing systems for the detection of biomolecules, metal ions, and toxins (Khan et al. 

2019). In particular, TMD nanosheets, including WS2, have exhibited great promise as a 

fluorescence quencher for the rapid, simple, and selective detection of DNAs and miRNAs in 

the Förster resonance energy transfer (FRET)-based assays (Balcioglu et al. 2014; Ge et al. 

2014a; Ge et al. 2014b; Huang et al. 2015; Kong et al. 2015; Lan et al. 2018; Li et al. 2015; 

Loo et al. 2016; Lu et al. 2017; Tian et al. 2017; Xi et al. 2014; Xiao et al. 2018; Yuan et al. 

2014; Zhang et al. 2015; Zhu et al. 2013). TMD nanosheets can adsorb a dye-labeled single-

stranded DNA (ssDNA) by the weak van der Waals forces (Vovusha and Sanyal 2015), 

leading to fluorescence quenching, whereas a double-stranded DNA (dsDNA) is likely to 

desorb from the surface of the TMD nanosheets, resulting in the restoration of the quenched 

fluorescence. These weak van der Waals forces of interactions between the TMD nanosheets 

and the DNAs are susceptible for perturbations in the TMD surface states. The adsorption and 

desorption kinetics and thermodynamics of the ssDNA and the dsDNA can be affected by the 

interfaces of the exfoliated TMD nanosheets, which can eventually determine the sensing 

performance of the TMD-based FRET sensors to selectively detect targets. Thus, it is of great 

interest to gain fundamental insight into the effects of the interface states of TMD nanosheets, 

such as surface charges, hydrophilicity, hydrophobicity, and surface coverage, on the 

adsorption and desorption processes of DNAs and miRNAs for the TMD-based FRET 

sensing of target molecules. Moreover, it is of tremendous importance to develop a TMD-

based FRET sensor to selectively detect miR-29 from biological fluids for diagnosis of AD, 
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since no study has reported that the TMD-based FRET sensors can detect an AD-specific 

miRNA.  

In this study, we modulated the interface of WS2 nanosheets by their direct 

exfoliation and functionalization with various types of modified dextran polymers that bear a 

hydrophilic group, an aromatic ring, a negative charge, or a positive charge in an aqueous 

solution. The simultaneous exfoliation and functionalization approach produced the four 

different polymeric interfaces on the WS2 nanosheets, such as the pristine dextran-

functionalized WS2 (dex-WS2), the phenoxy dextran-functionalized WS2 (PhO-dex-WS2), the 

carboxymethyl dextran-functionalized WS2 (CM-dex-WS2), and the trimethylammonium 

dextran-functionalized WS2 (TMA-dex-WS2). The adsorption kinetics of a fluorescein-

labeled probe ssDNA (FAM-DNA) and the desorption energies of the FAM-DNA duplex with 

a target miR-29a were then investigated over the different interfaces of the WS2 nanosheets. 

Based on insight into the effects of the interface engineering on the DNA adsorption and 

desorption processes, the WS2 nanosheet-based FRET sensor was designed to selectively 

detect miR-29a against a non-complementary RNA (miR-9) and a single base-mismatched 

RNA (sm-RNA) in the human serum.     

 

2. Experimental Methods 

2.1 Preparation of the WS2 nanosheets with different polymeric interfaces. 

30.0 mg of dextran, PhO-dex, CM-dex, or TMA-dex was dissolved in 30 mL of water, in 

which 150.0 mg of the bulk WS2 was added. The resulting mixture was sonicated using a 

probe tip sonicator (12 watts) with a pulse sequence of 2 sec-off and 4 sec-on for 1 h in an ice 

bath. The sonicated solution was then centrifuged using a cascade centrifugation method. The 
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sonicated solution was first centrifuged at 2,000 x g for 1 h to obtain the supernatant. The 

obtained supernatant was then centrifuged once again at 2,000 x g for 1 h to remove the 

unexfoliated WS2. Next, the supernatant was centrifuged at 3,500 x g for 2 h to obtain the 

sediment.  

2.2 Measurement of the adsorption energies of FMA-DNA on WS2 nanosheets. 

200 μL of the WS2 nanosheets (300 nM of Dex-WS2 and 80 nM of PhO-dex-WS2, CM-dex-

WS2, or TMA-dex-WS2) was placed in an ITC cell. 2.5 μL of the FAM-DNA (600 nM) was 

titrated into the WS2 solution 25-30 times until the temperature of the reaction mixture 

reached 25oC. The molar concentration of the WS2 nanosheets was calculated based on an 

average size obtained by TEM (Mounet et al. 2018). From the fitting curves in ITC, Ka, △H, 

△S, and △G were automatically obtained. The dissociation constant KD was calculated by the 

equation, KD = 1/Ka. 

2.3 Detection of miR-29a on the WS2 nanosheets with different polymeric interfaces. 

40 μL of the FMA-DNA (40 nM) and 40 μL of the WS2 nanosheets (80 μg/mL) were added 

to 80 μL of Tri-HCl buffer (10 mM, pH 7.4), in which the final concentration of the WS2 

nanosheets was 20 μg/mL. After incubation of the mixture solution for 40 min at 25oC, 28 μL 

portion of the miR-29a solution was added at desired concentrations. Then, the resulting 

mixture was incubated at 25oC for 60 min, and the PL spectrum of the FAM-DNA was 

measured. To detect miR-29a in the human serum, each concentration of miR-29a was 

increased in the human serum with 2.5 v/v% of Tri-HCl buffer. For the selectivity test, the 

NC-RNA and the SM-RNA were added into a mixture of the WS2 nanosheets and the FAM-

DNA, instead of miR-29a. 
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3. Results and Discussion  

3.1 Exfoliation and Functionalization of the WS2 Nanosheets with Functional Polymers.  

To prepare the different interfaces of the WS2 nanosheets, dextran was modified with the 

phenoxy (PhO-dex), the carboxylmethyl (CM-dex), or the tetramethylammonium (TMA-dex) 

groups by a simple nucleophilic substitution and ring-opening reactions, as shown in Figure 

S1. Since biomolecular interactions can be affected by hydrogen bonding, hydrophobic and 

electrostatic forces, these four different polymers with hydroxyl groups, hydrophobic rings, 

negative charge, or positive charge were chosen to modulate the interface of the WS2 

nanosheets. The chemical structures of the modified dextran polymers were confirmed by the 

Fourier-transform infrared (FT-IR) spectroscopy. The PhO-dex polymer showed asymmetric 

and symmetric stretching modes for aromatic C=C bonds at 1598 cm-1 and 1493 cm-1 in its 

FT-IR spectrum (Figure S2, pink line). The CM-dex polymer displayed asymmetric and 

symmetric stretching modes for the C=O bond of the carboxylate at 1600 cm-1 and 1410 cm-1 

in its FT-IR spectrum (green line), while TMA-dex exhibited characteristic N-C stretching 

and bending modes at 1592 cm-1, respectively, in its spectrum (blue line). The contents of the 

phenoxy, carboxyl, and ammonium groups on the modified dextran polymers were quantified 

using ultraviolet (UV) spectroscopy, base titration, and N elemental analysis, respectively, as 

depicted in the experimental methods of the Supporting Information (Table S1).  

Then, the four different polymers, which included the pristine dextran, the PhO-dex, the 

CM-dex, and the TMA-dex, were used for the simultaneous exfoliation and functionalization 

of the WS2 nanosheets in an aqueous solution by a liquid-phase exfoliation method (Figure 1a) 

(Backes et al. 2016; Yim et al. 2018; Zong et al. 2017). The pristine dextran was effective for 

the exfoliation and functionalization of the WS2 nanosheets (denoted “dex-WS2”) in water via 

multivalent hydrogen bonding between the hydroxyl groups of the polymer and the chalcogen 

of WS2, as previously reported (Kang et al. 2018). However, no WS2 nanosheet was obtained 
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without the addition of the polymer in water (Figure 1b). The PhO-dex with a hydrophobic 

aromatic ring was found to be most effective for the simultaneous exfoliation and 

functionalization of the WS2 nanosheets (denoted “PhO-dex-WS2”) in water (108.5 µg/mL), 

as its concentration was measured by inductively coupled plasma−atomic emission 

spectroscopy (ICP-AES) (Figure 1c). The CM-dex polymer with a negative charge could 

exfoliate the WS2 nanosheets (denoted “CM-dex-WS2”) at a higher concentration (59.4 

µg/mL) than the exfoliation done by the pristine dextran (36.9 µg/mL). The TMA-dex 

polymer with a positive charge also produced the WS2 nanosheets (TMA-dex-WS2) at a 

moderate concentration in water (45.0 µg/mL). In addition, all of the functionalized WS2 

nanosheets exhibited excellent colloidal stability in aqueous solutions for a while (Figure S3).  

The physical structures of the functionalized WS2 nanosheets (dex-WS2, PhO-dex-WS2, 

CM-dex-WS2, and TMA-dex-WS2) were analyzed by transmission electron microscopy 

(TEM), atomic force microscopy (AFM), and scanning electron microscopy (SEM). As 

shown in Figure 2a-2d and Figure S4, all the WS2 nanosheets with different polymeric 

interfaces had a sheet structure with an average lateral size of 65 nm. The thicknesses of the 

functionalized WS2 nanosheets, which were analyzed by their height profiles in the AFM 

images (Figure 2e-2h), were found to be thicker (ca. 4.5 nm) than that of the reported bare 

WS2 monolayer (0.85 nm) (Vega-Mayoral et al. 2016), indicating that the functional dextran 

polymers were adsorbed on the surface of the WS2 nanosheets (Figure 2i-2l). The surface 

morphology of the functionalized WS2 nanosheets was further characterized by SEM (Figure 

S5). The surface of the functionalized WS2 nanosheet became very rough compared to that of 

bulk WS2, indicating that indicate the polymer interfaces were successfully introduced on the 

WS2 nanosheet.  

The chemical structures of the WS2 nanosheets with different polymeric interfaces were 
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analyzed by X-ray photoelectron spectroscopy (XPS) and FT-IR spectroscopy. As shown in 

the W4f XPS spectra (Figure 3a and Figure S6), the strong peaks for W4+ were clearly 

observed at 34.7 and 32.8 eV, indicating that all the functionalized WS2 nanosheets retained 

an original semiconducting phase after their exfoliation and functionalization in water. The 

different polymeric interfaces on the WS2 nanosheets were clearly observed in their FT-IR 

spectra (Figure 3b). The characteristic vibrational modes for the O−H, C−H, and C−O−C 

bonds of dextran appeared at 3352, 1456, and 1046 cm-1, respectively, in the FT-IR spectrum 

of the dex-WS2 (gray line), which demonstrated that the WS2 surface was functionalized by 

the pristine dextran via multivalent hydrogen bonding, as previously reported (Kang et al. 

2018). PhO-dex-WS2 exhibited clear peaks for the aromatic C=C bonds of the phenoxy group 

at 1559 and 1492 cm-1 along with the dextran peaks in its FT-IR spectrum (pink line), while 

the CM-dex-WS2 displayed characteristic peaks for carboxylate at 1728 and 1600 cm-1 in the 

spectrum (green line). The TMA-dex-WS2 also showed characteristic peaks for the CH3-R 

bending of the quaternary ammonium at 1372 cm-1 (blue line). The four different interfaces of 

the functionalized WS2 nanosheets were additionally confirmed by XPS (Figure S7). The 

characteristic chemical bonds of the modified dextran polymers were evident in the XPS 

spectra of the dex-WS2, the PhO-dex-WS2, the CM-dex-WS2, and the TMA-dex-WS2. The C-

O and C-C bonds of dextran appeared at 286.3 and 284.7 eV in the C1s XPS spectrum of the 

dex-WS2, while the C=C bond of PhO-dex was evident at 288.9 eV in the spectrum of PhO-

dex-WS2. In addition, the C=O bond of the CM-dex and the quaternary C-N bond of the 

TMA-dex appeared at 288.5 and 285.6 eV, respectively, in the XPS spectra of the CM-dex-

WS2 and the TMA-dex-WS2. These results show that the four different polymeric interfaces 

on the WS2 nanosheets have been successfully prepared via simultaneous exfoliation and 

functionalization in water. 
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The surface charges of the functionalized WS2 nanosheets were then measured at a pH of 

7.4 by electrophoretic light scattering. The zeta potential of the bulk WS2 was found to be 

−55 eV, which exhibited a large negative charge (Figure 3c). However, the surface negative 

charges of the dex-WS2 and the PhO-dex-WS2 significantly diminished to −5.6  and −12.8 eV, 

respectively, which can be ascribed to the sufficient coverage of the WS2 surface with neutral 

dextran or the PhO-dex. Particularly, the CM-dex-WS2 with a carboxyl group exhibited a 

negative charge (−16.4 eV) larger than those exhibited by the dex-WS2 and the PhO-dex-WS2, 

whereas the TMA-dex-WS2 with a trimethylammonium group exhibited a positive charge 

(+6.2 eV). These results reveal that the functionalized WS2 nanosheets have different 

polymeric interfaces, which influence the adsorption kinetics and thermodynamics of DNAs 

and miRNAs on the nanosheet surfaces.     

3.2 Optical properties of WS2 nanosheets with different interfaces.  

The absorption of the WS2 nanosheets with four different polymeric interfaces was measured. 

As shown in Figure S8a, all of the functionalized WS2 nanosheets, including the dex-WS2, 

the PhO-dex-WS2, the CM-dex-WS2, and the TMA-dex-WS2, exhibited a more intense A-

excitonic peak at 620 nm than exhibited by the bulk WS2, indicating that they had thin 

layered structures with a semiconducting 2H phase. In addition, all the functionalized WS2 

nanosheets strongly absorbed visible radiation in a wide range from 400 to 700 nm. Further, 

they exhibited approximately the same absorption features. The strong absorption features in 

a visible range can allow effective fluorescence quenching from the FAM-DNA as the 

functionalized WS2 nanosheets that were used as a quencher in the FRET-based assays. 

The photoluminescence (PL) emission of the WS2 nanosheets is dependent strongly on 

their layer number. As shown in Figure S8b and S9, all the functionalized WS2 nanosheets 

exhibited clear PL emission at approximately 618 nm, whereas the bulk WS2 exhibited no 
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emission, which suggests the production of a direct band gap of the WS2 monolayers by a 

simultaneous exfoliation and functionalization approach in water. The different polymeric 

interfaces induced a slight difference in the emission wavelength maxima of the 

functionalized WS2 nanosheets. 

The Raman scattering modes of the WS2 nanosheets are considered excellent indicators 

to determine the number of layers (Zeng et al. 2013). As shown in Figure S8c, two distinct 

peaks for the combined in-plane vibrational mode (E1
2g) and longitudinal acoustic mode 

(2LA(M)) and the out-of-plane vibrational mode (A1g) appeared at 350 and 418 cm-1, 

respectively. Moreover, the intensity ratios of 2LA(M) to A1g for the four different interfaces 

(7.04~8.04) were similar to the reported value of the WS2 monolayer (Zeng et al. 2013), 

which was much greater than that (0.85) of the bulk WS2 (Figure S8d). This finding reveals 

that the WS2 nanosheets with different polymeric interfaces have similar thicknesses and 

analogous lateral sizes. Thus, the physical structures of the exfoliated WS2 nanosheets, such 

as their thickness and lateral size, may be excluded from the factors that determine the 

adsorption and desorption processes of DNAs and miRNAs.        

3.3 Adsorption kinetics and thermodynamics of a DNA probe.  

Next, the adsorption aspect of the fluorescein-labeled DNA probe (FAM-DNA), which is 

specific for miR-29a, was investigated across the four different interfaces of the WS2 

nanosheets. First, the adsorption kinetics of FAM-DNA on the WS2 nanosheets was measured 

by monitoring the fluorescence quenching of the adsorbed FAM-DNA by FRET (Figure 4a). 

As shown in Figure 4b, the fluorescence of the FAM-DNA (10 mM) was gradually quenched 

by the CM-dex-WS2 (20 µg/mL) over time, which indicates that the DNA probe adsorbed on 

the surface of the WS2 nanosheets. The other functionalized WS2 nanosheets, including the 

TMA-dex-WS2, the PhO-dex-WS2, and the dex-WS2, also caused the fluorescence quenching 
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of the FAM-DNA (Figure 4c). However, their quenching efficiencies tremendously differed: 

the CM-dex-WS2 exhibited the most effective quenching effect (85%), whereas the dex-WS2 

and the PhO-dex-WS2 exhibited tremendously lower quenching effects (28 and 36%, 

respectively). These results indicate that the polymeric interfaces of the WS2 nanosheets can 

influence the adsorption kinetics of FAM-DNA on the surface. 

The adsorption kinetics of the FAM-DNA over the CM-dex-WS2, the TMA-dex-WS2, 

the PhO-dex-WS2, and the dex-WS2 was obtained by calculating their quenching rate 

constants (kq) using the Stern-Volmer equation. As shown in Figure 4d, the fluorescence 

quenching of the FMA-DNA progressively increased with the increased WS2 concentration. 

These quenching responses— as a function of the WS2 concentrations— were re-plotted by 

the Stern-Volmer equation to obtain the slopes of the plots (Figure S10). After measuring the 

lifetime (τ0) of the excited state of the FAM-DNA without a quencher (Figure S11), the 

quenching rate constants for the four different polymeric interfaces of the WS2 nanosheets 

were obtained (Figure 4e). The CM-dex-WS2 was found to exhibit the largest quenching rate 

constant (8.13ⅹ10-3 nsec-1 mg-1 mL), indicating that the adsorption of FAM-DNA onto the 

most negatively-charged surface is kinetically favored. The second largest quenching rate 

constant of the TMA-dex-WS2 indicates that the adsorption of the FAM-DNA onto the 

positively-charged surface is more favored than those of the PhO-dex-WS2 (2.6ⅹ10-3 nsec-1 

mg-1 mL) and the dex-WS2 (2.4ⅹ10-3 nsec-1 mg-1 mL). Based on the quenching responses, 

the number of the FAM-DNA quenched by each WS2 interface was also calculated (Table S2), 

showing the good correlation with the quenching kinetics.  

To understand the adsorption tendency of FAM-DNA over the four different interfaces 

of the WS2 nanosheets, its binding affinities to them were calculated by measuring the 
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thermodynamic properties using isothermal titration calorimetry (ITC). When a large excess 

of the FAM-DNA (600 nM) was titrated into the solution of CM-dex-WS2, a large amount of 

heat was generated, which demonstrated the interaction between the DNA probe and the CM-

dex-WS2 (Figure 5a, blue line). The thermogram of the TMA-dex-WS2 evidently shows the 

production of additional heat for the interaction with FAM-DNA, as compared to the titration 

of the FAM-DNA into the buffer solution that does not contain the nanosheets (Figure 5b, 

blue line). The binding affinity of the FAM-DNA to the target miRNA miR-29a was also 

calculated by measuring the heat energy for hybridization (Figure 5c, blue line). The heat 

energies for the interactions of the FAM-DNA with the PhO-dex-WS2 and dex-WS2 were 

measured as well (Figure S12). After fitting the heat energies with molar ratios (Figure 5d-5f), 

the binding affinities of the FAM-DNA against the four different WS2 nanosheets and miR-

29a were obtained with several thermodynamic parameters (Figue 5g). The dissociation 

constant of the CM-dex-WS2 for the FAM-DNA was 0.38 nM, which was tremendously 

smaller than that of the target miR-29a (1.25 nM). In addition, the CM-dex-WS2 had a lower 

dissociation constant than that of the TMA-dex-WS2 (6.13 nM) for the FAM-DNA. These 

results reveal that the CM-dex-WS2 exhibits the highest binding affinity to the FAM-DNA, 

followed by the binding affinities exhibited by the TMA-dex-WS2, the PhO-dex-WS2, and the 

dex-WS2. These binding affinities are in accordance with the adsorption rate constants of the 

FAM-DNA across the four different interfaces of the WS2 nanosheets.  

It has been reported that the predominant interaction of DNA with WS2 or MoS2 

nanosheets is due to the van der Waals force (Sharma et al. 2016; Vovusha and Sanyal 2015), 

which is normally very weak. The binding affinities of the CM-dex-WS2 and the TMA-dex-

WS2 to the FAM-DNA, however, were measured to be much higher than that of the van der 

Waals interactions, as shown in Figure 5g. Thus, these higher binding affinities indicate that 

the FAM-DNA can adsorb on the polymeric interface rather than on the WS2 surface. To 
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indirectly verify this hypothesis, the binding affinities of the free polymers, such as CM-dex 

and TMA-dex, against the FAM-DNA were measured by ITC. As shown in Figure S13, the 

binding affinities of the CM-dex and the TMA-dex for the FAM-DNA were found to be very 

high. In addition, the binding affinity of the free CM-dex against the FAM-DNA was higher 

than that of the free TMA-dex, of which tendency corresponds to that observed in CM-dex-

WS2 and TMA-dex-WS2 nanosheets. This clearly implicates that the FAM-DNA probe 

adsorbs on the polymeric phases of the WS2 nanosheets, rather than on the WS2 surface. 

To further understand the binding forces between WS2 nanosheet interfaces and FAM-

DNA, several small molecules such as phosphate to disrupt charge interaction, urea to disturb 

hydrogen bonding, and four nucleobases were added into the TMA-dex-WS2 or CM-dex-WS2 

adsorbing FAM-DNA as reported in the previous study (Meng et al. 2018). As shown in 

Figure S14, the addition of either phosphate or urea into the TMA-dex-WS2 or CM-dex-WS2 

adsorbing FAM-DNA induced the turn-on fluorescence response, indicating that charge 

interaction and hydrogen bonding would be involved in the adsorption process of FAM-DNA 

on the WS2 interface. Furthermore, the addition of a nucleobase monomer caused the turn-on 

fluorescence response in the CM-dex-WS2 bearing FAM-DNA. These experimental results 

suggest that the multiple interactions, including charge interaction and hydrogen bonding, 

rather than single one would be involved in the adsorption of FAM-DNA on WS2 nanosheets 

interfaces.         

3.4 Detection of an AD biomarker miR-29a.  

Based on the kinetic and thermodynamic parameters of the four different WS2 nanosheets for 

the FAM-DNA adsorption, the CM-dex-WS2 and the TMA-dex-WS2 were chosen as 

quenchers to further investigate miR-29a detection. As shown in Figure 6a, the DNA probe 

(FAM-DNA) was first adsorbed on the CM-dex-WS2 or the TMA-dex-WS2, and then the 
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complementary target miR-29a (80 nM) was added into the mixture solution to induce its 

hybridization with FMA-DNA. As shown in Figure 6b (black line), the fluorescence of the 

FAM-DNA was significantly quenched in the presence of TMA-dex-WS2. However, addition 

of miR-29a into the quenched solution induced a large recovery in the quenched fluorescence 

(green line), which suggests the desorption of the duplex of FAM-DNA and miR-29a from 

the surface of the TMA-dex-WS2. Adding the same volume of PBS did not induce recovery 

in the quenched fluorescence of the FAM-DNA adsorbed on the TMA-dex-WS2 (Figure 6c 

and S15a). The CM-dex-WS2 significantly quenched the fluorescence of FAM-DNA via a 

strong adsorption; however, the quenched fluorescence was barely recovered in the presence 

of the target miR-29a (Figure 6c and S15b). This indicates that the FAM-DNA adsorbed on 

the CM-dex-WS2 was not effectively desorbed from the surface of the nanosheets after its 

hybridization with miR-29a. The better turn-on response of the TMA-dex-WS2 than that of 

the CM-dex-WS2 to miR-29a can be understood by their binding affinities to the FAM-DNA, 

as shown in Figure 5g. The binding affinity of the TMA-dex-WS2 to the FAM-DNA was 

lower than that of the FAM-DNA to miR-29a, which leads to the effective desorption of the 

adsorbed FAM-DNA after its hybridization with miR-29a. However, the binding affinity of 

the CM-dex-WS2 to the FAM-DNA was higher than that of the FAM-DNA to miR-29a. Thus, 

the adsorption of FAM-DNA onto the CM-dex-WS2 is thermodynamically more favored than 

its hybridization with miR-29a, which leads to a weak turn-on response of the quenched 

fluorescence due to the low desorption efficiency of the FAM-DNA from the nanosheet 

surface. 

TMA-dex-WS2 was selected as the most effective interface for FRET-based sensing of 

miR-29a. As shown in Figure 6d, the quenched fluorescence of the FAM-DNA adsorbed on 

the TMA-dex-WS2 was gradually restored as the concentration of miR-29a increased, which 

showed that this turn-on fluorescence response was induced by the target miRNA. In addition, 
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a non-complimentary RNA (NC-RNA: 5′-AUAAAGCUAGAUAACCGAAAGU-3 ′, Table S3) 

barely induced recovery in the quenched fluorescence of the FAM-DNA on the TMA-dex-

WS2 (Figure 6e). Particularly, a single base-mismatched RNA (SM-RNA: 5′-

UAGCACCAUCUAAAAUCGGUUA-3′) induced a tremendously smaller recovery in the 

quenched fluorescence of the FAM-DNA on the TMA-dex-WS2 than that of the 

complementary target miR-29a. These results indicate that the TMA-dex-WS2-based FRET 

sensor can selectively detect the target miRNA (miR-29a) that is specific for AD by its turn-

on fluorescence. 

Lastly, the TMA-dex-WS2 FRET sensor was used to detect miR-29a in the human serum. 

As shown in Figure S16, the A-excitonic absorbance of the TMA-dex-WS2 sensor at 632 nm 

remained almost constant without aggregation in the human serum solution over time. This 

result shows that the sensor exhibits a great colloidal stability during a period of assay in 

human serum. Furthermore, to improve the detection sensitivity of the TMA-dex-WS2 FRET 

sensor in human serum, the ratio of FMA-DNA to TMA-dex-WS2 was varied (Figure S17). 

The TMA-dex-WS2 FRET sensor adsorbing a 40 nM of FAM-DNA showed the highest turn-

on fluorescence response to miR-29a in human serum. After adsorption of the FAM-DNA 

onto the TMA-dex-WS2 under the optical conditions, each spiked serum of miR-29a was 

added into the sensor solution. As shown in Figure 6f, the quenched fluorescence of the 

FAM-DNA was progressively restored as the concentration of miR-29a was elevated in the 

human serum. This finding shows that the TMA-dex-WS2 FRET sensor can detect the target 

miRNA that is specific for AD in the human serum by its turn-on fluorescence response. The 

TMA-dex-WS2 FRET sensor can detect miR-29a at a concentration as low as 745 pM in 

human serum. Then, the TMA-dex-WS2 FRET sensor was employed to quantify the 

concentration of miR-29a from several spiked human serum samples (Table S4). The sensor 

could quantify the concentration of miR-29a in each spiked serum sample with a range of 
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proportional errors using the linear regression equation shown in Figure 6f. The deviation 

between the spiked and measured concentrations was small to be included in the error ranges 

of the regression plot. The proportional errors of the TMA-dex-WS2 FRET sensor, however, 

could be improved further by modulating its interfaces. The accurate concentration of miR-

29a in biological fluids could not be found in clinical data. Other miRNAs were found to 

occur at nanomolar to picomolar concentrations in clinical samples (Weber et al. 2010). 

Hence, the detection sensitivity of the TMA-dex-WS2 FRET sensor might be acceptable for 

the detection of miR-29a from clinical samples. 

The performance of the TMA-dex-WS2 FRET sensor for the detection of miR-29a was 

compared with that of previously reported sensing systems. As stated, a few papers for the 

detection of miR-29a have been reported to date (Table S5). The TMA-dex-WS2 FRET 

sensor can detect the target miR-29a more rapidly and simply with excellent sensitivity than 

the previous sensing systems because no additional amplification process is required in this 

FRET sensor. Additionally, the performance of the TMA-dex-WS2 FRET sensor was 

compared with that of previously reported FRET-based sensors for the detection of various 

DNAs as well as RNAs (Table S6). It was found that the TMA-dex-WS2 FRET sensor had 

comparable assay time, detection sensitivity and selectivity, and a dynamic range of detection 

with the previous FRET sensors. 

 

4. Conclusions 

WS2 nanosheets were non-covalently functionalized with the dextran polymers using a 

liquid-phase exfoliation approach, producing the four different WS2 interfaces. The interface 

modulation of WS2 nanosheets induced noticeable changes in the adsorption kinetics and 

thermodynamics of a FAM-DNA probe. Among them, the CM-dex-WS2 exhibited a fastest 
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adsorption rate of the FAM-DNA, causing the effective fluorescence quenching, however, the 

adsorption strength of the FAM-DNA for the CM-dex-WS2 was larger than its binding 

affinity to miR-29a. In contrast, the TMA-dex-WS2 exhibited fast adsorption kinetics of the 

FAM-DNA and a proper adsorption strength, which led to its favored desorption from the 

nanosheet surface after hybridization with the target miR-29a. The TMA-dex-WS2 FRET 

sensor selectively detected the AD biomarker miR-29a at a concentration as low as 745 pM 

against the non-complementary and the single base-mismatched RNA in the human serum. 

This interface engineering approach can extend to various nanomaterials for the effective 

sensing and delivery of DNAs and RNAs. In addition, the WS2 nanosheet-based FRET sensor 

presents potential as a diagnostic tool to diagnose AD in the non-invasive manner via miRNA 

detection in blood. 
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 Figure 1. Functionalization of the WS2 nanosheets with dextran polymers. a) Schematic 

illustration for the liquid-phase exfoliation of the WS2 nanosheets with functionalized 

polymers; dextran (Dex), phenoxy-modified dextran (PhO-dex), carboxymethyl dextran 

(CM-dex), and tri-methyl ammonium modified dextran (TMA-dex) in H2O. b) Photographs 

and c) concentrations of exfoliated WS2 nanosheets with different polymeric interfaces. 
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Figure 2. Physical structures of the WS2 nanosheets with different polymeric interfaces. 

TEM images of a) the Dex-WS2, b) the PhO-dex-WS2, c) the CM-dex-WS2, and d) the TMA-

dex-WS2. AFM images of e) the Dex-WS2, f) the PhO-dex-WS2, g) the CM-dex-WS2, and h) 

the TMA-dex-WS2. Histograms for the thickness and lateral size of i) the Dex-WS2, j) the 

PhO-dex-WS2, k) the CM-dex-WS2, and l) the TMA-dex-WS2. 
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Figure 3. Chemical structures of the WS2 nanosheets with different polymeric interfaces. a) 

The W4f XPS spectrum of the CM-dex-WS2. A gray solid line and a red dashed line 

represent the original and the fitting spectra, respectively.  b) FT-IR spectra and c) the Zeta 

potentials of the bulk WS2, the Dex-WS2, the PhO-dex-WS2, the CM-dex-WS2, and the 

TMA-dex-WS2. 
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Figure 4. Quenching responses of FAM-DNA to WS2 nanosheets with different polymeric 

interfaces. a) Schematic illustration for quenching of the fluorescence of FAM-DNA by a 

WS2 nanosheet with a polymeric interface. b) PL responses of FAM-DNA to CM-dex-WS2 

(40 μg/mL) over time. c) PL intensity changes of FAM-DNA at 518 nm in the presence of 

Dex-WS2, PhO-dex-WS2, CM-dex-WS2, and TMA-dex-WS2. d) PL intensity changes of 

FAM-DNA as a function of WS2 concentrations. e) Quenching rate constants of Dex-WS2, 

PhO-dex-WS2, CM-dex-WS2, and TMA-dex-WS2 against FAM-DNA.  
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Figure 5. Measurements of the adsorption energies of FAM-DNA on WS2 nanosheets with 

different polymeric interfaces. ITC thermograms of a) CM-dex-WS2, b) TMA-dex-WS2, and 

c) miR-29a.  ITC fitting plots for d) CM-dex-WS2, e) TMA-dex-WS2, and f) miR-29a. g) 

Thermodynamic parameters for the adsorption of FAM-DNA on WS2 nanosheets with 

different polymeric interfaces measured by ITC. 
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Figure 6. Detection of miR-29a in human serum. a) Schematic illustration for the detection 

of miR-29a on WS2 nanosheets with different polymeric interfaces. b) PL spectra of FAM-

DNA upon addition of TMA-dex-WS2 and miR-29a. c) Restored PL intensity of FAM-DNA 

adsorbed on CM-dex-WS2 or TMA-dex-WS2 60 min after addition of miR-29a (80 nM). d) 

Restored PL intensity of FAM-DNA adsorbed on TMA-dex-WS2 as a function of miR-29a 

concentrations. e) PL recovery responses of FAM-DNA adsorbed on TMA-dex-WS2 to non-

complimentary DNA (NC-DNA, miR-9), single base-mismatched DNA (SM-DNA), and 

miR-29a 30 min after incubation. f) Detection of miR-29a on TMA-dex-WS2 adsorbing 

FAM-DNA in human serum. Io and I are the fluorescence intensity of the FAM-DNA 
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adsorbed on the TMA-dex-WS2 in the absence and presence of miR-29a, respectively. *P < 

0.05; **P < 0.01 (n=3) using t-Test. Results are expressed as means ± SD of three 

experiments. 
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