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Abstract 

During the past decade, the applications of graphene-based nanomaterials 

bloomed in the biosensing and bioimaging fields due to their unique electronic and 

optical properties. Recently, molybdenum disulfide (MoS2) as another kind of 2D 

single-layered nanomaterial has attracted tremendous attention because of its 

structure analogous to graphene and many good properties such as high absorbance in 

the NIR region, good thermal conductivity, excellent water solubility and 

biocompatibility. However, the bio-applications of MoS2 nanomaterials are still at the 

initial stage. More efforts are still needed to explore the potential applications of 

MoS2 in biosensing, bioimaging and therapeutics fields. In this thesis, two types of 

MoS2 based nanoprobes were developed for the applications of biosensing, 

bioimaging and therapeutics, including MoS2 nanosheets based nanoplatform for 

epithelial cell adhesion molecule (EpCAM) protein detection and MoS2 nanosheet 

coated gold nanorod (MoS2-AuNR) based photoacoustic imaging and photothermal 

therapeutic agent for pain imaging and medication in osteoarthritis (OA). 

To explore MoS2 based nanoplatform for biosensing application, we 

presented a “turn-on” fluorescence resonance energy transfer (FRET) biosensing 

platform with graphene quantum dots (GQDs) as fluorescence donor and MoS2 

nanosheets as fluorescence acceptor for rapid and sensitive detection of Epithelial 

Cell Adhesion Molecule (EpCAM) protein as a circulation tumor cell (CTC) 

biomarker. The GQD-aptamer-MoS2 sensing platform was realized by adsorption of 

PEGylated GQD labeled EpCAM aptamer onto MoS2 nanosheet surface via physical 

absorption. The close distance between GQD and MoS2 nanosheet triggered the 

FRET effect with fluorescence “OFF” state. The detection of EpCAM protein was 

realized by monitoring the change of fluorescence signal, which resulted from the 
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detachment of GQD-aptamer from MoS2 nanosheet surface due to the specific 

affinity interaction between GQD-aptamer and EpCAM protein. The target EpCAM 

protein can be detected sensitively and selectively with the linear detection range 

from 3 nM to 53 nM. The limit of detection (LOD) was calculated as 450 pM. 

To explore MoS2 based nanoprobe for near infrared (NIR) photoacoustic (PA) 

bioimaging application, we reported a novel hybrid MoS2 coated gold nanorods 

(AuNRs) with strongly amplified PA signal for in vivo bioimaging. Due to the 

enhanced photothermal conversion efficiency and the reduced interfacial thermal 

resistance with water, the hybrid MoS2 coated AuNR (MoS2-AuNR) nanosystem 

showed excellent photostability and significantly enhanced photoacoustic imaging 

signal compared with bare AuNR both in vitro and in vivo. MoS2-AuNR nanosystem 

could be internalized by cells easily and exhibited much lower cytotoxicity compared 

with bare AuNR due to the coating with the biocompatible MoS2 layer. Moreover, 

the biodistribution study revealed that MoS2-AuNR mainly accumulated in liver and 

spleen after intravenous injection. The histological evaluation revealed no obvious 

organ damage or lesions for MoS2-AuNR treated mice.  

We further explored MoS2-AuNR based nanoprobe for PA image-guided 

photothermal therapy for osteoarthritis (OA) pain release in an OA knee mice model. 

To target nerve ending in OA knee, anti-nerve growth factor (NGF) antibody was 

conjugated with MoS2-AuNR nanoprobe. The hypothesis was that anti-NGF antibody 

conjugated MoS2-AuNR nanoprobes could selectively target the over-expressed NGF 

in the inflammatory OA knee due to the specific interaction between anti-NGF 

antibody and NGF antigen. PA imaging could be used to monitor the targeting 

process of functionalized nanoprobes and NIR laser-based phototherapy could then 

be performed to destroy overexpressed NGF for pain release. The in-vivo experiment 

with intravenous injection of anti-NGF antibody conjugated MoS2-AuNR nanoprobes 
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was then performed in an OA knee mice model. The PA imaging results 

demonstrated that anti-NGF antibody conjugated nanoprobes could selectively target 

the inflammatory OA knee with much higher PA signal compared with control knee. 

The therapeutic effect of the OA knee after NIR laser treatment with anti-NGF 

antibody conjugated nanoprobes targeting was evaluated by the behavioral pain 

sensitivity in response to mechanical stimuli and the motor coordination using 

monofilaments test and rotarod performance test, respectively. The results showed an 

obvious improvement of the pain behavior of OA knee mice after nanoprobe-

targeting and NIR light treatment. Moreover, the accumulation of anti-NGF antibody 

conjugated nanoprobes in OA knee and major organs (e.g., liver and spleen) was 

testified by biodistribution study at different time points. No apparent organ damage 

or inflammation was observed for anti-NGF Ab-MoS2-AuNR treated mice through 

histological evaluation. Therefore, anti-NGF antibody coated MoS2-AuNR 

nanoprobe could act as a potential PA imaging guided photothermal therapeutic agent 

for pain imaging/medication in OA. 
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Chapter 1 Introduction 

1.1 Molybdenum disulfide (MoS2)  

Recently, in view of the unique electronic and optical properties of graphene 

nanomaterials, another type of 2D single-layered nanomaterials-transition metal 

dichalcogenides (TMDs) has attracted tremendous attention due to its structure 

similar to graphene [1]. Transition metal dichalcogenides (TMDs) are materials with 

the formula of MX2, wherein M is a transition metal of group IV, V and VI, and X is 

a chalcogen element such as S, Se or Te. Molybdenum disulfide (MoS2) is a typical 

example of TMDs. The crystal structure of MoS2 is illustrated in Figure 1. From the 

top view, the MoS2 nanosheets have 2D single-layered nanostructure similar to 

graphene. Viewed from the side, each layer of MoS2 nanosheet consists of three 

atomic layers, forming a sandwich structure with a transition metal in the middle (S-

Mo-S) [2]. Each MoS2 layer is connected by a weak van der Waals force.  

The preparation method of MoS2 nanosheets can be divided into two routes: 

top-down method and bottom-up method. For top-down methods, MoS2 nanosheets 

are extracted from bulk crystals via mechanical, chemical or electrochemical 

exfoliation methods [3-9]. For instance, mechanical exfoliation can be conducted in 

the solid and in the liquid phase. Novoselov et al. [3] used scotch-tape-assistant 

micromechanical cleavage to obtain atomic MoS2 sheets having a width of a few 

micrometers and a thickness of 6.5 Å (Figure 2). The productivity of MoS2 was 

comparable to that of graphene. Coleman et al. used sonication-assistant exfoliation 

to exfoliate layered MoS2 in different solvents, such as N-methyl-pyrrolidone (NMP) 

and isopropanol (IPA) [9]. Morrison’s group used a liquid-phase chemical exfoliation 

method integrated with n-butyl lithium intercalation to produce a highly stable 

aqueous dispersion of MoS2 nanosheets with yields approaching 100% [6]. However, 



2 

 

the chemical Li-intercalation required high temperatures and long reaction times, 

which was inconvenient and time-consuming. Zeng et al. discovered a safe 

electrochemical lithiation method to produce high-yield single-layer MoS2 nanosheets 

at room temperature within 6 h, which can also be used to the synthesize other MX2 

compounds [8].  

Learning from the experience of large-area graphene synthesis, many 

researchers used chemical vapor deposition (CVD) as the most practical bottom-up 

method for the fabrication of wafer-scale MoS2 [10-13]. For example, Lee et al. 

generated a continuous MoS2 layer with a lateral dimension of 2 mm by using MoO3 

and sulfur powders as precursors through chemical vapor deposition [11]. Liu et al. 

used (NH4)2MoS4 as a precursor to grow a large-area MoS2 atomic thin layer with 

high quality on SiO2/Si or sapphire substrates [10]. The obtained continuous MoS2 

layer exhibited good electronic properties with an on/off ratio exceeding 108 in field 

effect transistor (FET). In addition to CVD growth, some chemical synthesis such as 

hydrothermal reaction has been found to produce MoS2 nanosheets. Wang et al. 

developed a novel and controllable solvothermal strategy to synthesize PEGylated 

MoS2 nanosheets, which can be further used as a highly efficient photothermal 

regression of tumors [13]. 

All of these fabrication methods of single-layered MoS2 nanosheets can cause 

their bandgap to widen. Compared to bulk MoS2 material with an indirect bandgap of 

1.2 eV, the mono- or few-layered MoS2 nanosheet is a direct semiconductor with a 

higher band gap of 1.8 eV [14]. This indirect-to-direct band gap shift can be 

attributed to the enhanced quantum confinement effects and quantum size effects 

caused by the reduction in thickness and size of MoS2 and leads to a richness of 

super-electron and optical properties of single- or few-layered MoS2. It is also the 

reason why single-layered MoS2 can attract a great deal of attention after graphene. 
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However, graphene is a zero-bandgap semiconductor with the infinite exciton Bohr 

diameter, which needs further efforts to broaden the bandgap to obtain rich electronic 

properties [15]. In contrast, single-layered MoS2 as a direct bandgap semiconductor 

has longer electron-hole recombination lifetime, which allows for numerous 

applications in the fields of electronics and optoelectronics [16-20]. 

 

Figure 1. Crystal structures of MoS2 [2]. 
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Figure 2. (a) HRTEM image of a double-layer MoS2 (in the case of a, the separation 

is 6.5 Å, in agreement with the interlayer distance in bulk MoS2); (b) 2D crystal 

matter. Single-layer crystallites of MoS2 visualized by an optical microscope (scale 

bars: 1 µm) [3]. 

1.2 Optical properties of MoS2 

The properties of MoS2 vary greatly from bulk materials to mono-/few-

layered nanosheets. As the thickness and size decrease, the electronic bandgap of 

MoS2 changes from indirect to direct, which dramatically alters the electronic and 

optical properties of MoS2 in photoconductivity, photoluminescence, Raman spectra, 

and absorption spectra [14, 21]. Although this study focuses on the optical properties 

of MoS2, it is worth mentioning that the bandgap transition of MoS2 in single-layered 

form gave rise to important applications for electrical transport and devices [16-18].  

1.2.1 Photoluminescence  

After exfoliation from bulk to ultrathin layers, the photoluminescence of 

MoS2 emerges due to the transition of bandgap from indirect to direct status [22]. It 

has been reported that the photoluminescence of MoS2 increases as the layer 

thickness decreases. When the thickness was decreased to monolayer, the strongest 

photoluminescence of MoS2 was observed [14]. Mak et al. measured the PL intensity 

of suspended monolayer and bilayer MoS2 under the same excitation of 2.33 eV, 

respectively. As shown in Figure 3, there is a striking difference of the PL intensity 

between the monolayer and bilayer MoS2 samples. The PL spectrum of monolayer 

MoS2 showed a narrow peak centered at 1.90 eV, while the bilayer MoS2 did not. The 

PL quantum yield displayed a ~102 fold decrease from a monolayer (4 × 10–3) to a 

bilayer MoS2 (10–5) (inset of Fig. 3). This apparent single layer MoS2 PL is highly 
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attributed to direct-gap luminescence, which is caused by quantum confinement 

effect and quantum size effect induced by the thickness and size reduction [23].   

 

Figure 3. PL spectra for mono- and bilayer MoS2 samples in the photon energy range 

from 1.3 to 2.2 eV. Inset: PL QY of thin layers for N = 1–6 [14]. 

1.2.2 Raman scattering  

Several groups systematically conducted the Raman studies of the MoS2 

layers [24-25]. It has been reported that MoS2 nanosheets showed layer thickness-

dependent Raman scattering, which can be used as a reliable criterion for determining 

the number of layers. Lee et al. strikingly found that the frequency of in-plane E1
2g 

vibration decreased as the layer thickness increases, while the frequency of the out-

of-plane A1g vibration increases as the layer thickness increases (Figure 4a and b).  

The peak of E1
2g Raman modes and A1g Raman modes displayed an opposite 

direction shift, resulting in their frequency difference (Δ) decreasing as a function of 

decreasing layer thickness. The phenomenon can be explained by Coulombic 
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interactions and possible stacking-induced changes of the intralayer bonding. 

Furthermore, the frequency difference (Δ) between the two Raman peaks can be used 

as a “thickness indicator.” From Figure 4b, the Δ values of ~19 cm-1, ~21 cm-1, and 

~23 cm-1 represent the monolayer, bilayer, and trilayer MoS2 films, respectively.  

 

Figure 4. (a) Raman spectra of thin (nL) and bulk MoS2 films. (b) Frequencies of E1
2g 

and A1g Raman modes (left vertical axis) and their difference (right vertical axis) as a 

function of layer thickness [24]. 

1.2.3 Absorption 

The absorption properties of MoS2 are influenced by its number of layers and 

lateral dimensions. Figure 5 shows the ultraviolet-visible-near infrared (UV–vis–NIR) 

absorption spectrum of MoS2 with different layers, named single-layer (S-MoS2), 

few-layer (F-MoS2), and multi-layer (M-MoS2) nanosheets [26]. The optical 

absorption capacity of S-MoS2 is significantly higher than that of F-MoS2 and M-

MoS2 at the equivalent MoS2 concentration, which can be explained by the formation 

of a direct bandgap in MoS2 when the number of layers is decreased. Generally, M-

MoS2 nanosheets have no significant absorption band, but have a sharp peak in the 

near-UV region, which is regarded as an excitonic features of MoS2. In contrast, 
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when the number of layers is reduced by at least/ a single layer, especially a single 

layer of MoS2 nanosheets, the characteristic absorption peak becomes apparent. The 

excitonic peaks of single-layer MoS2 nanosheets at 610 nm and 670 nm are attributed 

to the K point of the Brillouin zone in a 2D monolayer MoS2 nanosheets with 

considerable lateral dimensions [27]. The peaks at ~400 nm and 450 nm are 

attributed to direct band-edge recombination, which is most likely due to quantum 

confinement effects in smaller S-MoS2 nanosheets [28].  

Figure 6 exhibits the UV-vis absorbance spectra of single-layer MoS2 

solutions of different sizes, including large-sized MoS2 nanosheets (red line), small-

sized MoS2 nanosheets (black line) and MoS2 quantum dots (QDs) (blue line), 

respectively [29]. When the size of MoS2 nanosheets was reduced from a few 

hundred nanometers (red line) to several tens of nanometers (black line), the 

absorbance peaks at ~400 nm and 450 nm showed a slight blue shift. If the size 

continues to decrease to a few nanometers (< 10 nm), the absorbance spectrum of 

MoS2 QDs (blue line) will show an apparent blue shift to the near-UV region due to 

the quantum size effect [30]. The characterization peaks of the large-sized MoS2 

nanosheets at 610 nm and 670 nm disappeared due to the complete removal of 2D 

nanosheets. The inset in Fig. 4 (from left to right) is the corresponding optical 

photographs of large-sized MoS2 nanosheet solution, a small size MoS2 nanosheet 

solution, and a MoS2 QDs solution. The color of the solutions changed from black to 

pale yellow, respectively.  

In summary, a single layered MoS2 nanosheet with relatively small size 

exhibits high light absorption from UV to NIR region. The absorption property of 

MoS2 is over or comparable to that of graphene derivatives [31] and gold nanorods 

[32]. There is no doubt that the high UV-vis-NIR absorbance properties offer 

numerous opportunities for MoS2 nanosheets as potential nano-quenchers in 
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fluorescent-based biosensor, contrast agents in photoacoustic imaging [26, 33-34], 

and photothermal agents in photothermal therapy [35].  

 

Figure 5. The UV–vis–NIR absorption spectra of S-MoS2, F-MoS2, and M-MoS2 

with same MoS2 concentration [26]. 
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Figure 6. UV-vis absorption spectra of MoS2 solution with large-sized MoS2 

nanosheets (red line), small-sized MoS2 nanosheets (black line) and MoS2 QDs (blue 

line), respectively. The insets (from left to right) show the optical photographs of 

solutions containing large-sized MoS2 nanosheets, small-sized MoS2 nanosheets, and 

MoS2 QDs, respectively [29]. 

1.2.4 Fluorescence quenching ability of MoS2 

Heavy and transition metal cations possess intrinsic properties that normally 

quench the emission of organic fluorophores [36]. Since Mo belongs to the transition 

metal group of VI, MoS2 shows excellent fluorescence quenching ability. 

Additionally, MoS2 nanosheet is of high UV-vis-NIR absorption, which also provides 

MoS2 with the opportunity to be an effective quencher for fluorescent dyes [37]. The 

high fluorescence quenching efficiency of MoS2 conduces to the low background 

signal in biomolecule detection, posing excellent advantages for MoS2 as the 

biosensing platform [37-38]. In addition, single-layered MoS2 sheets with high 

surface-to-volume ratio provide many interaction sites to interact with abundant 

biomolecules at the same time, which largely enhances the fluorescence quenching 

efficiency. It has been reported that the quenching performance of MoS2 on 

fluorescently labeled iron oxide nanoparticles is as good as graphene oxide (GO) and 

gold nanoparticle (AuNP) [39]. In this work, we used MoS2 nanosheets as efficient 

nano-quenchers in fluorescence-based biosensor because of their strong physical and 

optical properties.  

1.3 Toxicity of MoS2   

As the toxicity of MoS2 is considerably low, MoS2 is environmentally friendly 

and biocompatible in many fields, such as biosensing [37-38, 40-42, 43-44], 
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bioimaging [26, 33-34, 45-47], drug delivery [48], and photothermal therapy [35]. 

For example, Liu et al. [48] investigated the intrinsic toxicity of chemical exfoliated 

MoS2 nanosheets and used them as multi-functional drug carriers for combination 

therapy of cancer. They found that ~80% of cells survived after 48-h incubation even 

under the highest concentration of 160 µg mL−1 of MoS2. After PEGylation, almost 

all cells incubated with MoS2-PEG survived at the highest nanosheet concentration 

(Figure 7). Chen et al. [26] claimed that in U87 glioma and bEnd.3 endothelial cells 

based CCK-8 assay, no apparent cytotoxicity was observed with single-layered MoS2 

prepared by albumin-assistant exfoliation, even at concentrations as high as 1000 µg 

mL−1, indicating the low cytotoxicity of the prepared single-layered MoS2. Therefore, 

MoS2 shows much lower cytotoxicity than graphene-based nanomaterials [49-50], 

providing a vast potential for biomedical applications. 
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Figure 7. Relative viabilities of HeLa cells determined by the MTT assay after 

incubation with various concentrations of MoS2 and MoS2-PEG for 48 h [48]. 

1.4 MoS2 based biosensing  

Due to the direct semiconducting bandgap of single-layered MoS2, some 

studies have focused on the application of single-layered MoS2 in optoelectronic 

devices, such as phototransistors and light-emitting diodes (LED) [19-20], the others 

have utilized semiconductor MoS2 material as a promising and attractive 

electrocatalyst for the hydrogen evolution reaction (HER) [51-53]. However, the 2D 

structure, unique optical properties, and low toxicity suggest a great potential of 

MoS2 nanosheets as ideal quenching platforms in molecular biosensing applications 

[37-38, 40-42]. 

1.4.1 Fluorescence resonance energy transfer (FRET)  

Fluorescence resonance energy transfer (FRET) is a non-radiative 

phenomenon including the energy transferred from an excited donor fluorophore to 

an acceptor fluorophore. Figure 8 shows the sketch of the traditional FRET 

phenomenon. The donor fluorophore is excited by incident light, while an acceptor is 

in close proximity. Thus, the excited state energy can be transferred from the donor to 

acceptor by means of non-radiative dipole-dipole coupling [54]. There are two types 

of acceptor molecules--a fluorophore or a non-fluorescent molecule. When a 

fluorophore molecule acts as the acceptor, the transferred energy can be emitted as 

fluorescent light. Otherwise, the absorbed energy is lost when the acceptor molecule 

is not a fluorophore. Such a phenomenon with no emitted fluorescent light is also 

called fluorescence-quenching effect. 

http://en.wikipedia.org/w/index.php?title=Dipole%E2%80%93dipole_coupling&action=edit&redlink=1
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Generally, fluorescence dyes (FAM, Cy5) and fluorescence proteins (GFP, 

BFP, and YFP) have been used as FRET donors and acceptors. When the donor’s 

emission spectrum overlaps the absorption spectrum of the acceptor, the FRET 

occurs between donor and acceptor with the intermolecular distance smaller than 10 

nm, which makes FRET to be a sensitive tool to measure accurate nano-scaled 

information in biomedical and clinical applications [54-55].  

 

Figure 8. Sketch of a typical FRET phenomenon. 

 The efficiency of this energy transfer is inversely proportional to the sixth 

power of the distance between donor and acceptor [56].  

E=  

Where r is the distance between donor and acceptor, and R is the fluorescent distance 

of donor and acceptor, i.e., the distance at which the energy transfer efficiency is 50%. 

From this equation, the energy transfer efficiency of the traditional FRET is very 

sensitive to the distance [(d)-6]  

1.4.2 MoS2 nanosheets based FRET biosensing 

The signal of FRET based biosensing is not relied on the concentration of 

donor and the intensity of light excitation, whereas it is related to the change of 

distance-dependent fluorescence signal.  By monitoring the fluorescent signal change, 

the quantitative and dynamic molecular interactions can be detected using FRET 

based biosensing platforms both in vitro [57-58] or in vivo [59-60]. The advantages 
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of typical FRET biosensor are obvious, including a rapid detection with high 

efficiency, easy operation, direct readout and good specificity. However, there are 

some limitations of traditional FRET biosensor based on organic dyes or proteins due 

to their poor photobleaching resistance, short fluorescence lifetime and low chemical 

stability. To address these problems, advanced nanoscience and nanotechnology have 

been noticed. Various nanomaterials with promising electronic and optical properties 

have given a rebirth to FRET, which spreads the potential applications in medical and 

biological fields. For example, graphene-based nanomaterials have attracted 

overwhelming attention. Graphene and graphene oxide with relatively large size and 

unique electronic properties are considered to be universal FRET acceptors with 

super quenching ability. Graphene quantum dots with strong and stable luminescence 

have been used as excellent FRET donors with relatively low toxicity.  

The “graphene-liked” MoS2 nanomaterials have similar optical properties and 

applications, which has attracted extensive attention. Since molybdenum (Mo) 

belongs to a transition metal group, MoS2 nanosheets similar to graphene have 

instinct fluorescence quenching properties. The electron and energy transfer occur 

when fluorescent molecules and MoS2 nanosheet are closely contacted [37]. Thus, 

many studies have used single-layered MoS2 nanosheets as fluorescence quenchers in 

FRET based biosensor for DNA and small molecule detection [37-38, 40-42].  For 

example, Zhu et al. initially revealed that a single-layer MoS2 nanosheet possesses 

high fluorescence quenching efficiency and different affinities toward ssDNA versus 

dsDNA [37]. The sensing mechanism is illustrated in Figure. 9. They employed 

MoS2 nanosheets as fluorescence quenchers and dye labeled DNA/aptamer as 

fluorescence donors to construct a FRET based biosensor for DNA detection. MoS2 

nanosheets can absorb probe ssDNA via the van der Waals force, leading to the 

fluorescence quenching of dye-ssDNA by MoS2. With the presence of target 
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complementary DNA, the specific hybridization between probe DNA and target 

DNA would release the dye-labeled probe from the surface of MoS2, resulting in the 

retention of fluorescence. This was because the nucleobases were buried between the 

densely negatively charged helical phosphate backbones so that the attracting 

interaction between the formed double-stranded DNA (dsDNA) and MoS2 was 

relatively weak. The limit of detection of DNA was calculated to be 500 pM.  As a 

proof-of-concept experiment, Zhu et al. [37] also induced aptamer-target recognition 

in dye-labeled aptamer and MoS2 nanosheets based FRET biosensor for small 

molecule detection. The limit of detection of adenosine was calculated to be 5 µM.  

Later, based on the self-assembled architecture between DNA aptamer and MoS2 

nanosheets, Ge et al. [38] conducted a similar fluorescence-activated biosensor and 

testified its sensitive and selective detection ability of proteins, such as thrombin. A 

detection limit of 300 pM was achieved, which was lower than that obtained using 

graphene (2 nM) [61] or single-walled carbon nanotube (1.8 nM) [62] based 

fluorescent aptasensors. Zhang et al. [40] designed a novel ‘‘turn-off’’ fluorescent 

biosensor based on the specific recognition of DNAzyme and the fluorescence 

quenching ability of MoS2 for uranyl ion (UO2
2+) detection in aqueous environment. 

As the affinity between MoS2 nanosheets and substrate–enzyme complex DNAzyme 

was low, the fluorescence intensity decreased only when UO2
2+ appeared. The UO2

2+ 

can specifically cleave DNAzyme, leading to the release of FAM-labeled ssDNA. 

Then the released ssDNA can be absorbed onto the MoS2 surface, resulting in the 

fluorescence quenching of FAM by MoS2. By measuring the change of fluorescence 

signal, it can be detected as low as 2.14 nM of UO2
2+ in the aqueous environment 

with a recovery of 96–102% and an RSD < 5% (n = 6). To sum up, these 

DNA/aptamer–MoS2 nanosheets based biosensors can be very versatile and easily 

extended to the detection of a wide range of targets using different probes.  
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 The advantages of MoS2 nanosheets based detection platform can be 

concluded as following: A) MoS2 nanosheet is a paper-like structure with a high 

surface-to-volume ratio, which provides numerous interaction sites to interact with 

abundant biomolecules at the same time, thus posing a great potential for MoS2 as 

biosensing platform. B) The flat plane of MoS2 nanosheets gains facility for the 

interaction with different kinds of biomolecules through many ways simultaneously, 

such as electrostatic interaction and the van der Waals force interaction. C) The super 

quenching ability of MoS2 nanosheets enhances the FRET efficiency between the 

fluorescent species and MoS2, guaranteeing a high signal-to-noise ratio for sensing 

application. D). Low cost. All of these advantages offer MoS2 a great perspective for 

the investigation of FRET based biosensor with high efficiency and sensitivity.  

 

Figure 9. Schematic illustration of the fluorometric DNA assay [37]. 

1.4.3 MoS2 nanosheets as quenchers in FRET biosensor for epithelial cell 

adhesion molecule (EpCAM) protein detection 

Inspired by previous works, our study presented a “turn-on” fluorescence 

biosensor based on aptamer/MoS2 nanosheets for rapid and sensitive detection of 
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epithelial cell adhesion molecule. The epithelial cell adhesion molecule as a 

membrane protein usually overexpressed on the surface of circulating tumor cells 

(CTCs) [63]. According to many studies, EpCAM protein has been found in most 

cancers, such as colorectal cancer [64], breast cancer [65], gallbladder cancer [66], 

pancreatic cancer [67] and liver cancer [68]. Thus, as a tumor-associated antigen, 

EpCAM protein has been most frequently and intensely studied for cancer prognosis, 

diagnosis, and therapy [63]. The most widely used EpCAM-based detection methods 

such as cytometry techniques, nucleic-acid based techniques (PCR) and a combined 

method of both are of high sensitivity and selectively [69-70]. However, these 

methods require a long time for analysis and much labor for experimental operation, 

which are not suitable for the development of point of care diagnosis [69-71]. 

Besides, the anti-EpCAM antibody has been widely used as the sensing probes for 

the majority of EpCAM-based diagnostic and therapeutic approaches due to the high 

selectivity. Nevertheless, antibody with large size and instability may fail to provide 

an objective clinical response [72-73]. Therefore, a small-sized aptamer with the 

merits of ease of synthesis, good stability, fast tissue penetration and low toxicity has 

raised a lot of attention [74].  

FRET is a powerful tool to measure the nano-scaled biomolecular interactions 

because it depends on the energy transfer between donor and acceptor within the 

distance of 10 nm. FRET based biosensor can offer a direct and rapid sensing 

platform with feasible quantification for various biomolecules interaction [75-76]. 

Previously, fluorescent dyes and proteins have been used as FRET pairs. Although 

they have high fluorescent intensity, they are limited by the photobleaching effect and 

environmental sensitivity. Some novel nanoparticles, such as semiconductor quantum 

dots (QDs) [77] and upconversion nanoparticles (UCNPs) [78], have been discovered 

as photo-stable fluorescence probes, while they are hampered by the high toxicity. In 



17 

 

this case, well-confined 0D graphene fragments, graphene quantum dots (GQDs), 

with high brightness, good photo-stability, and excellent biocompatibility, have been 

regarded as excellent FRET donors in biosensing detection [50, 79]. As mentioned in 

1.4.2, MoS2 nanosheets with 2D structure, high fluorescence quenching capability, 

and good biocompatibility have been used as nanoquenchers in FRET based 

biosensors. However, most DNA/aptamer-MoS2 based FRET assays used organic 

dyes as FRET donors. The usage of GQD and MoS2 as the FRET pair for protein 

detection has not been explored. 

Herein, a GQD-PEG-aptamer/MoS2 based FRET biosensor was developed for 

EpCAM protein detection. GQD with blue light emission under UV light excitation 

was used as FRET donor; MoS2 nanosheets with super quenching ability were used 

as FRET acceptors. The sensing mechanism of this GQD-MoS2 based FRET 

detection was depends on the binding affinity competition between aptamer and 

MoS2 or protein. The sensing platform remained at “off” status when GQD-PEG-

aptamer was attached to the surface of MoS2 nanosheets via the van der Waals force, 

leading to the fluorescence quenching of GQD by MoS2 nanosheets. The sensing 

platform was turned on when the EpCAM protein appeared because the specific 

interaction between aptamer and protein would detach GQD from the surface of 

MoS2 nanosheet, leading to the recovery of fluorescence signal. By monitoring the 

change of fluorescence signal, EpCAM protein can be detected sensitively and 

selectively.   

1.5 MoS2 based bioimaging  

The outstanding properties of MoS2 nanosheets include high absorbance in 

the NIR region, good thermal conductivity, excellent water solubility and 

biocompatibility, and excellent permeability and retention effect for 
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tumor/inflammation, making them be promising photoacoustic contrast agents in 

biomedical imaging [26, 33-34]. The high conversion efficiency from NIR light into 

heat further provides great potential for MoS2 in PA imaging-guided photothermal 

therapy and theranostics applications in many fields [33-34, 48, 80-81]. 

1.5.1 Photoacoustic imaging (PAI)  

The photoacoustic effect was firstly reported by Alexander Graham Bell over 

several hundred years ago [82]. He tried to use light in the transmission of speech, 

which was named as photophone [83]. After a century, Bowen discovered the value 

of photoacoustic effect in the application of biomedical imaging [84]. He realized the 

radiation-induced 1D depth-resolved imaging did not have the intended lateral 

resolution. Subsequently, with the evolution of ultrasonic detection, 2D [85] and 3D 

[86] photoacoustic imaging (PAI) brought into being in succession. The idea of PAI 

firstly involves the absorption of a short laser pulse by tissue, creating a rapidly local 

temperature rise. The reason is that the absorbed optical energy is converted into heat 

through non-radiative relaxation of excited molecules, which is different from that in 

one-photon microscopy and two-photon microscopy (Figure 10a). Then, the heat-

induced elastic expansion of tissue components appears, leading to the generation of 

acoustic emission. Last, an ultrasonic array is used to detect the emitted acoustic 

waves and reconstruct the absorbed optical energy density to form the PA imaging. 

The whole process is shown in Figure 10b [87].  

As a new non-invasive imaging modality, PAI technique arouses great 

attention because it combines the high resolution and penetration depth of ultrasound 

imaging with the high contrast and good specificity of optical imaging. It is reported 

that the acoustic waves are scattered far less than photons in tissue. therefore, 

photoacoustic signals can be detected at depths father than traditional optical imaging 
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techniques, with depths up to 7 cm in living subjects [88]. The intensity of the optical 

contrast of PA imaging depends on the optical-to-thermoacoustic conversion 

efficiency of the optical absorber. When the absorbing target has high NIR light 

absorbance and effective thermal conversion, intense thermoelastic expansion and 

photoacoustic wave can be generated under pulsed light irradiation, resulting in a 

successful reconstruction of sensitive PA images. However, due to the low 

photothermal conversion efficiency in biological samples, the sensitivity of PA 

imaging signal is always lower than the sensitivity of optical imaging. Therefore, 

there remains high interest to develop exogenous contrast agents in the NIR region to 

amplify PA imaging signal in life sciences. 

 

Figure 10. Principles of photoacoustic tomography (PAT) (a) photon energy transfer 

in one-photon fluorescence microscopy, two-photon fluorescence microscopy, and 

PAT. (b) Imaging principle of PAT [87]. 
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1.5.2 PAI contrast agents 

The PA contrast agents can be divided into two types, one is the endogenous 

contrast agents, and the other is the exogenous contrast agents. Endogenous contrast 

agents can be classified into two categories based on the primary absorbance range. 

For example, DNA/RNA [89], cytochrome c [90] and bilirubin [91] are of primary 

absorbing wavelength in the ultraviolet (180-400 nm) region. Myoglobin [92], 

hemoglobin [93] and melanin [94] have the dominant absorbance in the visible 

region (400-700 nm). Lipid [95] and water [96] exhibit the high absorption in the 

NIR region (700-1400 nm) (Figure 11). Among them, hemoglobin is the most 

commonly used endogenous contrast agent, which can sensitively image the blood 

vessels in vivo. The advantages of endogenous contrast agents are obvious that they 

are biocompatible, non-toxic and naturally located in the tissue. However, this also 

means that the maximum detection sensitivity caused by endogenous contrast agents 

cannot be specifically manipulated or modified. Furthermore, when measuring the 

photoacoustic signal of different tissues, the sensitivity of the PA imaging may be 

limited by the background interference generated from endogenous contrast agents 

due to the complex in vivo environment. Thus, nanoparticle-based exogenous 

contrast agents are always required for additional contrast in the NIR region. 
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Figure 11. Absorption spectra of major endogenous contrast agents in biological 

tissue at normal concentrations. 

Up to now, various nanoparticle-based exogenous contrast agents have been 

studied due to their super optical properties and ease of bio-functionalization, such as 

dye-containing nanoparticles (ICG) [97] and gold nanostructures (gold nanorods [98], 

nanoshells [99] and nanocages [100]). Most of these exogenous contrast agents have 

high absorbance spectra in red and NIR regions, which not only avoids background 

signal from hemoglobin or water but also facilitates the penetration depth. The dye-

containing nanoparticles with an average size smaller than 2 nm have the advantages 

of good tissue penetration and bio-distribution, fast clearance, and low toxicity, but 

they are limited by the poor photo-stability and solubility, easy of aggregation and 

short circulation time in living body. Gold nanostructures (~10-200 nm) with high 

biochemical/physical flexibility and high surface-to-volume ratio can carry 
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substantial biomolecules, functioning as target ligands or drug releasing reservoirs. 

Among all the gold nanostructures, gold nanorods (AuNR) are extraordinary due to 

their easy of synthesis, tunable absorbance spectrum and high absorption cross-

section in the NIR region. However, the high cytotoxicity and the poor photostability 

of AuNR are not negligible. The cytotoxicity of AuNR results from free 

cetyltrimethylammonium bromide (CTAB), which is a surfactant widely utilized in 

the AuNR preparation [101]. According to Alkilany et al. [102], overcoating CTAB-

capped AuNR with polymers, such as polyacrylic acid (PAA) and polyelectrolyte 

poly(allylamine) hydrochloride (PAH), was an efficient way to reduce the cytotoxicity. 

The poor photothermal stability of AuNR was related to the high thermal sensitivity 

of itself. Upon absorption of NIR light, the generated heat could melt or even reshape 

AuNR, leading to the loss of NIR-surface Plasmon resonance (SPR) properties, thus 

resulted in the decrease of PA signal intensity [103]. In this case, some material 

surface coating techniques had been applied to improve the photostability of AuNR, 

such as coating with silica [104], graphene oxide (GO) [105] and reduced graphene 

oxide (rGO) [106]. These protective layers with effective interfacial thermal 

conductivity can not only enhance the photostability but also improve the 

photoacoustic performance of AuNR [106].  Because the higher thermal conductivity 

will lead to the faster heat transportation from the surface of AuNR to the 

environment, which is critical to maintain the shape and optical stability of AuNR 

and also enhance the photoacoustic amplitude of AuNR [107]. Except for the high 

thermal conductivity, graphene-based nanomaterial, especially rGO, has high NIR 

absorbance that can improve light conversion efficiency of AuNR, leading to further 

enhancement of photoacoustic intensity. The coating shells are more desired to 

induce the enhancement of intrinsic optical property of AuNR. On the other hand, as 

both silica and graphene-based materials are very biocompatible, the toxicity of 
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AuNR can be largely reduced after surface coating. However, there remain some 

limitations to these surface-coating materials. For instance, since silica and GO are of 

low NIR absorption, the enhancement of PA amplitude of silica/GO coated AuNR is 

less competitive when compared with that of rGO modified AuNR. Although AuNR 

equips both high interfacial thermal conductivity and high NIR absorbance properties 

when using rGO as coating layer [106], the hydrophobic surface of rGO caused by 

the lack of oxygen groups could hamper the application of rGO coated AuNR in the 

aqueous biological field. Considering the request of sensitive PA imaging is still 

ongoing, the development of universally exogenous PA contrast agents with high PA 

efficiency, less toxicity, good photostability and good biocompatibility remains to be 

a great challenge. 

1.5.3 Amplified photoacoustic performance and enhanced photothermal 

stability of MoS2 coated AuNR for sensitive PAI  

1.5.3.1 MoS2 as PA contrast agent in PAI 

Single-layer MoS2 nanosheets with high NIR absorbance have been regarded 

as potential photoacoustic (PA) contrast agents in biomedical imaging [26, 33-34]. 

For example, Chen et al. [26] successfully prepared and used a single-layered MoS2 

as a contrast agent for sensitive PA imaging of brain tumors in both subcutaneous and 

orthotopic mouse models. They claimed that the single-layered MoS2 exhibited 

significantly amplified PA effect compared to few-layered MoS2 (F-MoS2) and multi-

layered MoS2 (M-MoS2) in vitro and in vivo. In vitro (Figure 12), S-MoS2 has the 

strongest PA amplitude with the peak at 675 nm, while F-MoS2 and M-MoS2 have 

much lower PA amplitudes with no apparent peak. In vivo, the PA performance of S-

MoS2, F-MoS2, and M-MoS2 were investigated by subcutaneous injection into the 

back of living mice after mixing with Matrigel matrix (v/v = 1:1). Only matrigel was 
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used as the control group. Figure 13 shows the obtained PA images in vivo (a) and 

their corresponding quantitative intensity (b). The results indicated that the control 

group had a negligible PA signal, while F-MoS2 and M-MoS2 treated groups 

displayed much higher contrast signal due to the existence of MoS2. S-MoS2 treated 

group produced the strongest PA image, which was 2.9- and 7.1-fold higher than that 

of F-MoS2- and M-MoS2-treated group, respectively. The reason for this amplified 

PA signal of S-MoS2 should be the increased NIR absorption properties and great 

elastic properties after exfoliation form the bulk materials.  

 

Figure 12. PA spectra of S-MoS2, F-MoS2, and M-MoS2 [26]. 
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Figure 13. (a) PA images of S-MoS2, F-MoS2, and M-MoS2 in subcutaneous tissue of 

mice and (b) their quantitative results. 1: Control group, 2: M-MoS2 treated group, 3: 

F-MoS2 treated group, 4: S-MoS2 treated group. The dotted circles in (a) showed the 

injection sites and the PA signals of MoS2 nanosheets [26]. 

1.5.3.2 MoS2 coated AuNR as PA contrast agent in PAI 

However, due to the lack of absorbance peak in NIR region, the photoacoustic 

signal generated from single-layered MoS2 is relatively less specific, which is hard to 

distinguish from endogenous contrast agents (hemoglobin, water, and lipid). So gold 

nanorod with strong and tunable absorbance peak in NIR region remains to be an 

appropriate choice even though the toxicity and poor photostability of AuNR are not 

negligible [101-103]. As mentioned in section 1.5.2, the surface coating techniques 

can reduce the toxicity, enhance the photostability, and improve photoacoustic 

performance of AuNR [104-106]. When using rGO as the coating layer, AuNR shows 

the best PA performance as compared with using PEG, silica, and graphene oxide as 

the coating material. Unfortunately, the hydrophobic surface of rGO requires further 

surface modification to adapt to the aqueous bio-environment [108]. Thus, 

hydrophilic MoS2 with the structural and optical property similarity to rGO is an up-

and-coming candidate as the coating shell of AuNR. Additionally, MoS2 layers are of 

high NIR absorbance, good interfacial thermal conductivity, and excellent 

biocompatibility. We hypothesized that the coating layer of MoS2 could contribute to 

both the photoacoustic amplitude amplification and photostability and 

biocompatibility improvement of AuNR.  

To address this hypothesis, we reported a novel hybrid nanomaterial 

composed of molybdenum disulfide (MoS2) and gold nanorods (AuNPs) and 

investigated its PA performance both in vivo and in vitro. The MoS2-AuNR 
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nanosystem was synthesized through simply electrostatic interaction. The obtained 

MoS2-AuNR showed significantly higher photoacoustic imaging signal and excellent 

photothermal stability as compared with that of bare AuNR. We supposed the 

amplified PA performance of AuNR resulted from the existence of MoS2 layer, which 

was of high NIR absorbance and the good thermal conductivity [109]. The high NIR 

absorbance of MoS2 can increase the light absorbing property of AuNR, leading to 

high optical-to-acoustic conversion efficiency. The good thermal conductivity of 

MoS2 can reduce the interfacial resistance between AuNR and water, increasing the 

speed of heat transfer process. That is to say, the higher optical-to-acoustic 

conversion efficiency and faster interfacial thermal transfer process could lead to 

sharper temperature profile with the corresponding amplified PA signal for MoS2-

AuNR. Moreover, compared with AuNR, MoS2-AuNR displayed much lower 

cytotoxicity due to the biocompatibility of MoS2 layer, and it can be easily 

internalized by cells. The biodistribution study revealed that MoS2-AuNR mainly 

accumulated in liver and spleen after intravenous injection. No obvious organ 

damage or inflammation was observed for MoS2-AuNR treated mice through 

histological evaluation. However, to the best of our knowledge, this is the first study 

that shows MoS2 coated AuNR acted as an excellent contrast agent for photoacoustic 

imaging and potential PA image-guided photothermal therapy. 

1.5.3.3 MoS2 coated AuNR as photothermal agent in photothermal therapy 

(PTT) 

Phototherapy is a non-invasive therapeutic technique using near infrared (NIR) 

light. The most commonly used phototherapy method is the photothermal therapy 

(PTT) [110-112]. PTT process includes light of a selected wavelength that is 

absorbed by the PTT reagent and subsequent energy dissipation through the non-
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radiative decay, which can induce a temperature increase in the local environment, 

and thus the rapid heating will result in tissue ablation. PTT agents should have high 

adsorption property in the near infrared (NIR) region including the first NIR window 

(650-900 nm) and the second NIR window (1000-1350 nm). It means that deep 

penetration and efficient photothermal heating can be realized in in vivo application 

due to the transparency and low adsorption rate of biological tissues in NIR window 

[113-114]. The widely used PTT agents include gold nanoparticles (nanorods [115], 

nanocages [116], nanostars [117]) and graphene derivatives (GO [118], rGO [119]). 

Among all the gold nanostructures, gold nanorods (AuNRs) with high light-to-heat 

conversion efficiency upon NIR irradiation have been widely used as PTT agents. 

However, as AuNRs are of non-equilibrium morphologies, they tend to evolve into 

spheres under heating because of the poor photothermal stability. Graphene 

derivatives cannot possess high NIR absorbance and excellent hydrophilicity at the 

same time due to the influence of oxygenation degree. Therefore, more efforts are 

still required for obtaining a PTT agent with both good photothermal stability and 

biocompatibility. Nowadays, the most common and effective way to improve the 

photostability and biocompatibility of AuNR is coating biocompatible shell. As 

mentioned before, scientists have found that many materials can be used as the 

coating layers, such as PEG, silica, graphene oxide, and reduced graphene oxide. 

They can improve the photostability, reduced the toxicity and enhance the 

photoacoustic performance of AuNR. However, there remains some limitations of 

these coating materials. For example, PEG, silica, and graphene oxide can protect the 

morphology and optical stability of AuNR without an imaging function. Although the 

layer of reduce graphene oxide can enhance the intrinsic optical property of AuNR, it 

is not suitable for complex bio-environments due to the lack of hydrophilicity. 

Therefore, MoS2 tends to be the best candidate for the coating layers due to the 
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possession of high NIR absorbance properties, good thermal conductivity, and 

hydrophilicity. Moreover, according to Chou et al., chemically exfoliated MoS2 

possessed desirable traits that could be used as an alternative material in the 

photothermal therapy [35]. MoS2 displayed a high extinction coefficient at 800 nm of 

29.2 Lg-1cm-1, which was higher than that of AuNR and comparable to that of rGO. 

Thus, the shell of MoS2 nanosheets can enhance the photostability, photothermal 

property, and biocompatibility of AuNR at the same time.  

1.5.4 Anti-nerve growth factor conjugated MoS2-AuNR as a PA 

contrast/photothermal agent for pain imaging and medication in osteoarthritis 

(OA) 

1.5.4.1 Osteoarthritis (OA) 

Osteoarthritis (OA) is a common type of arthritis that progresses slowly and 

affects people around the world. It usually occurs when the cartilage between bones 

begins to decompose and the joint-space starts to narrow, accompanied by synovial 

effusion and enhanced blood vessel growth (Figure 14) [120]. The symptoms of OA 

include severe pain, stiffness, swelling, and even disability in different joins, such as 

knees, hips, lower back and neck, and small joints of the fingers. People with OA 

may find it is painful to perform some ordinary movements, like walking, climbing 

stairs and holding objects. This can dramatically hinder the daily life in many aspects. 

According to the centers for disease control and prevention (CDC), approximately 30 

million Americans affect with OA, especially those over the age of 65, but the 

incidence of this disease incidence shows a younger trend in recent years [121]. Apart 

from the age, OA development has several common risk factors, including gender, 

injuries, occupational activities and obesity [122]. In general, OA is regarded to be 
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the result of the “wear and tear” effect. The more usage of joints the higher risk of 

injuries, thus contributing to the higher possibility of OA development. 

 

Figure 14. Schematic of Healthy knee joint and Osteoarthritis knee joint. 

1.5.4.2 Photoacoustic imaging of osteoarthritis (OA) 

To diagnose OA, doctors usually combine specific physical assessments with 

various imaging scans, including X-ray radiography [123], computed tomography 

(CT) [124-126], magnetic resonance imaging (MRI) [125-127], and ultrasonography 

[128-129]. The radiograph is the most readily accessible tool for OA joint evaluation, 

but due to the lack of ability to image soft tissue (cartilage), it does not reflect joint 

changes until the late stages of the disease. High-resolution computed tomography 

(CT) shares the same weakness as radiography (less detailed in cartilage) and they all 

involve radiation exposure that is harmful to patients. However, observing cartilage 

degeneration is essential for the diagnosis of early OA [130].  MR imaging is more 

sensitive and safer than radiograph and CT to detect the changes in cartilage 

morphology and synovial fluid, but MRI is routinely expensive to use and requires 

long data acquisition times [131]. Ultrasonography is also a safe and cost-effective 

method for assessing of soft tissue and superficial bone lesions, but accurate 
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ultrasound imaging needs considerable observer training, which hampers their 

general developments [129]. In this case, all of these imaging techniques are used as 

complementary methods in OA diagnosis. There remains an urgent need to develop a 

safe, accurate and cost-efficient diagnosis tool for sensitively imaging OA at the early 

stage. 

Because the intrinsic optical contrast is sensitive to tissue abnormalities and 

function, optical imaging modality is highly desirable for early diagnosis and 

subsequent therapeutic interventions of the inflammatory joints [132-133]. According 

to Eysel et al., they demonstrated that near-infrared spectroscopy can be used as an 

effective method for early detection and monitoring of inflammatory arthritis [132]. 

However, the light scattering is unavoidable in biological tissues. Although NIR light 

can alleviate the scattering, the penetration depth is still limited by the spatial 

resolution of no more than 5 mm [134]. To address this problem, photoacoustic 

imaging has attracted a lot of attention because it combines the optical excitation and 

ultrasonic detection. PAI can provide greater penetration depth and high spatial 

resolution, which is considered a promising way to sensitively visualize OA at an 

early stage. Because the photoacoustic wave is sensitive to changes in biomolecules, 

such as deoxy- and oxy-hemoglobin. When inflammatory arthritis occurs, the 

abnormal oxygenation state caused by hyper-vascularization can be easily detected by 

photoacoustic tomography, resulting in an effective early diagnosis of OA. The 

ability of PAI to assess OA angiogenesis is striking because angiogenesis is usually 

associated with inflammatory arthritis at the very early stage [120]. Although MRI 

and ultrasonography are currently the gold standard clinical imaging modalities for 

OA, they lack angiogenesis assessment [125-129]. In addition, the spatial resolution 

of the photoacoustic image is determined by the transducer’s detection frequency and 

numerical aperture, rather than optical focusing, so the penetration depth reported in 
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the living structure can reach 7 cm [88]. Based on these merits, PAI provides an 

alternative imaging modality for early diagnose of OA and shows a great potential for 

accelerating the progression of OA drug therapy. 

1.5.4.3 Nerve growth factor related pain in osteoarthritis (OA) 

Since modern science and technology have not shown a treatment that can 

restrict or reverse the progression of OA, the main treatments focus on pain relief and 

maintenance of joint function. For more than a century, analgesics and nonsteroidal 

anti-inflammatory drugs (NSAIDs) have been widely used to help patients withstand 

OA pain. However, prolonged used of analgesics and NASAIDs may cause severe 

side effects, including toxicity to renal, cardiac, or gastrointestinal conditions [135]. 

Since pain relief is a significant solution for OA patients, a thorough understanding 

of the pathophysiology of OA pain is needed.  

Nerve growth factor (NGF) is a neurotrophic factor that is involved in the 

regulation of growth maintenance, proliferation, and survival of certain target 

neurons [136]. In 1960, Levi-Montalcini and Angeletti found a significant increase in 

NGF levels in granuloma tissue induced by carrageenan [137]. This is the first 

evidence of NGF levels associated with inflammatory processes. In the past decades, 

scientists had demonstrated that inflammation induced NGF overexpression could 

stimulate osteochondral angiogenesis and sensory nerve growth in vascular channels, 

which was believed as the source of pain in OA [138-139]. In another words, NGF 

levels are a key factor in the development of chronic pain in OA. Inhibition of NGF 

is, therefore, a charming strategy for pain palliation. Generally, anti-NGF antibodies 

with high specificity and affinity are developed to interrupt the binding between NGF 

and its cognate receptor (TrkA) to block the biological activity of NGF, leading to the 

modulating effects on pain signaling [165].  The most widely used trial of anti-NGF 
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therapy for OA pain is tanezumab, which was published in 2010 and revealed 

dramatic pain relief in many study subjects [140]. Although the effect of pain relief is 

outstanding, there exists a risk of accelerating joint damage after tanezumab 

treatment [141]. Thus, vigorous efforts are still required to develop a cost-

effectiveness anti-NGF therapy to release pain in OA.  

1.5.4.4 Anti-nerve growth factor conjugated MoS2-AuNR in visualizing/ 

releasing the pain in osteoarthritis (OA) 

One of the biggest challenges in effective OA theranostics is to positively 

target the disease. With the development of nanotechnology, the bio-functional 

nanomaterial systems have become a prospective strategy for OA theranostics. The 

primary merit of bio-functionalized nanoparticles is their ability to attach and bind to 

the specific component, which makes it possible to realize the targeted theranostics 

effect. For instance, gold nanostructures based nanosystem has been widely used as 

the drug carriers for OA theranostics due to their facile surface medication [142, 164]. 

Besides, many studies have proved that gold is an anti-inflammatory agent for 

osteoarthritis due to their antiangiogenic effect [143] and antioxidant property [144]. 

Moe’s group demonstrated the anti-inflammatory effect of gold-bead implantation for 

dogs with hip joint osteoarthritis [145]. The gold-bead can prevent an exaggerated 

inflammatory reaction by sequestering the surrounding tissue. Then, they conducted a 

two-year follow-up study to reveal the pain-relieving effect of the gold-bead 

implantation in dogs [146]. The pain releasing effect was assessed by rotation, 

flexion, and extension of the affected hip. The results showed a positive and long-

term palliative effect of the pain in dogs with OA using gold-bead implantation. 

However, a part of the study was non-blinded, which might lead to the over-

estimation of the treatment effect. In addition, this pain releasing impact of gold 
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implantation was non-targeted and very slow that might not desirable for clinic use. 

In this case, effective pain relief with the targeting effect remains to be a big 

challenge in OA treatment.  

Except for ease of modification and anti-inflammation properties, gold 

nanorod (AuNR), as one of the gold nanostructures, has unique optical properties in 

the NIR region. They can be utilized as both contrast agents for photoacoustic 

imaging and photothermal probes for photothermal therapy (as described in section 

1.5.2 and section 1.5.3.3). The instinct properties of AuNR make them be a 

promising theranostics agent for the treatment of OA. Moreover, as mentioned in 

section 1.5.4.3, anti-NGF treatment is the most promising way to release the pain in 

OA. Thus, we designed a novel hybrid nanomaterial with anti-nerve growth factor as 

a targeting agent and MoS2-AuNR as the PA contrast/photothermal agent to visualize 

and treat the pain of OA with PAI and PTT respectively. Generally, anti-NGF 

antibody conjugated MoS2-AuNR can selectively bind to overexpressed NGF in the 

inflammatory OA knee due to the binding affinity of antigen-antibody. MoS2-AuNR 

with excellent photoacoustic performance and the photothermal property can realize 

the pain imaging and medication of OA through PAI and PTT.  

In detail, mice with OA was established through destabilized medical 

meniscus (DMM) surgical model. After intravenous injection, anti-NGF antibody 

conjugated MoS2-AuNR would accumulate in OA knee joint, serving as a high 

contrast agent to sensitively visualize the pain of OA in living mice. Then an 808 nm 

laser was employed for targeted infrared thermal imaging and photothermal therapy 

of OA knee. The heat generated by laser irradiation might destroy the activity of NGF 

so as to realize the relief of OA pain and to reach therapeutic effects. Thereafter, the 

therapeutic effect of the OA mice was evaluated by the behavioral pain sensitivity in 

response to mechanical stimuli and the motor coordination using monofilaments test 
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and rotarod performance test respectively. Compared with post-DMM surgery, the 

pain behavior of the mice was significantly improved 6 h / 24 h after injection of 

anti-NGF Ab-MoS2-AuNR and NIR laser treatment. Moreover, the accumulation of 

anti-NGF Ab-MoS2-AuNR in OA knee and major organs (e.g., liver and spleen) was 

testified by biodistribution study at different time points. No apparent organ damage 

or inflammation was observed for anti-NGF Ab-MoS2-AuNR treated mice through 

histological evaluation. Therefore, our anti-NGF Ab-MoS2-AuNR nanocomplex 

acted as an excellent PA contrast/photothermal agent was successfully developed for 

pain imaging and therapy of OA in our study.   

1.6 Objectives of the study 

Specific objectives of part I include:  

1. To design and fabricate MoS2 nanosheets based fluorescence resonance 

energy transfer (FRET) biosensor for epithelial cell adhesion molecule 

(EpCAM) detection.  

2. To investigate the fluorescence quenching ability of MoS2 nanosheets.  

3. To explore the sensitivity, specificity, and detection of limit of this FRET 

biosensor for specific EpCAM detection 

Specific objectives of part II include: 

1. To fabricate MoS2 nanosheets coated gold nanorods with enhanced 

photoacoustic amplitude and photostability for sensitive photoacoustic 

imaging both in vivo and in vitro.  

2. To investigate the photothermal property and toxicity of MoS2-AuNR. 

3. To explore the biodistribution of MoS2-AuNR in living mice and their 

potential application for in-vivo PA imaging in biological fields.  

Specific objectives of part III include:  
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1. To conjugate nerve growth factor onto MoS2 coated AuNR (MoS2-AuNR) for 

targeted pain imaging and therapy of osteoarthritis (OA). 

2. To obtain sensitive PA imaging for visualization of the pain and to realize 

effective pain medication by photothermal therapy in a mice model of knee 

osteoarthritis. 

3. To evaluate behavioral pain sensitivity in response to mechanical stimuli and 

the balance, grip strength and motor coordination of the living mice before 

and after nanoprobe based photo-thermal therapy. 
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Chapter 2 Methodology 

2.1 A fluorescence turn-on biosensor based on graphene quantum dots (GQDs) 

and molybdenum disulfide (MoS2) nanosheets for epithelial cell adhesion 

molecule (EpCAM) detection 

2.1.1 Materials  

Carboxylated graphene quantum dot (GQD-COOH) solution was obtained 

from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, Jiangsu, China). 

Molybdenum disulfide (MoS2) nanosheets were purchased from Nanjing Mknano 

Science and Technology Co., Ltd. (Nanjing, Jiangsu, China). Amine-PEG-Amine 

(MW 2,000) was bought from Laysan Bio, Inc. (Arab, Al, USA). 1-Ethyl-3-(3-

dimethyl-aminopropyl) carbodiimide (EDC) and N-hydroxysulfosuccinimide (sulfo-

NHS) were purchased from Sigma Aldrich (St. Louis, Mo, USA). All of these 

chemicals were used as received without further purification. Aptamer was obtained 

from Integrated DNA Technologies (IDT) Inc. (Coralville, IA, US). A 48-base 

hairpin-structured aptamer modified with carboxyl group was used as the probe (5′-

/5carboxy1/-CAC TAC AGA GGT TGC GTC TGT CCC ACG TTG TCA TGG 

GGG GTT GGC CTG-3’) [89]. EpCAM recombinant human protein (hIgG1-Fc Ta) 

purchased from Sino biological Inc. (North Wales, PA, USA) was used as EpCAM-

positive protein target. All the aptamer and protein were dissolved in ultrapure water 

to prepare stock solution. 

2.1.2 Synthesis of PEGylated GQDs 

Generally, carboxylated graphene quantum dot (GQD-COOH) solution (1 mg/mL, 1 

mL) were mixed with 1-Ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC, 2.4 

mg) and N-hydroxysulfosuccinimide (sulfo-NHS, 3.6 mg) and stirred for 15 min. 

http://laysanbio.com/index.php?src=directory&view=products&submenu=Products&category=NH2-2K&query=category.eq.NH2-2K&refno=757&srctype=products_detail
http://laysanbio.com/index.php?src=directory&view=products&submenu=Products&category=NH2-2K&query=category.eq.NH2-2K&refno=757&srctype=products_detail
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After the activation of GQD-COOH, 10% NH2-PEG-NH2 was added into the mixture. 

 Then, the solution was incubated overnight at room temperature. After that, 

ultrafiltration (Amicon Ultra-0.5, 3KD, Millipore) was used to purify and concentrate 

the PEGylated GQDs solution. The obtained PEGylated GQDs solution was stored at 

4 °C for further use. 

2.1.3 Synthesis of aptamer conjugated PEGylated GQDs 

 The PEGylated GQDs with amine functionalization were further covalently 

conjugated with carboxyl modified aptamer through EDC/NHS method. Firstly, the 

carboxyl modified aptamer was activated by EDC/NHS solution for 15 min. Then, 

amine functionalized GQDs-PEG solution was added to the activated aptamer with 

final concentration of 1.95 µM. After incubation and shaking overnight at room 

temperature, the GQD-PEG-aptamer was obtained. Last, the final product of GQD-

PEG-aptamer was purified and concentrated by the ultrafiltration (Amicon Ultra-0.5, 

3KD, Millipore).  

2.1.4 FRET of GQD-PEG-aptamer/MoS2 nanocomplex and EpCAM protein 

detection 

The Edinburgh FLSP920 spectrophotometer equipped with a 450 W steady-

state xenon lamp was used to record the fluorescence spectra of FRET quenching 

efficiency and EpCAM protein detection at room temperature. Initially, MoS2 

nanosheets (50 µL) against a series of final concentrations ranging from 10 µg/mL to 

400 µg/mL was mixed with 50 µL of GQD-PEG-aptamer. After 20 min incubation, 

the emission spectra of the samples were measured under excitation of 360 nm. Next, 

an increasing concentration of target protein (3 nM, 9 nM, 18 nM, 36 nM, 53 nM) 

was added into the GQD-PEG-aptamer/MoS2 nanocomplex. The fluorescence signal 

was then measured after 2 h incubation at 37 °C in the dark. The fluorescence signal 
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of the sample after addition of the same volume of PBS was conducted as the control 

group. All the fluorescence spectra were recorded under the same condition.  

2.1.5 Characterization  

The morphology and size of GQDs, GQD-PEG, and MoS2 nanosheets were 

characterized using a JEOL-2100F transmission electron microscopy (TEM) 

equipped with an Oxford Instrument EDS system, operating at 200 kV. The 

absorption spectra of GQDs, GQD-PEG, MoS2 nanosheets were characterized by a 

UV–vis spectrophotometer (Ultrospec 2100 pro). The Zeta potential and size 

distribution of MoS2 nanosheets were determined at neutral pH environment with a 

Zetasizer Nano Z system from Malvern Instruments Ltd.  

2.2 Amplified photoacoustic performance of molybdenum disulfide (MoS2) 

nanosheets coated gold nanorods (AuNR) for sensitive photoacoustic imaging 

2.2.1 Materials  

Molybdenum disulfide (MoS2) nanosheets were purchased from Nanjing 

Mknano Science and Technology Co., Ltd. (Nanjing, Jiangsu, China). Gold nanorods 

were purchased from NanoSeedz Ltd. (Hong Kong, China). MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide), DMEM, penicillin-

streptomycin solution, fetal bovine serum (FBS), trypsin-EDTA solution, and 

phosphate buffer saline (PBS) were purchased from Thermal Fisher Scientific (HK) 

Ltd. (Hong Kong, China). 10% formalin (approx. 4% formaldehyde) was purchased 

from Sigma-Aldrich. Nitric acid trace metal grade was purchased from Anaoua 

Chemicals Supply (Cleveland OH 44143, USA). All aqueous solutions were prepared 

with DI water (resistivity of 18.2 MΩ·cm) or PBS.   
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2.2.2 Characterizations  

The morphology and size of MoS2, AuNR, and MoS2-AuNR were 

characterized by a JEOL-2100F transmission electron microscopy (TEM) equipped 

with an Oxford Instrument EDS system, operating at 200 kV. The absorbance spectra 

of MoS2, AuNR, and MoS2-AuNR were characterized by a UV–vis 

spectrophotometer (Ultrospec 2100 pro, USA). The Zeta potential and size 

distribution of MoS2, AuNR and MoS2-AuNR were determined at neutral pH 

environment with a Zetasizer Nano Z system (Malvern Instruments Ltd., England). 

X-ray diffraction (XRD) patterns of MoS2, AuNR, and as-prepared MoS2-AuNR 

were recorded using a Rigaku smart lab (Rigaku 9 Kw, Japan) with Cu Kα radiation 

(λ=1.5406 Å). Raman spectra of AuNR and MoS2-AuNR were measured by a Horiba 

Jobin-Yvon Raman system (LabRam HR800, Japan) equipped with a 488 nm laser 

excitation source. The photothermal properties of MoS2, AuNR, and MoS2-AuNR 

were characterized by FC-W-808 nm laser (CNI Optoelectronics Tech. Co., Ltd., 

China). The thermal images of MoS2, AuNR, and MoS2-AuNR were taken by a FLIR 

C2 thermal imaging camera (FLIR Systems, Inc., Sweden). The cellular uptake of 

AuNR and MoS2-AuNR was demonstrated by a multiphoton laser-scanning 

microscope (Leica TCS SP8 MP Multiphoton Microscope, Nikon, Japan) and a 

biological transmission electron microscope equipped with TENGRA 2.3K X 2.3K 

camera (Philips CM100, Eindhoven, The Netherlands). The biodistribution of MoS2-

AuNRs in vivo was measured by inductively coupled plasma mass spectrometry ICP-

MS (Agilent 7500ce, Octopole reaction system, US). All the PA images and spectra 

(from 680 nm to 970 nm) were conducted with an ultrasound micro-imaging system 

(Vevo 2100 LAZR system, FUJIFILM VisualSonics, Inc., US) both in vitro and in 

vivo. 
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2.2.3 Preparation of MoS2 modified AuNR 

To obtain small-sized MoS2 nanosheets, the MoS2 solution (2 mg/mL) was 

firstly sonicated for 4h in an ice bath and then centrifuged at 8000 rpm for 15 min. 

The obtained supernatant was filtered through a 0.22 µm microporous membrane and 

stored at 4 °C for further use. To prepare MoS2 modified AuNR, electrostatic 

interaction between positively charged AuNRs and negatively charged MoS2 were 

utilized. AuNR solution (600 µg/ml) was slowly added into MoS2 solution (1:1, v/v) 

with gentle stirring. After incubation overnight at room temperature, the sample was 

centrifuged at 6000 rpm for 15 min to remove the unbounded MoS2 nanosheets from 

the MoS2 coated AuNRs. The precipitate was re-dispersed in DI water and stored at 

4 °C for further use.   

2.2.4 Measurement of photothermal effect  

To study the concentration- and time-dependent photothermal effect, MoS2-

AuNRs at different concentrations (10, 25, 50, 100 and 200 µg mL-1, 200 µL) were 

suspended in centrifuge tubes and irradiated by an 808 nm laser at an output power of 

0.2 W cm-2 for 10 min, respectively. During the irradiation, the temperature of the 

solutions was recorded every 100 seconds and the IR thermographs were collected at 

the end (600 s) using a FLIR C2 infrared camera, respectively. In the same manner, 

the time-dependent photothermal properties of AuNR and MoS2 (at the same 

concentration of 200 µg mL-1) were studied under 808 nm laser (0.2 W cm-2, 10 min), 

respectively. The power density- and time-dependent photothermal properties of 

MoS2-AuNRs (200 µg mL-1) were investigated with different power ranging from 

0.02 to 0.2 W cm-2. 
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2.2.5 Cell line and animals 

Human breast carcinoma MCF-7 cells were purchased from American Type 

Culture Collection (ATCC, USA), and cultured in DMEM media containing 10% 

FBS and 1% penicillin-streptomycin solution at 37°C with 5% CO2, and 80% 

humidity. 

Female Balb/c mice (10-12 weeks) were provided by Centralized Animal 

Facilities (CAF) of the Hong Kong Polytechnic University (n = 30). All the animals 

were kept under controlled conditions at a temperature of 25°C. The use of animals 

in this study was conducted according to the requirements of the Cap. 340 animal 

(control of experiments) ordinance and regulations in Hong Kong. All the 

experimental procedures were approved by animal subject’s ethics sub-committee 

(ASESC). 

2.2.6 In vitro evaluation of MoS2 photoacoustic performance 

Agarose tissue-mimicking phantoms with five inclusions containing agarose 

mixed with MoS2-AuNR or AuNR at different concentrations were used in PA 

imaging studies, respectively. As shown in Figure 15a, the phantom was fabricated 

by a two-step method using a 3D printing mold with a pattern of five transverse bar 

aligned horizontally. In the first step, agarose powder was slowly dissolved in saline 

with gentle stirring at room temperature (10 % w/v agarose/saline). After forming a 

translucent solution, agarose hydrate was heated in a microwave oven for 60 s and 

then stirred until the solution turned entirely transparent. Then, the agarose solution 

at ~60 °C was poured into the 3D printing mold and cooled down in a fridge at 4 °C 

for five minutes. When the agarose gel is solidified, the phantom with five grooves 

was gently peeled off from the mold. In the second step, MoS2-AuNR at different 

final concentrations (50 to 400 µg/mL) were fully mixed with agarose solution 
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(60 °C) and orderly injected into the grooves of the phantom. Agarose mixed with 

saline was used as the control group. The phantom containing AuNR at different 

concentrations was prepared in the same manner. MoS2-AuNR and AuNR were at 

equivalent au concentrations. Before imaging, all the phantoms were stored in the 

fridge at 4°C. 

The photoacoustic imaging setup are shown in Figure 15b. Both ultrasound 

and photoacoustic signals was detected by an ultrasound micro-imaging system 

(Vevo 2100, VisualSonics, Inc.). A one-dimensional positioning stage was used to 

adjust the position of a leaner array ultrasound transducer with a center frequency of 

21 MHz (LZ250, VisualSonics, Inc.). The fabricated phantoms were fixed in a water 

bath to minimize signal attenuation and placed under the focal region of the 

ultrasound transducer (usually 10 mm below the transducer). Then, a pulsed laser 

beam (20 Hz repetition rate, 5 ns pulse width) with the tunable wavelength (680-970 

nm) generated from Nd:YAG laser (OPOTEK Inc., Carlsbad, CA, USA) uniformly 

irradiated the phantom with inclusions through the ultrasound transducer with an 

integrated fiber optic cable for high-energy laser light delivery. The wavelength of 

710 nm was selected to irradiate the samples because the maximum optical 

absorption of MoS2-AuNRs happened at 710 nm. The ultrasound and photoacoustic 

images were captured simultaneously in real-time. All the in vitro PA measurements 

were performed at a gain of 40 dB at room temperature. The average PA amplitude of 

each sample was collected with the same area of region of interests (ROIs) in PA 

images (1.96 mm2) to ensure fair assessment of in vitro results.  
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Figure 15. Schematic illustration of phantom preparation (a) and experimental setup 

(b) used in PA imaging acquisition in vitro. 

2.2.7 In vitro biocompatibility 

To investigate the cytotoxicity of MoS2, AuNRs, and MoS2-AuNRs, standard 

MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide) assay was 

used to determine the relative viabilities of MCF-7 cancer cells after nanoparticle 

treatment. Briefly, MCF-7 cells at a density of 3 × 104 cells were plated into a 96-

well plate and cultured for 24 h until the cells covered 80% area of each well. Then 

the cells were exposed to MoS2, AuNRs, and MoS2-AuNRs at various concentrations 

ranging from 10 µg/ml to 200 µg/ml for another 24 h, respectively. After rinsing with 

PBS, the cells were incubated with 20 µL of MTT solution (5 mg/mL) for 4h. The 

resulted formazan crystals were then dissolved by 200 µL DMSO. A microplate 

reader (Tecan, Infinite F200, Switzerland) was further utilized to record the 

absorbance of each sample at 570 nm.  

To investigate the hemocompatibility of MoS2, AuNRs, and MoS2-AuNRs, 

the hemolytic behavior of red blood cells was investigated after nanoparticle 
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treatment. The whole blood was collected from female Balb/c mice. The red blood 

cells were separated by centrifugation at 1500 rpm for 15 min and washed with PBS 

for three times before use. Then 10% red blood cells (v/v, in PBS) was incubated 

with MoS2, AuNRs, and MoS2-AuNRs at various concentrations (from 10 µg/ml to 

200 µg/ml) at 37 °C for 3 h, respectively. Blood cells incubated with only PBS and 

DI were served as positive and negative controls, respectively. After 2h incubation, 

the samples were centrifuged at 10000 rpm for 1 min. The supernatant was collected 

and analyzed by a UV–vis–NIR spectrometer at 541 nm. The hemolytic percentage 

(HP) was calculated as the equation 

 

where At, Apc, and Anc are the absorbance of the tested samples, positive (deionized 

water) and negative (PBS) controls, respectively. 

2.2.8 Cell uptake of AuNR and MoS2-AuNR 

Multi-photon micrographs were utilized to confirm the endocytosis of AuNR 

and MoS2-AuNR into cells. MCF-7 cells with a concentration of 1×105 cells/mL 

were firstly seeded in a confocal dish (cover glass-bottom dish) for 24 h. Then cells 

were respectively treated with AuNR and MoS2-AuNR solutions at the same AuNR 

concentration at 40 µg/mL or for 12h. After rinsing with PBS buffer for three times, 

the MCF-7 cells were monitored by a multi-photon microscopy (Leica TCS SP8 MP 

Multiphoton Microscope, Nikon, Japan) under 710 nm laser excitation. 

In addition, bio-TEM was also used to observe the location of outer and inner 

cells of MoS2-AuNR. MCF-7 cells were incubated with MoS2-AuNR (40 ug/ml) for 

and 12h. After washing with PBS buffer for three times, the cells were collected by 

centrifugation (1000 rpm, 5min) and pre-fixed in 10% formalin (approx. 4% 
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formaldehyde) at 4 °C for 4 h. Then the cells were post-fixed in 1% osmium tetroxide 

(OsO4) in cacodylate buffer at room temperature for another 1 hour and dehydrated 

by a series of gradient ethanol solutions. After that, the cells were embedded in Epon 

by polymerization at 60 °C overnight and cut into ultra-thin sections with the 

thickness of 100 nm. Next, the ultra-thin sections were stained with uranylacetate and 

counterstained with lead citrate. The images of the fixed cells covered onto copper 

grids were taken by a transmission electron microscope equipped with TENGRA 

2.3K X 2.3K camera (Philips CM100, Holland). 

2.2.9 In vivo photoacoustic imaging 

The use of animals in this study was conducted according to the requirements 

of the Cap. 340 Animal (Control of Experiments) Ordinance and Regulations in 

Hong Kong. All the animal experiments were approved by Animal Subjects Ethics 

Sub-Committee (ASESC). To analyze the PA contrast performance in vivo, AuNRs 

and MoS2-AuNRs at the same concentrations of gold (150 µg/mL) were respectively 

mixed with matrigel (BD Bioscience, CA, USA) at 1:1 (v/v) ratio in ice bath. Each 

mixture (total volume 100 μL, final concentration of AuNR was 75 µg/mL) was then 

subcutaneously injected into the back of 12-week-old female Balb/C mice (n = 3). 

Subcutaneous injection of matrigel alone was used as the control group. The tissue-

mimicking phantom was successfully generated due to the fast solidification of the 

matrigel when the temperature increased. All the samples were imaged 

simultaneously by the ultrasound micro-imaging system under 710 nm excitation. 

The laser condition and parameters of PA measurements were the same as described 

in section 2.2.6. The data of each sample was collected with the same area of ROIs in 

PA images (1.66 mm2) to ensure fair assessment of in vivo results. 
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2.2.10 In vivo biodistribution of MoS2-AuNR 

The biodistribution of MoS2-AuNR was investigated by PA imaging and 

inductively coupled plasma mass spectrometry (ICP-MS). Twenty 4/6-week-old 

female Balb/C mice (24-25g of body weight) were divided into 4 groups randomly (n 

= 20, five mice per group). After intravenously injection of MoS2-AuNR (equivalent 

Au at approx. 3.5 mg/kg, 861 µg/mL, 100ul), mice of four groups were sacrificed at 

different time points, such as 1 h, 6 h, 24 h, and 7 days. The major organs (including 

heart, liver, kidney, lung, and spleen) of mice of different group were collected 

separately. The harvested organs were fixed with 10% formalin (approx. 4% 

formaldehyde) at 4 °C for 24 h. Next, all the collected organs were immersed in PBS 

and analyzed by the ultrasound micro-imaging system at laser pulse of 710 nm (gain: 

35 dB). The data of each type of organs was collected with the same area of ROIs in 

PA images to ensure fair assessment of in vivo results. Each group has five mice as 

replicate.  

To quantitatively evaluate the biodistribution of MoS2-AuNR, all the organs 

were dried, weighed, digested, and measured for Au content by inductively coupled 

plasma mass spectrometry (ICP-MS). Briefly, 5 mL of trace metal grade nitric acid 

(69%) was separately boiled with each organ at 130 °C until complete digestion. 

After that, all the samples were diluted to 25 ml and filtered through 0.45 µm 

membrane. The collected solutions were measured by ICP-MS (Agilent 7500ce, 

Octopole reaction system, US). Each group has five mice as replicate.  

2.2.11 In vivo toxicity of MoS2-AuNR 

3.5 mg/kg of MoS2-AuNR were injected into healthy 12-week-old female 

Balb/c mice (three mice per group), respectively. Untreated mice were used as 

control group (n = 3). The major organs (including heart, liver, kidney, lung, and 
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spleen) of the treated mice (n = 3) were collected after 7 days post injection of MoS2-

AuNR. After fixation in 10% formalin (approx. 4% formaldehyde) at 4 °C for 24 h, 

the harvested organs were dehydrated step by step using 70%, 90%, 95%, 100% 

ethanol solution and embedded into paraffin. Then, the dried tissues were sectioned 

at 5 mm thickness and stained with hematoxylin and eosin (H&E) for observation 

using a digital microscope. The major organs of non-treated mice were collected and 

processed in the same manner. 

2.3 Anti-nerve growth factor antibody conjugated MoS2-AuNR as a PA 

contrast/photothermal agent for pain imaging and medication in osteoarthritis 

(OA) 

2.3.1 Materials  

Molybdenum disulfide (MoS2) nanosheets were purchased from Nanjing 

Mknano Science and Technology Co., Ltd. (Nanjing, Jiangsu, China). Gold nanorods 

were purchased from NanoSeedz Ltd. (Hong Kong, China). Mouse Anti-nerve 

growth factor-β was purchased from sigma Aldrich (St.Louis, Mo, USA). Mouse 

beta-NGF ELISA kit was purchased from Biomatik (Delaware, USA). 10% formalin 

(approx. 4% formaldehyde) was purchased from Sigma-Aldrich. Nitric acid trace 

metal grade was purchased from Anaoua Chemicals Supply (Cleveland OH 44143, 

USA). All aqueous solutions were prepared with DI water (resistivity of 18.2 MΩ·cm) 

or PBS.   

2.3.2 Preparation of anti-NGF Ab-MoS2-AuNR complex 

MoS2-AuNR was synthesized according to the method described in section 

2.2.3. Briefly, excess MoS2 nanosheet solution (1 mg/mL) was mixed with AuNR 

solution (400 µg/ml) (1:1, v/v) with gentle stirring and incubated overnight at room 
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temperature. After centrifugation at 6000 rpm for 15 min, the obtained MoS2 coated 

AuNRs was collected and re-dispersed in PBS for further modification. Then, 5 µL 

of Anti-NGF Ab-antibody solution (100 µg/mL) was added into MoS2-AuNR 

solution followed by overnight incubation at 4 °C to produce the anti-NGF Ab-

MoS2-AuNR bioconjugates. The antibody can bind to MoS2 via the covalent 

interaction between MoS2 nanosheet and free sulfhydryl groups of the antibody [147]. 

The resulting mixture was purified at 6000 rmp for 10 min and re-suspended in PBS 

for further used. 

2.3.3 Characterization of anti-NGF Ab-MoS2-AuNR complex 

The absorption spectra of anti-NGF Ab, MoS2, MoS2-AuNR, and anti-NGF 

Ab-MoS2-AuNR complex were characterized by a UV–vis spectrophotometer 

(Ultrospec 2100 pro). The Zeta potentials of MoS2, MoS2-AuNR, and anti-NGF Ab-

MoS2-AuNR complex were determined at neutral pH environment with a Zetasizer 

Nano Z system from Malvern Instruments Ltd.  

2.3.4 In vitro binding affinity test of anti-NGF Ab-MoS2-AuNR complex 

 The biological affinity of anti-NGF Ab-MoS2-AuNR complex to NGF was 

evaluated by ELISA. Anti-NGF antibody was firstly coated in a 96-well plate. 100 µL 

of NGF (100 ng/mL) was then added to appropriate wells, incubating for 2.5h at 

room temperature with gentle shaking. After rinsing with prepared wash buffer for 

five times, 100 µL of obtained biotinylated anti-NGF Ab-MoS2-AuNR, biotinylated 

anti-NGF Ab and MoS2-AuNR at different concentrations, ranging from 0.05 to 100 

ng/mL, were respectively added into each well and incubated for 1 h with gentle 

shaking. The usages of biotinylated anti-NGF Ab and MoS2-AuNR were acted as 

positive and negative control groups, respectively. After thoroughly washing step, 

prepared streptavidin solution (100 µL) was added to each well and incubated for 45 
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mins at room temperature. Next, 100 µL of TMB one-step substrate reagent was 

added into each well and incubated for another 30 mins in dark. Last, 50 µL of stop 

solution was added. The absorbance was measured immediately at 450 nm with a 

microplate reader.  Each group has three wells as replicate. 

2.3.5 Animal preparation  

35 female Balb/c mice between 4-6 months of age were provided by 

Centralized Animal Facilities (CAF) of the Hong Kong Polytechnic University. All 

experiments were conducted in accordance with the requirements of the Cap. 340 

animal (control of experiments) ordinance and regulations in Hong Kong and 

approved by animal subject’s ethics sub-committee (ASESC).  

The standard surgical procedures of destabilization of medial meniscus 

(DMM) was performed on the left hind leg of mice according to established protocol 

[148] (n = 26). All the animals were deep anesthetized with intraperitoneal injection 

of a 0.8 mL/100g of cocktail solution containing xylazine 2.5 mg/mL, ketamine 5 

mg/mL and saline solution 5 mg/mL during the process of DMM surgery. 4 weeks 

later, when the OA had been induced to the knee joint of mice, animals (n = 6) were 

processed for the ultrasound image, photoacoustic imaging, and photothermal 

imaging under anesthetization of inhalational anesthetic (isoflurane, VetEquip, USA) 

delivered at 1.5% concentration with air through a non-rebreathing anesthetic 

delivery system. 

2.3.6 In vivo pain imaging of OA knee joint using anti-NGF Ab-MoS2-AuNR 

complex 

After four weeks of DMM surgery, the ultrasound and photoacoustic imaging 

of hind leg of mice (n = 6) were captured using the ultrasound micro-imaging system 

(Vevo 2100, VisualSonics, Inc.) equipped with a linear array transducer (LZ250, 
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VisualSonics, Inc.). All the mice were first shaved and positioned onto an electronic 

heating pattern to monitor the heart and respiratory rate. In order to expose the 

injured knee joint space for observation, an artificial bracket in the form of right 

triangle was used to bend the hind legs of mice (Figure 16). Coupling gel was applied 

between hind leg and ultrasound transducer to allow clear acoustic visualization of 

the knee joint. After finding an optimal observation position in B-mode, the left 

injured knee joint of mice was irradiated by a pulsed laser beam generated from 

Nd:YAG laser (OPOTEK Inc., Carlsbad, CA, USA) at single wavelength of 710 nm, 

which was the maximum optical absorption peak of employed anti-NGF Ab-MoS2-

AuNR. Subsequently, the ultrasound and photoacoustic images were acquired 

through the signal reconstruction, regarding as the pain imaging of OA knee joint. 

The right intact knee joint of each mouse was utilized as the control group. The pain 

images of the knees of each mouse were collected at three time points. Firstly, the 

knees were monitored as references before injection of anti-NGF Ab-MoS2-AuNR. 

Secondly, 6 h after intravenously injection of anti-NGF Ab-MoS2-AuNR (equivalent 

Au at approx. 3.5 mg/kg, 400 µg/mL, 200ul), the knees were monitored to show the 

accumulation of NPs, reflecting the pain of OA. Thirdly, 24 h after intravenously 

injection of anti-NGF Ab-MoS2-AuNR, the knees were monitored to show the 

removal of NPs, reflecting the pain of OA. All the in vitro PA measurements were 

performed at a gain of 30 dB at room temperature. The average PA amplitude of each 

sample was collected with the same area of region of interests (ROIs) in PA images 

(0.48 mm2) to ensure fair assessment of in vitro results. Each group has six mice as 

replicate. 

Since MoS2-AuNR nanocomplex had excellent photothermal properties, 

infrared thermal imaging was also considered as the pain imaging of OA knee joint, 

which can not only reflect the severe of pain but also induce a therapeutic effect to 
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arthritis knee. Before and 6h-/24h-after intravenously injection of anti-NGF Ab-

MoS2-AuNR, the left injured knee joint of each mouse (n = 6) was initialized under 

an 808 nm continuous laser at a power density of 0.2 w/cm2 for 10 min, respectively. 

At each time, the thermal images of each mouse were captured, and the temperature 

of irradiated joints were recorded. All experiments were carried out at room 

temperature. Each group has six mice as replicate. 

 

Figure 16. Anesthetized mouse with an artificial bracket under the left leg was placed 

on an electronic pattern, monitored by the ultrasound transducer LZ250. 

2.3.7 Therapeutic effect of anti-NGF Ab-MoS2-AuNR complex for OA knee 

joint  

The therapeutic effect of anti-NGF Ab-MoS2-AuNR for OA knee joint was 

investigated by behavioral pain assessment of mice (n = 6), including mechanical 

allodynia and motor coordination. They were evaluated by electronic von Frey 

monofilaments (IITC, USA) and rotarod test, respectively. Briefly, mice were 

individually placed into transparent chambers on a suspended metal mesh. When the 

mouse stopped moving and looking around, the mechanical withdraw threshold to the 
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von Fery monofilaments of the paw was measured through a simplified up-down 

method (SUDO) [149]. Each filament was pressed against the planter surface of paw 

until bent and hold for a maximum of 3 seconds. Sharp withdraw, flinching and 

licking were considered as a positive response (Figure 17a). The mechanical 

threshold was determined solely on the response to the fifth stimulus adjusted by a 

constant factor [149]. For rotarod performance test, mice were placed on a rotating 

tube (Figure 17b). The rotarod was set at a start speed of 4 rpm when the mice start to 

run, then sped up at an acceleration rate of 18 rpm/min. The running speed and time 

were recorded at which the mice fell off. If the mice fall off within 5 second due to 

poor placing by examiners, the data should not be record. After three times repeating 

measurements of each mouse, the average speed and time were used as an outcome 

data.  

 

Figure 17 Images of (a) Von Fery monofilament test and (b) rotarod performance test. 

To reflect the therapy effect, the behavioral pain assessment of mice was 

monitored at six different time points (Figure 18), including  

(1) pre-DMM surgery, reflecting the behavioral pain response of the health mice. 

(2) post-DMM surgery, reflecting the behavioral pain response of OA bearing mice. 
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(3) post-NIR laser, indicating the behavioral pain response of OA bearing mice after 

only NIR light treatment. 

(4) post-injection of anti-NGF Ab-MoS2-AuNR, indicating the behavioral pain 

response of OA bearing mice after only NPs treatment. 

(5) 6 h post-injection of anti-NGF Ab-MoS2-AuNR+NIR laser, realizing the 

behavioral pain response of OA bearing mice after NPs plus NIR laser treatment. 

(6) 24 h post-injection of anti-NGF Ab-MoS2-AuNR+NIR laser, realizing the 

behavioral pain response of OA bearing mice after NPs plus second NIR laser 

treatment. Among them, the second behavioral pain assessment (2) was used as the 

baseline performance of OA knee after DMM surgery. The third and fourth 

behavioral pain assessments (3-4) were considered as the control groups of the pain 

medication. The fifth and sixth behavioral pain assessments (5-6) were the test 

groups with pain medication using NPs+NIR laser treatment.   
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Figure 18 The working flow of behavioral pain assessment 

2.3.8 In vivo biodistribution of anti-NGF Ab-MoS2-AuNR complex 

For the systemic analysis the distribution, the OA bearing mice were 

euthanized at 1h-, 6h-, 24h-, and 7 days-post intravenous injections of the anti-NGF 

Ab-MoS2-AuNR complex (n = 20, five mice per group) (equivalent Au at approx. 3.5 

mg/kg, 400 µg/mL, 200 µl). Major organs, including the heart, liver, spleen, lung, 

and kidney, and injured knee joints were harvested, dried, weighed and digested by 

trace metal grade nitric acid (69%) solution at 130 °C. After that, all the samples 

were diluted to 25 ml and filtered through 0.45 µm membrane. ICP-MS then 

quantified the Au uptake amount in different organs and joint tissues. (Agilent 

7500ce, Octopole reaction system, US). Each group has five mice as replicate. 

2.3.9 Histological analysis  

Long-term in vivo toxicity of anti-NGF Ab-MoS2-AuNR complex was 

analyzed by performing histological examinations. OA bearing mice were 

euthanatized after intravenous injection of 200 µL anti-NGF Ab-MoS2-AuNR 

complex dispersion at Au concentration of 400 µg/mL for 24h and 7 days, 

respectively (n = 6, three mice per group). Healthy mice without any treatment was 

performed as controls (n = 3). The major organs (heart, liver, spleen, lung, and 

kidney) and knee joints were harvested and fixed in 10% formalin (approx. 4% 

formaldehyde) at 4 °C overnight. Then a graded ethanol series were used to dehydrate 

all the organs, after that, organs were embedded in paraffin. While, the knee joints 

were firstly decalcified with a histological decalcifying solution for 7 days, and then 

dehydrated with a graded ethanol series to embed in paraffin. Last, all the tissues 
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were sliced into 4-5 μm-thick sections. The tissue sections were stained with H&E. 

The images of sections were obtained with a light microscope. 
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Chapter 3 Results 

3.1 A fluorescence turn-on biosensor based on graphene quantum dots (GQDs) 

and molybdenum disulfide (MoS2) nanosheets for epithelial cell adhesion 

molecule (EpCAM) detection 

3.1.1 Mechanism of GQD-PEG-aptamer/MoS2 based FRET biosensor 

As shown in Figure 19, the sensing mechanism of GQD-PEG-aptamer/MoS2 

based FRET biosensor for EpCAM protein detection is relied on the affinity 

interaction between aptamer and MoS2/protein. The GQD and MoS2 nanosheets were 

used as the FRET pair in the biosensor. GQD as FRET donor can emit blue light at 

466 nm under UV light excitation of 360 nm. MoS2 nanosheets as FRET acceptor 

had super quenching ability and high surface to volume ratio. Specifically, GQD can 

emit much stronger fluorescence signal compared with bare GQD due to the quantum 

confinement effect after conjugation with PEG through EDC/NHS method. Besides, 

the layer of PEG can also prevent the non-specific absorption of GQD. The sensing 

probe (GQD-PEG-aptamer) was fabricated through the conjugation between 

PEGylated GQD and the carboxylated aptamer using EDC/NHS chemistry. To 

realize the sensing platform, GQD-PEG-aptamer can physically attach to the surface 

of MoS2 nanosheets, which brought GQD and MoS2 into proximity and triggered the 

fluorescence quenching effect.  After that, the stronger specific affinity interaction 

between aptamer and EpCAM protein could detach GQD labeled EpCAM aptamer 

from MoS2 nanosheets, leading to the restoration of fluorescence intensity. By 

monitoring the change of fluorescence signal, the target EpCAM protein can be 

detected. 
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Figure 19. The sensing mechanism of GQD-PEG-aptamer/MoS2 based FRET 

biosensor for EpCAM protein detection. 

3.1.2 Characterization of GQD, PEGylated GQD, and MoS2 

TEM images characterized the morphology and size of carboxylated graphene 

quantum dots and MoS2 nanosheets. Generally, GQD are homogeneous with average 

diameter of 2.8 ± 0.5 nm (Figure 20a-b). The PEGylated GQD are monodispersed 

with increased diameter of 4.2 ± 0.8 nm due to the successful PEGylation (Figure 

20c-b). UV-vis absorption confirmed the conjugation between GQD and PEG. As 

shown in Figure 20e, before PEGylation, the GQD has an absorption peak at 336 nm 

which is assigned to n-π* transition of C=O. After PEGylation, the peak at 336 nm 

disappears, and the threshold wavelength of GQD-PEG notably shifts from 328 to 

276 nm. The change of UV-vis absorption can be ascribed to surface passivation of 

GQD by PEG, which can increase the energy gap of bare GQD. Figure 21 shows the 

FTIR spectra of GQD before and after PEGylation. The characteristic bands of GQD 

at 1630 cm-1 (aromatic C=C bond) and PEG at 2916 cm-1 (C–H stretch) and 1079 cm-

1 (C–O–C stretch) appeared simultaneously on GQD-PEG spectrum, which 

demonstrated the successful conjugation of PEG on GQD. From Figure 20f, MoS2 
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nanosheets have graphene liked 2D structure equipped with ultra-high surface to 

volume ratio, which makes them be ideal nano-sensing platforms with high loading 

rate. Figure 22a shows the size distribution data of MoS2 nanosheets, and the values 

are centered on 345 nm (Figure 22a). Selective area electron diffraction (SAED) on 

the MoS2 nanosheets indicates the MoS2 nanosheets are polycrystalline with some 

discrete diffraction spots arranged on the concentric rings (Inlet, Figure 20f).  The 

zeta potential of MoS2 nanosheets is around -38 mv, indicating the negative surface 

charge (Figure 22b). Figure 20g shows the obtained graphene-PEG-aptamer-MoS2 

composites in TEM image. The enlarged high-resolution TEM (HRTEM) image 

clearly shows that functionalized GQDs are well adsorbed on the surface of MoS2 

nanosheets (Figure 20h). Energy dispersive X-ray (EDX) spectrum confirms the 

formation of graphene-PEG-aptamer/MoS2 composites with the presence of elements 

of Mo, S, C, O and P. Here, element of P is from aptamer on GQD surface (Figure 

22c). 

 



59 

 

 

Figure 20. (a) TEM image of bare GQDs; (b) Bare GQDs have an average size of 2.8 

± 0.5 nm; (c) TEM image of PEGylated GQDs; (d) PEGylated GQDs have an 

average size of 4.2 ± 0.8 nm; (e) UV–vis absorption spectra of GQDs before and after 

PEGylation; (f) TEM image of MoS2 nanosheets. (Inset: SAED pattern taken on the 

MoS2 flakes); (g) TEM image of the GQD-PEG-aptamer/MoS2 nanosheet composite; 

(h) an enlarged HRTEM image of the selected area in (g). 
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Figure 21. FTIR spectra of GQD before and after PEGylation. 

  

Figure 22. Size distribution (a) and Zeta potential (b) of MoS2 nanosheets; (c) Energy 

dispersive X-ray (EDX) spectrum of graphene-PEG-aptamer/MoS2 composites. 

3.1.3 Emission spectra of GQDs-PEG and adsorption spectra of MoS2 

nanosheets 

As shown in Figure 23a, the emission peak of GQD has a slight red shift from 

468 nm to 478 nm after PEG modification. Both GQDs and GQDs-PEG disperse 

well in water with blue light emission when excited under 365 nm laser. The 

fluorescence intensity of GQDs-PEG was higher than bare GQD demonstrated by PL 

measurement and fluorescence photographs (Inlet, Figure 23a). The quantum yield of 

GQD was calculated to be 3.8 %, while that of GQDs-PEG was around 34.7 %. The 

dramatically enhanced quantum yield was attributed to the surface passivation of 

GQDs with more quantum confinement of emission energy trapped on GQDs [90]. 
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Like graphene, the absorption spectrum of MoS2 nanosheets was very board, which 

mostly centered in the UV region and extended the adsorption band to the NIR range 

(Figure 23b). Thus, there existed spectra overlap between the emission spectrum of 

GQDs and absorption spectra of MoS2 nanosheets, ensuring the feasibility of this 

FRET biosensor (Figure 23b).  

 

Figure 23. (a) PL spectra of GQDs and GQDs-PEG dispersed in water. Inset 

photographs of GQDs and GQDs-PEG in water; (b) Spectra overlapping between 

emission spectrum of GQD and absorption spectrum of MoS2 nanosheets. 
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3.1.4 Construction of GQD-PEG-aptamer/MoS2 based FRET biosensor 

To optimize the sensing performance, this GQD-PEG-aptamer/MoS2 based 

FRET biosensor was explored by measuring the fluorescence signal of GQD after 

addition of MoS2 nanosheets with various concentrations. Herein, a fixed 50 µL of 

as-prepared GQD-PEG-aptamer was incubated with 50 µL of a series concentration 

of MoS2 nanosheets ranging from 10 µg/mL to 400 µg/mL. The fluorescence signals 

of GQD-PEG-aptamer/MoS2 nanocomplex were measured. Then, the fluorescence 

intensity of GQD-PEG-aptamer solution mixed with the additional PBS at same 

volume was measured and used as control group (F0).  As shown in Figure 24, the 

fluorescence signal of GQD-PEG-aptamer gradually decreases with the increasing 

concentrations of MoS2 nanosheets from 10 µg/mL to 400 µg/mL due to the 

quenching effect of MoS2. The hydrophobic interaction between aptamer and MoS2 

nanosheets was the key factor that brought GQD close enough to MoS2 nanosheets, 

triggering the fluorescence quenching of GQD by MoS2. The energy transfer 

efficiency was calculated by the equation of QE= (F0-Fq)/Fq, where F0 represented for 

the original fluorescence signal of control group (50 µl of GQD-PEG-aptamer 

solution with 50 µl of PBS), Fq was the fluorescence intensity of GQD-PEG-aptamer 

after quenching by MoS2. In Figure 25, the calculated quenching efficiency reached a 

maximum of 92.3% and normalized fluorescence intensity (Fq/F0) reached a 

minimum of 7.6% when the MoS2 concentrations increased to 400 µg/mL, indicating 

the excellent quenching ability of MoS2 nanosheets. Later, the eliminated non-

specific absorption of GQD was verified by the quenching effect of bare GQD, GQD-

PEG, and GQD-PEG-aptamer by MoS2. As shown in Figure 26, the fluorescence of 

bare GQD can be quenched by MoS2 to a certain degree because of the physical 

adsorption between them. After PEG conjugation, the quenching efficiently of GQD 

by MoS2 showed a significant decrease due to the less physical adsorption of GQD-
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PEG on MoS2 surface. However, the highest quenching efficiency was observed 

between GQD-PEG-aptamer and MoS2 nanosheet because of the strong hydrophobic 

adsorption of aptamer on MoS2 nanosheet. Therefore, the different quenching 

efficiency of bare GQD, GQD-PEG, and GQD-PEG-aptamer by MoS2 demonstrated 

that PEG passivation can largely prevent the unfavored physical adsorption of GQD 

on MoS2 surface. 

 

Figure 24. Fluorescence emission spectra of GQD-PEG-aptamer with increasing 

concentrations of MoS2 nanosheets ranging from 10 to 400 µg/mL. 



64 

 

 

Figure 25. Quenching efficiency QE=(F0-Fq)/Fq and normalized FL intensity versus 

a series of MoS2 concentrations. 
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Figure 26. Quenching efficiency change of MoS2 nanosheets on bare GQD, GQD-

PEG, and GQD-PEG-aptamer. (GQD, GQD-PEG, and GQD-PEG-aptamer has the 

same concertation of 1 mg/mL based on GQD). 

3.1.5 EpCAM detection 

By monitoring the fluorescence signal, the optimal quenching performance of 

GQD-PEG-aptamer/MoS2 nanosystem was achieved with MoS2 nanosheet 

concentration of 400 µg/mL. The quenching efficiency of GQD-PEG-aptamer/MoS2 

nanosystem can reach 92.3%, which ensured the lowest background signal for the 

detection of EpCAM protein. Upon addition of a series of concentrations of target 

EpCAM protein, the fluorescence emission spectra of GQD-PEG-aptamer/MoS2 was 

measured to quantify the fluorescence recovery signals. As shown in Figure 27, the 

response time of our nanobiosensor for EpCAM protein detection was around 50 min. 

Therefore, fluorescence emission spectra of GQD-PEG-aptamer/MoS2 with 

incubation of EpCAM around 1 h were measured to quantify the fluorescence 

recovery signals. Figure 28a shows the PL spectra of GQD-PEG-aptamer/MoS2 

nanocomplex against an increasing concentration of target EpCAM protein from 3 

nM to 53 nM. The fluorescence signal gradually recovered with the increasing 

concentration of target EpCAM protein. The reason was that the stronger affinity 

interaction between aptamer and target protein would release the GQD from MoS2 

surface. As the distance between donor and acceptor increased, the quenching effect 

was aborted.  

The fluorescence peak signal of the nanosensor with different concentrations 

of EpCAM is displayed in Figure 28b. The calculated fluorescence recovery rate is 

shown in the inlet of Figure 28b. The relative fluorescence signal recovery rate was 

analyzed by ((Fr-Fq)/Fq), where Fr is the recovered fluorescence intensity after 
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addition of target EpCAM protein, and Fq is the fluorescence intensity after 

quenching.  As shown in the inlet of Figure 28b, a linear curve was obtained between 

the relative fluorescence signal recovery rate and logarithmic concentrations with the 

equation of Y=12.233X-4.3125. The limit of detection (LOD) for EpCAM detection 

was calculated as 450 pM based on the control group signal plus 3 times of standard 

derivation. 

The current available methods for EpCAM protein detection include 

immunoassays [160-161], electrochemical sensor [162] and fluorescence sensor [163] 

with LOD from single-digit pM to hundreds of pM. As a proof of concept, our 

nanobiosensor achieved a LOD around 450 pM which was comparable to the 

immunoassays and sensors reported in the literature. Moreover, the current 

approaches are mainly based on antiEpCAM antibody, which is expensive and not 

stable in the sensing environment. Our aptamer based nanobiosensor has the potential 

to be a cheap and stable platform for cancer biomarker detection. 
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Figure 27. Responsive curves of graphene-PEG-aptamer/MoS2 composites-based 

biosensor for EpCAM and BSA proteins. 

 

 

Figure 28. (a) Fluorescence emission spectra of GQD-PEG-aptamer/MoS2 based 

sensing platform in addition of target EpCAM protein with various concentrations 

from 3 nM to 53 nM. (b) The recovered peak fluorescence signal versus a series of 
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concentrations of target EpCAM protein. Inset is the fitting logarithmic curve 

between relative peak fluorescence signal and the EpCAM concentrations. 

The specificity of this biosensor for EpCAM protein detection was evaluated 

by monitoring the fluorescence change after addition of bovine serum albumin (BSA) 

and immunoglobulin G (IgG), respectively. The experimental conditions were the 

same as EpCAM detection described in section 2.1.4. The concentration of BSA and 

IgG was 54 nM, respectively. As shown in Figure 29a, no obvious fluorescence 

recovery signals were observed after addition of BSA and IgG. The experimental 

results indicated that this detection system had a good specificity for EpCAM 

detection.  

The breast cancer cell line MCF-7 was later used as the EpCAM related cell 

target to demonstrate the feasibility of this biosensor for real cancer cell detection. As 

shown in Figure 29b, there was no obvious fluorescence signal when GQD-PEG-

aptamer/MoS2 composites were just added to MCF cells due to the FRET effect 

between GQD-aptamer and MoS2. After incubation of the GQD-PEG-aptamer/MoS2 

composite (200 mg/mL) with MCF-7 cells (1.0 * 105 cells/mL) for 2 h, a strong 

fluorescence was observed on the MCF-7 cells due to the stronger binding between 

MCF-7 cells and GQD labeled aptamer. The recovered fluorescence signal was 

caused by the detachment of GQD labeled aptamer from MoS2 nanosheets and 

conjugation with MCF-7 cells. These results demonstrated the potential of this 

nanobiosensor for EpCAM expressed cancer cell detection. 
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Figure 29. (a) Specificity testing of this nanobiosensor with BSA and IgG proteins as 

control groups. (b) MCF-7 cell detection experiments (bright field image of cultured 

MCF-7 cells and fluorescence image of MCF-7 cells before and after incubation with 

GQD-aptamer-MoS2 composite for 2 h.). 

3.2 Amplified photoacoustic performance of molybdenum disulfide (MoS2) 

nanosheets coated gold nanorods (AuNR) for sensitive photoacoustic imaging 

3.2.1 Mechanism of amplified PA performance of MoS2-AuNRs 

The mechanism of the amplified PA performance of MoS2-AuNRs was 

shown in Figure 30. The single-layered MoS2 nanosheets were firstly exfoliated from 

bulk MoS2 using chemical method [6] and then broke down into small MoS2 sheets 

via ultrasonication. Next, simple electrostatic interaction between negatively charged 

MoS2 nanosheets and positively charged ctab-AuNR was applied to fabricate MoS2 

layer coated AuNR. The optical properties and photoacoustic performance of MoS2-
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AuNR were investigated systematically. Firstly, as compared to AuNR, MoS2-AuNR 

exhibited higher NIR light absorption properties and better photothermal conversion 

efficiency. Then, MoS2 with high thermal conductively improved the heat transfer 

process between gold and environment. These enhanced optical properties largely 

contributed to the significantly higher photoacoustic amplitudes and photothermal 

stability of MoS2-AuNR compared with that of bare-AuNRs. Thus, the sensitive PA 

imaging was acquired in both in vitro and in vivo system using MoS2-AuNR as 

contrast agents. Comparing with AuNR, MoS2-AuNR revealed 3-fold higher PA 

signal amplitude in vitro and 2-fold higher PA intensity in vivo. Consequently, the 

MoS2-AuNR nanocomplex can be a multifunctional probe for highly sensitive 

photoacoustic images and NIR sensitive therapeutics based on a strong photothermal 

effect. 
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Figure 30. The schematic illustration of MoS2 coated AuNR synthesis and the 

amplified PA signal of MoS2-AuNR for sensitive PA imaging in vitro and in vivo. 

3.2.2 Characterization of MoS2 AuNR, and MoS2-AuNRs 

TEM observed the morphologies of chemical exfoliated MoS2 nanosheets. As 

shown in Figure 31a, MoS2 nanosheets display irregular shape with an average 

diameter of 35.9 ± 8.9 nm after sonication and size selection (Figure 31c). Figure 31b 

shows a TEM image of the single-layered MoS2 nanosheets. The selected area 

electron diffraction (SAED) on the MoS2 nanosheets indicates the MoS2 nanosheets 

are polycrystalline with some discrete diffraction spots arranged in the concentric 

rings (Figure 31b insert). The chemical composition of MoS2 was verified by energy 

dispersive X-ray (EDX), and the EDX spectrum (Figure 31d) indicates the presence 

of Mo and S elements. 

 

Figure 31. TEM image of the small-sized MoS2 nanosheets (a). A typical TEM image 

of single-layered MoS2 flake in bright (b) and dark (d) field, (insert of b) The SAED 

pattern from the MoS2 nanosheets surface. (c) MoS2 nanosheets have an average size 
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of 9.8 ± 1.9 nm. (d) The energy dispersive X-ray (EDX) spectrum of MoS2 

nanosheets. 

Simple electrostatic interaction between negatively charged MoS2 nanosheets 

and positively charged ctab-AuNR was applied to fabricate MoS2 coated AuNR. 

TEM characterized the morphologies of AuNR and MoS2-decorated AuNRs. Figure 

32a-b shows the TEM image of AuNR (aspect ratio of 2.5, length 51 nm, width 20 

nm) with and without MoS2 coating layer. The thickness of generated MoS2 layer 

wrapping on the surface of AuNR was measured to be 1.4 nm to 5 nm. The inset 

images of Figure 32a and Figure 32b are the corresponding selected area electron 

diffraction (SAED) pattern of AuNRs and MoS2-AuNRs, respectively, indicating that 

both AuNRs and MoS2-AuNRs are polycrystalline with some discrete diffraction 

spots arranged in the concentric rings. Figure 31c shows the TEM image of MoS2-

AuNRs with selected area. The dark-field scanning TEM (STEM-DF) element 

mapping images (Figure 32d) revealed the element distribution of Mo and S, which 

surrounded the Au element, thus indicating the location of MoS2 nanosheets on the 

surface of AuNR. Consistent results were observed in EDX spectra (Figure 33). 

Additionally, the Zeta potential of the MoS2 nanosheets shifts from -38 mV to -19 

mV after the binding with AuNR-ctab (+20 mv), proving the successful electrostatic 

attraction between negatively charged MoS2 nanosheets and positively charged 

AuNR (Figure 34a). To further confirm the successful decoration of MoS2 on AuNR 

surface, Raman spectra, XRD spectra, and dynamic light scattering were employed. 

In Raman analysis (Figure 34b), MoS2 shows characterization peaks at 380 cm-1 and 

402 cm-1 identified as the E1
2g and A1g vibration mode, respectively. After interaction 

with AuNR, the A1g vibration of MoS2 showed an upshift of 1.86 cm−1 and an 

increase of A1g/ E
1

2g peak intensity ratio due to the strong electron-phone interaction 

[25]. Besides, the distance between A1g and E2g was around 22 cm-1, indicating the 
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trilayer of small sized MoS2 nanosheets [52]. In the XRD spectra (Figure 34c), MoS2 

shows a strong diffraction peak at 2θ=14.6°, which is assigned to (002) face. AuNR 

shows diffraction peaks at 2θ=38.12, 2θ=44.37, 2θ=64.58, 2θ=77.73, which 

respectively represent the (111), (200), (220), and (311) faces. MoS2 coated AuNR 

had both XRD patterns of MoS2 and AuNR, indicating the successful modification of 

MoS2 on AuNR surface. Figure 34d shows the hydration size distribution of MoS2, 

AuNR, and MoS2-AuNR. After wrapping with MoS2 nanosheets (smaller than 100 

nm), the average size of AuNR increased from 60 nm to 180 nm. All these results 

verified the successful coating of MoS2 nanosheets layer onto the surface of AuNR. 

 

Figure 32. TEM images of (a) AuNR (insert SAED pattern of AuNR) (b) MoS2-

AuNR (insert SAED pattern of MoS2-AuNR). (c) TEM images of MoS2-AuNR. (d) 
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STEM-DF image of MoS2-AuNR with selected area and the corresponding elemental 

mapping for Au, Mo, S and merge.  

 

Figure 33. The energy dispersive X-ray (EDX) spectrum of MoS2-AuNR. 

 

Figure 34. Zeta potential (a), Raman spectra (b), XRD spectra (c), size distribution (d) 

of MoS2 nanosheets, AuNR and MoS2-AuNR, respectively. 
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3.2.3 Optical and photothermal properties of MoS2-AuNRs 

The UV-Vis absorbance spectra further confirmed the presence of MoS2 layer 

on AuNR surface and their optical properties. As shown in Figure 35, MoS2 exhibits 

a characteristic peak in near-UV range at 210 nm. AuNR displays a distinct SPR 

longitudinal band at 700 nm and a small transversal band at 512 nm. After surface 

coating with MoS2, the longitudinal peak of AuNR red-shifted to 710 nm 

accompanied by higher absorption intensity, besides, another peak appeared at 210 

nm. These changes of absorbance properties indicated the presence of MoS2 layer on 

AuNR surface. The well-preserved shape of MoS2 and AuNR absorption spectrum 

suggested that MoS2-AuNR complex were well dispersed in water without shape 

altering and noticeable aggregation. The consistent result was also confirmed by the 

image of MoS2-AuNR in different buffer, including DI water, PBS, and FBS (Figure 

36). 

        

Figure 35. UV-vis spectra of MoS2 nanosheets, AuNR and MoS2-AuNR. 
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Figure 36. Image of MoS2-AuNR solution dispersed in DI water, PBS, and serum. 

Considering the increased NIR absorbance intensity, we hypothesized the 

improvement of photothermal conversion capability of MoS2-AuNR compared with 

bare AuNR. To testify the hypothesis, MoS2, AuNR, MoS2-AuNR (at the same Au 

concentration of 200 µg/mL, 200 uL), and water were illuminated under 808 nm laser 

for 10 min at a power density of 0.2 W cm-2. The temperature of MoS2, AuNR, and 

MoS2-AuNR solutions increased by 21.4 °C, 40.0°C and 42.9°C, respectively (Figure 

37a). Pure water with 6.63 °C increase in temperature was used as the negative 

control. MoS2-AuNR solution showed the highest final temperature of 69.2 °C. All 

the thermographs of MoS2, AuNR, MoS2-AuNR, and water after irradiation are 

shown in Figure 37a. Then, the concentration density- and time-dependent 

photothermal properties of MoS2-AuNR were investigated. As results, the 

temperature of MoS2-AuNR solutions increased with prolonged irradiation times, and 

the final temperature of MoS2-AuNR solutions was proportional to the 

concentrations (Figure 37b). With the increasing concentrations, the temperature 

increase of MoS2-AuNR solutions raised from 12.7 (10 µg/mL) to 43.1 (200 µg/mL). 

In the same manner, the temperature of MoS2-AuNR solutions increased with the 

increasing laser power density ranging from 0.02 to 0.2 W/cm2 (Figure 38). When the 

power densities reached 0.2 W cm-2, the final temperature of MoS2-AuNR solutions 

rapidly exceeded 50 °C, which was reported to be an efficient temperature for cancer 
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therapy [150]. The calculation of photothermal conversion efficiency (η) of MoS2-

AuNR was based on the temperature change of the solutions (200 µg mL−1, 0.2 mL) 

under continuous 808 nm laser irradiation (0.2 W cm−2) until the solutions reached a 

steady-state temperature (Figure 39a). The photothermal conversion efficiency (η) of 

MoS2-AuNR was calculated to be 74%, which was higher than that of AuNR (64%), 

indicating the coating of the MoS2 layer had improved the photothermal conversion 

efficiency of bare AuNR. The photothermal conversion efficiency of AuNR used in 

our study is comparable with previous report [151].  The photothermal stability of 

MoS2-AuNR was investigated by reversibly heating and cooling the nanoparticle 

solutions for five cycles. As shown in figure 39b, the temperature increase remains to 

be ~36 °C even after five cycles, demonstrating the high photothermal stability of 

MoS2-AuNR. 
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Figure 37. (a) Photothermal effect of water, MoS2, AuNR and MoS2-AuNR under to 

808 nm laser irradiation (0.2 W/cm2) for 10 min and their digital photothermal 

images respectively. (b) Photothermal effect of MoS2-AuNR with increasing 

concentration from 10 to 200 µg/mL under to 808 nm laser irradiation (0.2 W/cm2) 

for 10 min and their digital photothermal images respective. 
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Figure 38. Photothermal images of MoS2-AuNR (200 µg/mL) under exposure to 808 

nm laser irradiation at increasing power density from 0.02 to 0.2 W/cm2 for 10 min, 

respectively 

 

Figure 39. (a) Photothermal effect of MoS2-AuNR (200 μg/mL) exposed to 808 nm 

laser irradiation (0.2 w/cm2). (b) Temperature variations in MoS2-AuNR solution 

(200 μg/mL) under to 808 nm laser irradiation (0.2 w/cm2) for five cycles.  

3.2.3.1 Calculation of the photothermal conversion efficiency 

To calculate the photothermal conversion efficiency, η, the temperature 

during a cycle of laser-induced heating and subsequent cooling of an aqueous 
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dispersion of MoS2-AuNRs was measured every 10 seconds. Then, the results were 

applied to equation 1. 

                                                                          (1) 

where h was the heat transfer coefficient and A was the surface area of container. 

ΔTmax was the temperature change of MoS2-AuNRs solution at the maximum steady-

state temperature (ΔTmax= 42.9 °C). Qs was the heat dissipated from the light 

absorbed by the solvent, which was measured independently to be 129 mW using 

pure water. I was the laser power (0.2 W), and A808 was the absorbance of MoS2-

AuNRs at 808 nm (A808= 2.32). hA was determined by the following equation 2: 

                                                                                          (2)  

Where τs was MoS2-AuNRs sample system time constant. τs could be obtained from 

the slope of the plot of cooling time vs -Ln(ΔT/ΔTmax), which was calculated to be 

130 s. mD and CD are the mass (0.2 g) and heat capacity (4.2 J g-1) of water. Using the 

above two equations, the photothermal conversion efficiency (η) of MoS2-AuNRs 

was calculated to be 74.6%.    

For bare AuNR, ΔTmax= 40.0 °C. Qs was the heat dissipated from the light 

absorbed by the solvent, which was measured independently to be 120 mW using 

pure water. A808 was the absorbance of MoS2-AuNRs at 808 nm (A808= 1.16). τs was 

calculated to be 140 s. So, the photothermal conversion efficiency (η) of AuNRs was 

calculated to be 64.5%.    
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3.2.4 Evaluation of photoacoustic performance of MoS2-AuNRs in vitro 

The PA imaging performances of AuNR and MoS2-AuNR were investigated 

by the ultrasound micro-imaging system (Vevo 2100, VisualSonics, Inc.). AuNR and 

MoS2-AuNR at various concentrations were mixed with phantoms respectively, and 

placed under a linear array transducer (LZ250, VisualSonics, Inc.). A pulsed laser 

simultaneously illuminated all the samples at the wavelength of 710 nm. The 

representative PA spectra of AuNR and MoS2-AuNR (400 µg/mL, at the same mass 

concentration of Au) were acquired under pulsed laser irradiation with wavelength 

ranging from 680 to 970 nm (Figure 40a). MoS2 coated AuNR exhibited much 

stronger PA amplitude as compared with that of bare AuNR at the same 

concentration of gold. From the quantitative comparison (Figure 40b), the PA signal 

amplitude of MoS2 coated AuNR is about 3-fold greater than that of bare AuNR at 

710 nm, indicating the outstanding PA signal enhancement caused by MoS2 layer. 

Silane mixed with phantom was served as the control group and produced negligible 

PA amplitude, thus suggesting the minimized NIR absorbance of the phantom. 

Next, the PA performance of MoS2-AuNR against concentrations was 

investigated. From the PA images shown in Figure 40c, it can be seen that the PA 

signal amplitude of MoS2-AuNR strengthened remarkably as the concentration 

increased from 50 µg/mL to 400 µg/mL, whereas that of the bare AuNR just 

increased slightly. MoS2-AuNR and AuNR were at the same mass of Au. The 

quantitative analysis of PA signal intensities showed that the PA amplitude of MoS2-

AuNR increased with the increasing concentration ranging from 50 to 400 µg/mL 

(Figure 40d). Comparing to the bare AuNR, there is an almost 3-fold amplification of 

PA signal when the concentration of MoS2-Au reaches 400 µg/mL due to the 

existence of MoS2 layer. The enhanced photoacoustic amplitude can be explained by 

two main factors, including the thermal conductivity and the NIR absorbance of 
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MoS2 layer. The good thermal conductivity of MoS2 accelerated the heat transfer 

process from the gold surface to the environment, which improved the photostability 

and increased the PA signal amplitudes of MoS2-AuNR. The high NIR absorbance of 

MoS2 layer can increase the light absorption properties of AuNR, which enables the 

high photothermal conversion efficiency. This high conversion efficiency strongly 

influences the amplification of PA signal.  

 

Figure 40. (a) PA images of AuNR, MoS2-AuNR, and DI water in vitro and (c) their 

quantitative results. (b) PA images of AuNR and MoS2-AuNR with increasing 

concentrations from 50 µg/mL to 600 µg/mL, and (d) their quantitative results. 

The photothermal stability of MoS2-AuNR and AuNR was investigated under 

continuous radiation generated by a pulsed laser (710 nm, 20 Hz, < 10 ns pulse width) 

for 30 min. The changes of PA signal intensity and particle shape were then 

measured by the ultrasound micro-imaging system and TEM, respectively. As shown 

in figure 41, after 30 min irradiation, AuNR shows a more than 50 % decrease in PA 

signal intensity, while the PA signal of MoS2-AuNR maintained as high as that at the 
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very beginning. Figure 42a-d shows the corresponding PA images of AuNR and 

MoS2-AuNR after 30 mins irradiation. The PA signal of MoS2-AuNR remained 

identifiable after 30 mins irradiation, whereas AuNR did not. Furthermore, after 

long-time irradiation, MoS2-AuNR did not show any significantly morphological 

change characterized by TEM (Figure 42e-f), demonstrating the excellent 

photothermal stability. However, the shape of bare AuNR changed from rod to Φ-

shape, or even to sphere. MoS2 layer with good thermal conductivity, which is 

comparable to that of silica, played a critical role in maintaining the PA signal and 

structure of AuNR [152]. In summary, all these results indicated that MoS2 layer 

coated AuNRs exhibited superior PA performance compared with bare AuNRs in 

vitro. 

 

Figure 41. The PA signal intensity of MoS2-AuNR and AuNR after 30 min 

irradiation. 
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Figure 42. The PA (a-d) and TEM (e-f) images of MoS2-AuNR and AuNR after 30 

min irradiation 

3.2.5 In vitro cytotoxicity and hemocompatibility of MoS2-AuNRs 

The intrinsic cytotoxicity and hemocompatibility of AuNR, MoS2, and MoS2-

AuNR, were investigated before in vivo study by standard MTT (3-(4, 5-

Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide) assay and hemolytic 

analysis, respectively. Figure 43a shows the cytotoxicity analysis of AuNR, MoS2, 
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and MoS2-AuNR. After 24 h incubation with MoS2, the viability of MCF-7 breast 

cancer cells remained over 86% at the concentration as high as 200 µg/mL, indicating 

the low cytotoxicity of MoS2. On the contrary, when incubating with ctab-AuNR for 

24 h, the cell viability of MCF-7 was lower than 35% even at the concentration as 

low as 10 µg/mL, indicating the high cytotoxicity of AuNR-ctab. The high toxicity of 

ctab-AuNR largely reduced after coating with MoS2 due to the good biocompatibility 

of MoS2. The cell viability can reach 91% at Au concentration of 10 µg/mL because 

of the presence of MoS2 layer and remain over 75% at 40 µg/mL. 

In addition, the effects of AuNR, MoS2, and MoS2-AuNR on the hemolytic 

behavior of red blood cells were investigated to evaluate its hemocompatibility 

(Figure 43b). The red blood cells in distilled water and phosphate buffer saline were 

employed as the positive and negative control groups, respectively. The results 

showed that hemolysis percentage was higher than 5% at the AuNR concentration of 

160 µg/mL, while hemolysis percentage was lower than 0.5% at the same 

concentration of MoS2. However, after coating MoS2 layer onto AuNR surface, the 

hemolysis percentage of AuNR was largely reduced, which was lower than 3% at the 

concentration of 200 µg/mL because of the good blood compatibility of MoS2. In 

addition, similar results of hemolysis caused by AuNR, MoS2 and MoS2-AuNR were 

observed in the digital images, respectively (Figure 44 and insert image of Figure 

43b). Therefore, based on cytotoxicity and hemocompatibility investigations, the 

biocompatible MoS2-AuNR exhibits a great potential for in vivo PA molecular 

imaging. 
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Figure 43. (a) Cytotoxicity and (b) Hemolytic percentage of red blood cells after 

treatment with AuNR, MoS2, and MoS2-AuNR at various concentrations, 

respectively. The inset image of (b) showed the photograph for direct observation of 

MoS2-AuNR hemolytic behavior.  
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Figure 44. The photographs for direct observation of AuNR and MoS2 hemolytic 

behavior. 

3.2.6 Cellular uptake  

The cellular uptake behavior of MoS2-AuNR was tested by confocal 

microscopy and bio-TEM. As AuNR is an efficient two-photon luminescence-

imaging agent [153], its cellular uptake can be observed by a multi-photon 

microscopy (Leica TCS SP8 MP Multiphoton Microscope, Nikon, Japan). Generally, 

MCF-7 cells were respectively incubated with AuNR and MoS2-AuNR for 12 h and 

then rinsed with PBS for three times. After 700 nm laser excitation, the MCF-7 cells 

showed strong two-photon luminescence due to the endocytosis of both AuNR and 

MoS2-AuNR, respectively (Figure 45a). However, the fluorescence signal was hardly 

observed in the control group without nanoparticle treatment. Consistent with the 

results from the confocal scanning microscopy, the bio-TEM images further testified 

that MoS2-AuNR was endocytosed by MCF-7 cell (Figure 45b). When compared 

with the control cell without nanoparticle incubation, the location of MoS2-AuNR in 
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MCF-7 cells was straightforward to identify. The MoS2-AuNR localized to the inside 

of the cell showed a clear moving trend towards the cell nucleus. The small amount 

of cellular uptake of MoS2-AuNR was expected due to the negatively charged surface 

of MoS2-AuNR. From the bio-TEM images with high magnification, a few MoS2-

AuNRs were aggregated and encapsulated in the lysosome, verifying the cellular 

uptake.  
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Figure 45. a) Confocal fluorescence images of MCF-7 cells with AuNR and MoS2-

AuNR after 12 h incubation, respectively. (b) Representative bio-TEM images of the 

cellular uptake and localization of MCF-7 cells. (Left) Bio-TEM image of MCF-7 

cells without nanoparticle incubation was used as control. (Middle) Bio-TEM images 

of MCF-7 cells incubated with 40 μg/mL of MoS2-AuNR for 12 h. (Right) Bio-TEM 

images of (middle) with high magnification. 

3.2.7 Evaluations of the PA performance of MoS2-AuNRs in vivo 

To further evaluate the PA performance in vivo, the AuNR and MoS2-AuNR 

were mixed with matrigel matrix (v/v =1:1, final concentration of Au was 75 µg/mL) 

and subcutaneously injected into the back of living mice, respectively (Figure 46a). 

Pure matrigel matrix was acted as the control group. After injection, the mixtures 

solidified within 1 min, which generated the tissue-mimicking phantoms for PA 

performance evaluation in vivo. Initially, the ultrasound image of living mice was 

obtained (Figure 46b). The yellow dash circles indicate the location of the samples, 

which are MoS2-AuNR, AuNR, and control group from left to right respectively. 

Then, all the samples were excited by a pulsed laser at wavelength of 710 nm at the 

same time. As displayed in Figure 46c, MoS2-AuNR shows much stronger PA signal 

intensity as compared to bare AuNR, and matrigel alone (control group) shows no 

obvious PA signal intensity. According to the quantitative results, the PA value of 

MoS2-AuNR is 2-fold more significant than that of bare AuNR (Figure 46d). These 

results indicated that MoS2 layer coated AuNRs exhibited amplified PA amplitude as 

compared with bare AuNRs in vivo. 
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Figure 46. (a) Subcutaneously injection of AuNR, MoS2-AuNR, and pure matrigel 

into the back of living mouse. (b) Ultrasound image of living mouse with located 

sample positions. c) PA images of AuNR, MoS2-AuNR, and pure matrigel in 

subcutaneous tissue of living mice and d) their quantitative results. 

3.2.8 In vivo biodistribution of MoS2-AuNR 

After intravenously post-injection of MoS2-AuNR, the biodistribution of 

MoS2-AuNR was investigated by measuring the PA signal intensity of major organs, 

including heart, liver, kidney, spleen, and lung. Twenty 4/6-week-old female Balb/C 

mice were divided into four groups randomly (n=5), and then all the groups were 

sacrificed at different time intervals (1 h, 6 h, 24 h, and 7 days) after intravenously 

post-injection of MoS2-AuNR at the same dose of 3.5 mg/kg. All the organs (Figure 

48) were harvested and excited by 710 nm pulsed laser using the ultrasound 

transducer for PA aptitude. The representative PA images of the major organs at 

different time points and the corresponding statistical analysis of PA amplitude are 
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shown in figure 47a and 47b. The PA amplitude can indicate the accumulation and 

removal of MoS2-AuNR in mice. The results showed that most nanoparticles were 

accumulated in the liver and spleen, and this accumulation increased at the very 

beginning and steadily decreased over time, resulting in most removal at 7 days post-

injection. Particularly, the nanoparticle’s accumulation in liver and spleen reached 

their maximum at 6 h. The nanoparticle accumulations in heart, kidney, and lung 

were not that striking all the time. 

Because of NIR absorption from hemoglobin (endogenous contrast agent), the 

biodistribution of MoS2-AuNR in living mice cannot be accurately quantified from 

PA intensity measurements. Therefore, inductively coupled plasma mass 

spectrometer (ICP-MS) was further used to detect Au contents in major organs 

quantitatively. As shown in figure 49, the trends of MoS2-AuNR biodistribution in 

the main organs from ICP-MS detection are almost like the results from PA intensity 

measurement. The amount of MoS2-AuNR accumulation in liver and spleen reached 

the maximum in 1 h and decreased over time. This early high concentration 

accumulation was related to the clearance of foreign materials by the macrophage 

system within 24 h. After 7 days, there were obvious decreases in MoS2-AuNR 

accumulation in liver and spleen, suggesting the clearance of nanoparticles from the 

two organs. In addition, Au contents accumulated in heart, kidney, and lung kept 

insignificant all over the time. However, the results of MoS2-AuNR accumulation in 

spleen by ICP-MS was different from that by PA signal intensity measurement. The 

most possible reason for this difference may be the disturbance signal of hemoglobin, 

or other endogenous contrast agents, in PA imaging. 
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Figure 47. (a) Representative PA images of major organs (including heart, liver, 

kidney, spleen, and lung) collected from living mice that sacrificed at different time 

points (such as 1 h, 6 h, 24 h, and 7 days) after injection of MoS2-AuNR, and (b) 

their quantitative analysis. 
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Figure 48. The image of major organs (heart, liver, kidney, spleen, and lung) 

harvested from female Balb/C mice. 
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Figure 49. The accurate quantification of Au element in major organs by ICP-MS. 

Data were expressed as a percentage of the injection dose (% ID) per gram of organ 

weight. 

3.2.9 In vivo toxicity of MoS2-AuNR 

To further understand the potential toxicity of the MoS2-AuNR, sliced 

histological analysis was conducted. Major organs such as heart, liver, kidney, spleen, 

and lung were collected from living mice sacrificed at 7 days after injection of MoS2-

AuNR at a dose of 3.5 mg/kg. Organs from health mice without any treatment were 

used as the control group. Hematoxylin and eosin (H&E) stained slices of the major 

organs were demonstrated in figure 50. The results showed that there were no 

noticeable damage and inflammatory lesion in the MoS2-AuNR treated group as 

compared with control group, indicating the excellent histocompatibility of MoS2-

AuNR.  

 

Figure 50. Hematoxylin-eosin (HE) staining of major organs (including heart, liver, 

kidney, spleen, lung) after MoS2-AuNR treatment. (Magnification: 100X). 



95 

 

3.3 Anti-nerve growth factor antibody conjugated MoS2-AuNR as a PA 

contrast/photothermal agent for pain imaging and medication in OA 

3.3.1 Mechanism of pain imaging and medication of OA knee joint using anti-

NGF Ab-MoS2-AuNR    

According to our previous study, MoS2 coated AuNR was synthesized by a 

simple electrostatic interaction between a positively charged CTAB-AuNR and a 

negatively charged small MoS2 nanosheet. The synthesized MoS2-AuNR was then 

bonded with an anti-NGF antibody by an interaction between the defects in MoS2 

nanosheet and free sulfhydryl (–SH) group in cysteine, forming anti-NGF Ab-MoS2-

AuNR nanocomplex. Typically, the conjugated anti-NGF Ab was responsible for 

specific recognition of NGF, which was overexpressed in OA knee joint due to the 

existence of inflammation and was considered a key factor in OA pain. MoS2-AuNR 

with excellent NIR absorption performance, low toxicity, and good biocompatibility 

can be used as the enhanced contrast agent for photoacoustic imaging and efficient 

photothermal agent for photothermal therapy at the same time. In addition, anti-NGF 

has become a promising anti-pain strategy because the primary treatment of OA is 

focused on relieving pain. Therefore, the nanocomplex, anti-NGF Ab-MoS2-AuNR, 

not only provided an opportunity to actively visualize pain through photoacoustic 

imaging, but also achieves targeted pain relief of OA knee joint in living mice by 

photothermal therapy. After intravenous injection of anti-NGF Ab-MoS2-AuNR for 6 

h, the pain imaging of OA knee joint was acquired using ultrasound/photoacoustic 

imaging system under 710 nm excitation and thermal infrared camera under 808 nm 

laser irradiation. After 10 mins 808 nm laser irradiation, the animal's OA analgesic 

effects were assessed by a behavioral pain test, including mechanical allodynia and 
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motor coordination using von Fery filament and rotarod performance test, 

respectively. The schematically procedure is illustrated in Figure 51.  

 

Figure 51. Schematically illustration of the mechanism of pain imaging and 

medication using anti-NGF Ab-MoS2-AuNR. 

3.3.2 Characterization of anti-NGF Ab-MoS2-AuNR complex 

The successful synthesis of anti-NGF Ab-MoS2-AuNR complex was verified 

by Zeta (ζ) potential. As shown in Figure 52a, the zeta potential of the MoS2 

nanosheet changes from -35.6 mv to -20.7 mv after binding with AuNR-ctab (+17.7 

mv), demonstrating the successful electrostatic attraction between the negatively 

charged MoS2 nanosheets and the positively charged AuNR. After conjugation with 

slightly negatively charged anti-NGF Ab (-3.6 mV), the zeta potential of MoS2-

AuNR then changed to – 5.4 mV, indicating the successful attachment to antibody. 

The optical properties of anti-NGF Ab-MoS2-AuNR complex were investigated by 

UV-Vis absorbance spectra. As shown in Figure 52b, MoS2-AuNR has the 

characteristic peaks at 210 nm and 710 nm due to the presence of MoS2 layer and the 
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longitudinal peak of AuNR. After binding to anti-NGF Ab, the absorbance spectrum 

of MoS2-AuNR appeared a small shoulder at 280 nm, which stood for the antibody 

drug. In contrast, the longitudinal peak of AuNR is slightly broadened and red-shifted 

to 720 nm. These changes all indicated the conjugation of anti-NGF Ab to MoS2-

AuNR. Although the longitudinal absorption spectrum of AuNR was broadened, the 

shape of the spectrum was preserved, suggesting that anti-NGF Ab-MoS2-AuNR 

complex were well dispersed in water with acceptable aggregation.  
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Figure 52. (a) Zeta potential and (b) UV-Vis absorbance spectra of MoS2, AuNR, 

MoS2-AuNR, anti-NGF-ab and anti-NGF Ab-MoS2-AuNR. 

3.3.3 In vitro biological activity of anti-NGF Ab-MoS2-AuNR complex 

To confirm the binding affinity of the anti-NGF Ab-MoS2-AuNR complex to 

NGF, an ELISA was conducted. The mechanism of the binding assay of the anti-

NGF Ab-MoS2-AuNR complex to NGF is illustrated in Figure 53a. the anti-NGF Ab 

was firstly coated on the surface of 96 well plate and recognized by NGF. Then, 

biotinylated anti-NGF Ab-MoS2-AuNR was added to form the sandwich structure 

between anti-NGF antibody and NGF. Thereafter, HRP-streptavidin and TBM 

solution were used as indicators to produce the blue color proportional to the amount 

of beta-NGF that had been identified. Finally, the stop solution changed the color 

from blue to yellow and then read at 450 nm by a microplate reader. In Figure 53b, 

the binding between biotinylated-NGF Ab and NGF was significantly enhanced with 

increasing concentration of biotinylated-NGF Ab, acting as a positive control group. 

No binding effect was observed when MoS2-AuNR was added alone as a negative 

control group. However, the binding of anti-NGF Ab-MoS2-AuNR complex 

increased with increasing concentration of anti-NGF Ab, which was slightly lower 

than that of anti-NGF Ab alone (positive control) but much higher than that of MoS2-

AuNR alone (negative control). The reason could be the steric hindrance of anti-NGF 

Ab in the complex. From the results, the binding affinity of the anti-NGF Ab-MoS2-

AuNR complex to NGF can be confirmed. 
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Figure 53. (a) Schematic illustration for the binding test of anti-NGF Ab-MoS2-

AuNR complex to NGF by ELISA and (b) the results for the binding of anti-NGF 

Ab-MoS2-AuNR complex to NGF (n = 3). 

3.3.4 In vivo pain imaging of knee joint in OA mice model 

In this part, we attempted to acquire the pain imaging of OA knee joint in 

surgically induced animal model of arthritis. As shown in Figure 54a, the strong PA 
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signal of the injured knee after 4 weeks of DMM surgery was produced by an 

endogenous contrast agent (such as hemoglobin) caused by the inflammation and 

enhanced blood vessel growth. The measured PA signal was regarded as the baseline 

pain signal of OA knee joint.  The PA imaging of healthy right knee with no apparent 

PA amplitude was used as a control group. The healthy knee usually consists of a 

triangle area, which is defined by the tibiofemoral tendon (the dark hypo-echogenic 

line parallel to the skin surface), tibia and femur bones (tendon–tibia–femur triangle 

(TTF)) (insert image of the healthy right knee). After intravenous injection of anti-

NGF Ab-MoS2-AuNR for 6 h, the PA signal of left arthritis knee significantly 

increased due to the targeted nanoparticle accumulation and enhanced permeability 

and retention (EPR) effect compared with that of left OA knee joint before injection. 

Later, a decrease in PA signal of the left OA knee joint was observed 24 h after the 

injection of anti-NGF Ab-MoS2-AuNR due to the removal through the circulatory 

system, but this PA signal was still significantly higher than that of baseline. 

However, no significant PA signal was detected in the healthy right knee all over the 

time, indicating the targeting effect of anti-NGF Ab-MoS2-AuNR for OA knee joint. 

Based on the quantitative results (Figure 54b), the mean PA signal of the left knee 

joint after 6 h and 24 h post-injection of anti-NGF Ab-MoS2-AuNR is 2.2 times and 

1.8 times significantly higher than that before post-injection, respectively. In contrast, 

the healthy right knee showed no obvious PA signal intensity all alone.  

In orde to ensure that the accumulation of nanoparticle leads to an increase in 

PA signal enhancement, it is critical to eliminate the interference signal of 

oxyhemoglobin. In Figure 55a, the mean hemoglobin oxygen saturation (sO2) in the 

knee joint of the living mouse is measured by the photoacoustic imaging method. The 

PA signal of oxygenated/deoxygenated hemoglobin was maintained at same level all 

over the time. Although the area of PA signal slightly increased, there was no change 



101 

 

in the quantitative result of sO2 (Figure 55b), which proved that the enhancement of 

PA signal was caused by the injected anti-NGF Ab-MoS2-AuNR instead of 

hemoglobin. The area overlaps between the PA signal of anti-NGF Ab-MoS2-AuNR 

and hemoglobin indicated that the nanoparticle accumulated at the place where has 

severe vascularity and pain. The intact right knee acted as control showed 

unnoticeable PA signal.  
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Figure 54. (a) PA imaging of left arthritis knee and healthy right knee before and after 

injection of anti-NGF Ab-MoS2-AuNR for 6h and 24h. (b) Their corresponding 

quantitative PA intensity. The statistically significant was compared to the group 

“Post-DMM” using one-way repeated measures ANOVA followed by a post hoc test 

(* P < 0.05; **P < 0.01; ***P < 0.001) (n=6). 
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Figure 55. (a) Photoacoustic blood oxygen saturation imaging of left arthritis knee 

and healthy right knee before and after injection of anti-NGF Ab-MoS2-AuNR for 6h 

and 24h, and (b) their corresponding quantitative sO2 average.  

Since MoS2-AuNR showed excellent photothermal properties, the pain of OA 

knee joint was also monitored by photothermal imaging.  After irradiation by 808 nm 

laser at a power density of 0.2 W/cm2 for 10 min, the thermal image of the left 

injured knee joint was captured by a thermal infrared camera before and 6 h/24 h 

after injection of anti-NGF Ab-MoS2-AuNR, respectively. As shown from the 

obtained infrared thermal images (Figure 56a), the temperature of the injured knee 

joint before injection (4 weeks post-DMM surgery) is significantly lower than that 

after injection of NPs for 6 h/24 h, indicating the nanoparticle accumulation in the 

OA knee joint. From the quantitative results (Figure 56b), the average peak 

temperature of 46 °C was observed at 6 h after injection, which is significantly higher 

than that before injection (35 °C) (p=0.000 <0.05) while similar to that 24 h after 

injection (45 °C). The increased temperature depends on the amount of anti-NGF Ab-

MoS2-AuNR in OA knee joints.  

Thus, this anti-NGF Ab-MoS2-AuNR accumulation induced PA amplitude 

enhancement and photothermal temperature increase can visualize and release the 

pain in arthritis knee with high sensitivity and efficiency, posing a massive potential 

for early theranostics of OA. 
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Figure 56. (a) Photothermal imaging of left arthritis knee before and after injection of 

anti-NGF Ab-MoS2-AuNR for 6h and 24h under irritation of 808 nm laser at power 
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density of 0.2 W/cm2 for 10 mins. (b) The corresponding temperature of left knee 

joints. The statistically significant was compared to the group “Pre-injection” using 

one-way repeated measures ANOVA followed by a post hoc test (* P < 0.05; **P < 

0.01; ***P < 0.001) (n=6). 

3.3.5 Behavioral pain assessment of OA mice model 

The pain behavior of OA mice model evaluated at different time points was 

used to monitor the therapeutic effect of anti-NGF Ab-MoS2-AuNR. The nociception 

of the hind paws of the mice in response to mechanical stimuli was tested by 

electronic von Frey system, which measured the ability of mice to withstand 

mechanical stimulation (Figure 57). The balance and motor coordination of the mice 

was evaluated by rotarod performance test, which measured the ability of mice to 

maintain themselves on a rod that rotated at an accelerating speed. Each mouse’s 

mechanical response and motor coordination were expressed as paw withdraw 

threshold and latency to fall respectively (Figure 58). The data collected after DMM 

surgery was used as a baseline assessment of the OA mice model.  

As expected, the mean paw withdraws threshold of left arthritis hind paw 

(0.72 g) was dramatically lower than that before DMM surgery (1.66 g) (P=0.000 

<0.05), confirming the presence of hyperalgesia. In addition, the paw withdraw 

threshold had a significant difference between the right intact hind paws and the left 

OA hind paws (P= 0.000 <0.05) after DMM surgery, which meant the mouse became 

very sensitive to mechanical stimulate due to the existence of pain. Then the mouse 

was respectively treated with NIR light only and nanoparticle only, the mean paw 

withdraws threshold of left OA hind paw was almost the same as that after DMM 

surgery, indicating that neither NIR light nor nanoparticle can release the pain of OA 

joint. After NIR laser irradiation or NPs treatment alone, there was still a significant 
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difference in response to pain stimuli between the intact right hind paw and the left 

OA hind paw (P = 0.000 <0.05). However, at 6 h post-injection of anti-NGF Ab-

MoS2-AuNR, the OA knee joint was exposed to the 808 nm NIR light at a power 

density of 0.2 W/cm2 for 10 min. The average paw withdraws threshold of left OA 

hind paws increased to 2.10 g comparable to that of right intact hind paws (1.96 g), 

showing the significant alleviation of hyperalgesia. Similarly, the OA knee joint was 

again exposed to NIR light 24 hours after injection of anti-NGF Ab-MoS2-AuNR. 

The average paw withdraws threshold of left OA hind paws was 1.95 g, indicating 

that the pain release effect maintained. 

 

Figure 57. The mechanical pain threshold was tested at six different time point, 

including pre DMM, post-DMM, post-injection of anti-NGF Ab-MoS2-AuNR, 6 h 

post-injection of anti-NGF Ab-MoS2-AuNR +NIR and 24 h post-injection of anti-
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NGF Ab-MoS2-AuNR +NIR. The statistically significant was compared to the group 

“Post-DMM” and “right healthy knee” using one-way repeated measures ANOVA 

followed by a post hoc test, respectively (* P < 0.05; **P < 0.01; ***P < 0.001) 

(n=6).  

The trend of pain release was also observed during the rotarod performance 

test (Figure 58). At 4 weeks post-DMM surgery, the mice showed a largely reduced 

latency to fall (24.5 s) compared to that of pre-DMM baseline (34.9 s), indicating the 

existence of pain caused by OA. Then the mice were treated with NIR light and 

nanoparticle respectively, but the pain behavior did not improve. Next, the thermal 

treatment was performed using an NIR laser at 6 hours and 24 hours after the 

injection of the anti-NGF Ab-MoS2-AuNR, respectively. The mice exhibited a 

recovery of normal motor coordination with latency to fall as high as 39.3 s and 43.6 

s, indicating the successful therapeutic effect of anti-NGF Ab-MoS2-AuNR on the 

pain in OA knee. 

 



108 

 

Figure 58. The latency to fall was tested at six different time point, including pre 

DMM, post-DMM, post-injection of anti-NGF Ab-MoS2-AuNR, 6 h post-injection 

of anti-NGF Ab-MoS2-AuNR +NIR and 24 h post-injection of anti-NGF Ab-MoS2-

AuNR +NIR. The statistically significant was compared to the group “Post-DMM” 

using one-way repeated measures ANOVA followed by a post hoc test (* P < 0.05; 

**P < 0.01; ***P < 0.001) (n=6). 

3.3.6 In vivo biodistribution of anti-NGF Ab-MoS2-AuNR complex 

After intravenous injection, the biodistribution of anti-NGF Ab-MoS2-AuNR 

was investigated by measuring the PA signal intensity of the major organs and knees. 

Twenty 4/6-week-old female Balb/C mice were divided into four groups randomly 

(n=5) and sacrificed at different time intervals (1h, 6 h, 24 h, and 7 days) after 

intravenous injection of anti-NGF Ab-MoS2-AuNR at the same dose (equivalent Au 

at approx. 3.5 mg/kg, 400 µg/mL, 200 µl). The PA amplitude of the harvested major 

organs (heart, liver, kidney, spleen) and OA knees were then measured under 710 nm 

pulsed laser excitation using the ultrasound-photoacoustic system. The representative 

PA images and average hemoglobin oxygen saturation mapping of major organs and 

knees at different time points are shown in Figure 59. The change of PA signal 

indicated that most anti-NGF Ab-MoS2-AuNR were accumulated in liver and spleen 

at 6 h post-injection and steadily decreased over time, resulting in nearly complete 

removal after 7 days. Kidney and heart show no obvious PA signal all over the time, 

indicating the little accumulation of anti-NGF Ab-MoS2-AuNR. The PA signal of 

oxygenated hemoglobin in organs was maintained and separated from that of anti-

NGF Ab-MoS2-AuNR all the time. However, the PA signal of oxygenated 

hemoglobin in knees was maintained and overlapped with that of anti-NGF Ab-
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MoS2-AuNR, indicating that anti-NGF Ab-MoS2-AuNR accumulated where the 

blood vessel growth was enhanced. 

Since the PA intensity measurements can not accurately quantify the 

biodistribution of anti-NGF Ab-MoS2-AuNR in live mice, the inductively coupled 

plasma mass spectrometer (ICP-MS) was further used to quantitatively detect the Au 

contents in major organs and OA knees. As shown in figure 60, the trend of anti-NGF 

Ab-MoS2-AuNR biodistribution in the main organs and knees are consistent with the 

results from PA signal intensity measurement. The amount of anti-NGF Ab-MoS2-

AuNR accumulation in liver, spleen, and knees reached the maximum after 6 h 

injection and gradually decreased over the time. After 7 days, there was no clear 

signal in the liver, spleen and knees, indicating that the nanoparticles were cleared 

from the mice. In addition, the accumulation of Au in the heart and kidneys was not 

always significant. 
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Figure 59 Representative PA images of major organs (heart, liver, kidney, spleen) 

and DMM operated knees that collected from living mice after injection of anti-NGF 

Ab-MoS2-AuNR at different time points, such as 6 h, 24 h, and 7 days.  
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Figure 60 The accurate quantification of Au element in major organs and OA knee 

joints by ICP-MS. Data were expressed as a percentage of the injection dose (%ID) 

per gram of organ/knee joint weight. 

3.3.7 In vivo toxicity of anti-NGF Ab-MoS2-AuNR 

The potential toxicity of anti-NGF Ab-MoS2-AuNR was investigated by 

sliced histological analysis. The major organs, such as heart, liver, kidney, spleen, 

and lung were collected from living mice at 24 h post-injection of anti-NGF Ab-

MoS2-AuNR at concentration of 3.5 mg/kg. Figure 61 shows the hematoxylin and 

eosin (H&E) stained slices of the major organs. The results showed that there was no 

significant damage and inflammatory lesion in the anti-NGF Ab-MoS2-AuNR treated 

group compared with the control group, indicating the excellent histocompatibility of 

anti-NGF Ab-MoS2-AuNR. 
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Figure 61. Hematoxylin-eosin (HE) staining of major organs (including heart, liver, 

kidney, spleen, and lung) after anti-NGF Ab-MoS2-AuNR treatment for 24 h. 

(Magnification: 100X). 
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Chapter 4 Discussion  

4.1 A fluorescence turn-on biosensor based on graphene quantum dots (GQDs) 

and molybdenum disulfide (MoS2) nanosheets for epithelial cell adhesion 

molecule (EpCAM) detection 

4.1.1 Enhanced fluorescence of PEGylated GQDs 

In our study, the PEG-modified GQDs exhibited slightly red-shifted emission 

at 478 nm with higher brightness and quantum yield. The quantum yield of PEG-

modified GQD was measured to be 34.7 %, which was almost eleven times higher 

than that of carboxylated GQDs (quantum yield around 3.8%). The largely improved 

quantum yield was caused by surface passivation of carboxylated GQD by PEG, 

leading to the increased quantum confinement of emissive energy trapped to the 

GQD surface. Thus PEGylated GQD exhibits stronger photoluminescence. 

Furthermore, the surface modification of carboxylated GQDs with NH2-PEG-NH2 by 

EDC/NHS chemistry method can reduce the oxidation of carboxylated GQDs. Since 

the oxygen groups play a significant role in radiative recombination of localized 

electron-hole pairs and surface emissive traps, the decreasing oxidation degree 

caused by surface modification can alter the fraction of sp2 clusters and the surface 

defects in GQDs, thus improving the quantum yield. This enhanced PL of GQDs 

benefited the fluorescence stability and lifetime, which not only improved the signal 

to noise ratio but also produced reliable detection. These improvements have 

contributed greatly to the sensitivity of FRET biosensors. 

4.1.2 The possible limitations  

GQD-aptamer/MoS2 nanocomplex was produced by a simple self-assembly 

procedure via Van der Waals force, which was unstable. In this case, it can be 
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inferred that the reason for the detachment of GQD-aptamer from MoS2 surface 

includes EpCAM aptamer and EpCAM protein affinity interaction and unstable 

physical absorbing between aptamer and MoS2 nanosheets at the same time. This 

unstable absorbing effect may cause false-positive signal for cancer cells detection, 

which hampered the reliability and sensitivity of the FRET sensing strategy. To solve 

this problem and obtain reliable signal, the completely sensing solution was kept 

standing after quenching effect, and the supernatant was examined to eliminate the 

free fluorescence. After EpCAM detection, the supernatant was further measured for 

the released fluorescence signal of GQDs. Thus, the recovered fluorescence intensity 

of aptamer-protein was mainly depending on the specific binding of EpCAM aptamer 

and EpCAM protein.  

4.1.3 Potential application of graphene quantum dots (GQDs) and molybdenum 

disulfide (MoS2) nanosheets based FRET biosensor  

In the first part, we demonstrated the successful detection of EpCAM protein 

using graphene quantum dots (GQDs) and molybdenum disulfide (MoS2) nanosheets 

based FRET biosensor. The feasibility of this biosensor for circulating tumor cell 

detection was investigated in section 3.1.5. Upon incubation of breast cancer cells 

with this sensing platform, fluorescence recovery was observed on the cell surface, 

indicating that EpCAM protein was recognized by GQD-labeled EpCAM aptamers. 

Since EpCAM protein as tumor-associated antigen is overexpressed on the surface of 

various cancer cells, such as colorectal cancer, breast cancer, gallbladder cancer, 

pancreatic cancer, and liver cancer [64-68], there exists significant potential of this 

biosensor for early cancer diagnosis. Moreover, GQDs based sensing probes had 

strong fluorescence emission and high quantum yield, which was beneficial for the 

sensitivity of cancer cell detection. MoS2 nanosheets have valuable drug loading 
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capacity as a 2D platform with high surface area to volume ratio. Therefore, this 

GQD and MoS2 based FRET biosensor can be further developed for fluorescence 

imaging guided cancer therapy. 

4.2 Amplified photoacoustic performance of molybdenum disulfide (MoS2) 

nanosheets coated gold nanorods (AuNR) for sensitive photoacoustic imaging 

4.2.1 Photoacoustic signal amplification  

 According to the results in section 3.2.4 and section 3.2.7, the photoacoustic 

amplitude of MoS2 coated AuNR was two- and three-fold higher than that of bare 

AuNR in vivo and in vitro, respectively. The reason for the amplified PA intensity 

could be attributed to two aspects. One was the enhanced NIR absorbance of AuNR 

after coating with MoS2 layer; the other was the reduced thermal resistance between 

gold surface and environment due to the existence of MoS2 layer. Specifically, the 

high NIR light absorbing properties of MoS2 can increase the light absorbance 

property of AuNR, indicating that the energy absorption capacity of AuNR is 

enhanced. When excited under 710 nm pulsed laser, more NIR light can be absorbed 

by AuNR and transferred to heat, leading to the amplification of the PA signal of 

AuNR. In other word, the enhanced PA signal was caused by the increased 

photothermal conversion efficiency of MoS2-AuNR. To achieve equal PA signal 

amplitudes, MoS2-AuNR required lower input laser energy than AuNR, which was 

highly desirable for sensitive PA imaging applications. The low input laser energy 

could minimize the side effect and damage to the healthy tissues to a large extent. 

The second reason for this enhanced PA signal amplitudes was the deduction of gold 

interfacial thermal resistance with water due to the MoS2 coating layer. Previously, 

Emelianov et al. discovered that silica coated AuNR exhibited enhanced PA signal 

because of the good thermal conductivity of silica layer [107]. Once excited by the 



116 

 

laser, the heat generated by AuNR can be efficiently transferred to the environment 

by means of silica, while improving the photostability and photoacoustic signals of 

AuNR. Since AuNR is temperature sensitive, the rod shape of AuNR can be altered 

or even destroyed under heating, resulting in loss of NIR surface plasmon resonance 

(SPR) characteristics and a decrease in PA signal amplitude. Therefore, it is 

important to maintain the shape of the AuNR by adding a heat conductive layer. 

Considering the comparable thermal conductivity of MoS2 to silica [152], the 

enhanced PA signal amplitude of MoS2-AuNR is likely to be related to the rapid 

thermal diffusion rate of the MoS2 layer. The better interfacial heat transfer process 

between MoS2 and water compared with that between gold and water could lead to 

sharp temperature profile with corresponding amplified PA signal for MoS2-AuNR. 

In conclusion, we believe that the increased NIR light absorption characteristics of 

MoS2-AuNR and the excellent thermal conductivity of MoS2 are the two main factors 

of the enhanced PA signal of MoS2-AuNR. 

4.2.2 The improved photothermal stability of MoS2-AuNR 

Apart from the capability of PA amplitude enhancement, the photothermal 

stability of the contrast agent is also important to perform consistent and robust PA 

signal. In this study, the photothermal stability of MoS2-AuNR and AuNR was 

investigated under pulsed laser radiation at 710 nm for 30 min. After long-term 

exposure, AuNR with a significant shape change had a PA signal intensity reduction 

of more than 50%, while MoS2-AuNR without a morphological change maintained a 

PA signal intensity of nearly 100%. The reason for this excellent photothermal 

stability of MoS2-AuNR was attributed to the good thermal conductivity of MoS2 

layer [152]. Since the MoS2 layer with high thermal conductivity can reduce the 

thermal resistance between gold and the environment, it is easier to transfer the 



117 

 

generated heat from the surface of the AuNR to the environment, thereby protecting 

the structure of the AuNR and the PA signal intensity. Therefore, MoS2 layer coated 

AuNRs exhibited superior photothermal stability compared with bare AuNRs. 

4.2.3 The advantages of amplified PA signal amplitude of MoS2-AuNR 

The primary benefit of amplified PA performance produced by MoS2-AuNR 

is the reduced damage to normal tissue caused by laser or contrast agents. The 

enhanced PA performance can reducer laser density and contrast concentration 

requirements to minimize potential toxicity. For example, detectable PA signal can 

be achieved by 100 μg/mL MoS2-AuNR, while more than 300 μg/mL bare AuNR 

was needed to generate the same PA intensity (Figure 38d). However, according to 

Moon et al., the PA signal amplitude of reduced graphene oxide coated AuNR was 

two times higher than that of bare AuNR [106]. In contrast, our MoS2-AuNR 

nanocomplex with three times higher PA intensity than AuNR has great potential as a 

useful contrast agent for highly sensitive PA imaging of different tissues. 

4.3 Anti-nerve growth factor antibody conjugated MoS2-AuNR as a PA 

contrast/photothermal agent for pain imaging and medication in OA 

4.3.1 Pain imaging of OA  

Previously, the concept of pain imaging was derived from the visualization of 

the chronic pain in the human brain using magnetic resonance imaging (MRI) and 

positron emission tomography (PET) [154-155]. The pain imaging of brain provided 

a wealth of information about pain processing and pain modulation, which played a 

key role in understanding chronic pain conditions and opened a door to new 

opportunities for better diagnosis and treatment [155]. However, there was few 

researches about the pain imaging of osteoarthritis. In order to better understand the 
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status of OA, multiple assessments of pain conditions are essential and needed. 

Currently, a few studies have investigated the relationship between structural lesions 

detected by MRI and the presence of pain from OA knees [156-157]. The results 

demonstrated that the bone marrow lesions were associated with the occurrence of 

knee pain, but not related to pain severity. However, the cartilage loss is not obvious, 

and the pain can be ignorable at the early stage of OA, which may hamper the 

optimal treatment time point. Therefore, there remains an urgent need to sensitively 

observe OA knee pain at an early stage. The pain imaging of OA knee joint could 

benefit the understanding of chronic pain and pain-associated processes, which can 

be used as an aid to develop the more efficient analgesic treatments to the OA pain. 

4.3.2 The possible mechanisms of anti-NGF Ab-MoS2-AuNR based NIR 

photothermal therapy for OA pain 

 The pain of OA was caused by the angiogenesis and sensory nerve growth 

within vascular channels. Since inflammation-induced NGF can stimulate the growth 

of blood vessels, it was considered to be a key factor in the development of chronic 

pain in OA. In our study, the most likely mechanism of pain release effect was the 

targeted inhibition of NGF by our nanoparticle (anti-NGF Ab-MoS2-AuNR). Due to 

the affinity interaction of antigen and antibody, our anti-NGF Ab-MoS2-AuNR can 

specifically recognize NGF, so that the biological activity of NGF can be blocked. 

Furthermore, the NIR thermal treatment of MoS2-AuNR might cause the irreversible 

inhibition of NGF, which was associated with the resolution of inflammation and 

pain. However, there were other possibilities for the pain relief in OA knee due to the 

complex of the in vivo environment. For example, the angiogenesis was also derived 

from the inflammation through macrophage activation [158]. The angiogenesis in OA 

increased with the increasing macrophage infiltration, because macrophage can 
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produce vascular endothelial growth factor (VEGF), and therefore stimulate the 

growth of blood vessels [159]. Additionally, macrophages played a crucial role in the 

non-specific defense against invaders. In this case, the invasion of anti-NGF Ab-

MoS2-AuNR can be captured by the macrophage in OA synovium. The thermal 

therapy effect caused by MoS2-AuNR might destroy the macrophages and lead to the 

release of OA knee pain. 

4.3.3 The future work for anti-NGF Ab-MoS2-AuNR based pain imaging and 

medication in OA pain 

To further confirm the positive targeting effect, sham surgery group as an 

essential scientific control is necessary. In our study, DMM surgery was operated on 

the hind leg of living mice to generate OA bearing animal model, so the sham surgery 

as a faked surgical intervention should be conducted without permanent damage to 

the knee joint. Specifically, DMM- and sham-operated surgery will be performed on 

two hind legs of the other five mice, respectively. After that, the pain imaging and 

medication will be measured and evaluated as previously described in section 2.3.6-

2.3.7. Moreover, it is crucial to conduct the assessments in a blinded manner, because 

pain behavior assessment depends on the subjective judgments of examiners. 

However, our study was non-blinded at this stage, there must have an overestimation 

of the treatment effect. 

The 1 h group in the biodistribution study and the 7 days group in the 

histological study will be further explored. The histological examinations of OA knee 

joint will be thoroughly executed to find out the reason of pain release for OA 

bearing mice. Additionally, the limited sensitivity of the pain imaging of OA knee 

joints may be related to the low expression level of NGF after 4-week DMM surgery. 
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To support this hypothesis, mice with 8-week post-DMM- and sham-surgery will be 

investigated in the future.  
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Chapter 5 Conclusion 

The MoS2 based nanoprobes were successfully developed for sensitive 

biosensing and bioimaging.  In the biosensing part, a novel FRET biosensor based on 

MoS2 nanosheet and GQDs was developed for EpCAM protein detection. The 

physical absorption between PEGylated GQD labeled EpCAM aptamer and MoS2 

surface brought GQDs and MoS2 into proximity to trigger fluorescence quenching 

phenomena. With the presence of EpCAM protein, the fluorescence restored because 

of the strong specific affinity interaction between the aptamer and EpCAM protein, 

which could lead to the detachment of GQD-labeled EpCAM aptamer from the MoS2 

nanosheets. The results demonstrated the feasibility of this FRET biosensor for 

EpCAM protein detection with a response time of 50 min and LOD of 450 pM. The 

sensing responses with bovine serum albumin (BSA) and immunoglobulin G (IgG) 

demonstrated the specificity of this FRET biosensor for EpCAM protein. Moreover, 

this GQD-MoS2 based FRET biosensor also showed a positive response to real breast 

cancer cells, suggesting the great potential for early diagnosis of circulating tumour 

cells with EpCAM overexpression. 

In the bioimaging part, MoS2 coated AuNR exhibited strongly amplified PA 

performance for sensitive photoacoustic imaging. As compared with bare AuNR, the 

hybrid MoS2-AuNR nanosystem showed three-fold higher PA signal in vitro while 

two-fold higher PA intensity in vivo. Two factors can explain the enhancement of PA 

amplitude, one was the enhanced near infrared (NIR) light absorption properties of 

AuNR after coating with MoS2, and the other was the reduced gold interfacial 

thermal resistance between gold and water with the existence of MoS2 layer. Thus, 

MoS2-AuNR nanosystem had higher photothermal conversion efficiency and faster 

thermal processing efficiency than that of the bare AuNR system, resulted in the 
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higher PA amplitude signal. Moreover, the MoS2-AuNR nanosystem had low 

cytotoxicity compared with bare AuNR and can be easily uptake by cells. The 

biodistribution and histological evaluation showed that MoS2-AuNR nanosystem 

mainly accumulated in liver and spleen with no obvious organ inflammation or 

damage, indicating the good biocompatibility of MoS2-AuNR in vivo.  

After conjugation with anti-NGF Ab, MoS2-AuNR nanosystem was then 

acted as a multifunctional contrast agent for visualizing/releasing the pain in 

osteoarthritis (OA). After 6 h and 24 h injection of anti-NGF Ab-MoS2-AuNR, the 

sensitive pain imaging of OA knee joint in living mice was presented by 

photoacoustic image and photothermal image under the pulsed laser excitation at 710 

nm and NIR light irradiation at 808 nm, respectively. The highest PA amplitude and 

photothermal temperature were detected at 6 h post injection due to the accumulation 

of anti-NGF Ab-MoS2-AuNR in OA knee joint, while that of 24 h post injection 

showed a slight decrease because of the removal of anti-NGF Ab-MoS2-AuNR in 

circulating system. To release the pain of OA, the 808 nm laser was irradiated on the 

knee joints for 10 mins at 6 h and 24 h post-injection of anti-NGF Ab-MoS2-AuNR 

respectively. The therapeutic effects were assessed by the behaviour pain of living 

mice using mechanical allodynia and rotarod performance test. The mice had 

hyperalgesia after DMM surgery. After laser therapy, the mean paw withdraws 

threshold of OA hind leg and the latency to fall of mice can recover to healthy level 

compared to that after DMM surgery, indicating the efficient pain release of anti-

NGF Ab-MoS2-AuNR using photothermal therapy. The biodistribution and 

histological evaluation showed that anti-NGF Ab-MoS2-AuNR nanosystem mainly 

accumulated in liver, spleen and DMM-operated knee joint with no obvious organ 

inflammation or damage, indicating the good biocompatibility of MoS2-AuNR. 

Therefore, the anti-NGF Ab-MoS2-AuNR nanosystem with excellent PA 
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performance and photothermal effect opened a door for multi-functional contrast 

agent for pain imaging and medication in OA.  
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