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ABSTRACT 

Osteoarthritis (OA) is a leading cause of chronic pain in the elderly worldwide. Current diagnosis 

and therapy for OA pain are non-specific and inefficient with significant adverse effects. Here, we 

design a theranostic nanoprobe based on molybdenum disulphide (MoS2) nanosheet-coated gold 

nanorods (MoS2-AuNR) targeting never growth factor (NGF), a key player in OA pain sensation, 

for photoacoustic pain imaging and near-infrared (NIR) imaging-guided photothermal therapy in 

a surgical OA murine model. MoS2 coating significantly improves the photoacoustic and 

photothermal performance of AuNR. Functionalization of MoS2-AuNR nanoprobes by 

conjugating with NGF antibody enables active targeting on painful OA knees. Photoacoustic signal 

intensity reflected by probes accumulated in OA knee correlates with the severity of mechanical 

allodynia and near-infrared excited photothermal therapy mitigates mechanical allodynia in both 

subacute and chronic phase of OA. This molecular theranostic approach enables us to specifically 

localize and efficiently block peripheral OA pain transmission.    

KEYWORDS: molybdenum disulfide, gold nanorods, osteoarthritis, nerve growth factor, 

theranostics, pain relief 
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Osteoarthritis (OA) represents one of the most common painful conditions in the life of a human. 

It has caused heavy healthcare and socioeconomic burden.1 The pathophysiology of OA pain is a 

mixed picture involving both nociceptive and neuropathic mechanisms at both peripheral and 

central level.2 As a result, OA pain exhibits heterogeneous clinical presentations, which poses a 

huge challenge for clinical diagnosis and management.3 

In current clinical practice, the diagnosis and treatment for OA pain are limited to 

subjective description such as visual analogue score, and non-specific pain relief using 

nonsteroidal anti-inflammatory drugs (NSAIDs).4 With the advancement of imaging technologies, 

functional magnetic resonance imaging, i.e. blood oxygenation level-dependent imaging, has been 

employed to quantify central pain sensitization component in OA.5, 6 However, it remains puzzling 

why patients with relatively less severe radiographic joint deformity preoperatively experience 

much more pain after total joint replacement surgery,7 and joint pain persistently occurs in around 

10~20% of OA patients after surgery.8 Seeing the discordance between radiographic and 

symptomatic OA,9, 10 there might exist unknown peripheral OA pain generators that are not 

resected during the surgery. It promotes an urgent need for the development of imaging-based 

evaluation tools to precisely localize and quantify the peripheral component of OA pain, which 

will potentially lead to a paradigm shift in current analgesic and surgical practice.11  

Activation and sensitization of peripheral afferent nerve fibres is a key step in  OA pain 

mechanism along its chronic course.12 Nerve growth factor (NGF) is a secreted protein that is 

essential for the development and survival of neurons.13 Mounting evidence points to a pivotal role 

of NGF in OA peripheral pain transmission in both humans and animals.14, 15 Under mechanical 

or inflammatory stimuli, articular chondrocytes or synovial fibroblasts secret NGF to trigger pain 

sensation in OA joint.16,17 Accumulation of NGF can be observed in human OA patients and OA 
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models in vivo.16,18,19 In a widely used surgical destabilization of medial meniscus (DMM) mouse 

model of OA, the level of Ngf mRNA in arthritic joint tissues reached the peak immediately (day 

3) and 4 months after surgery.15 The binding of NGF to its receptor, Tropomyosin receptor kinase 

A (TrkA), leads to a rapid potentiation of transient receptor potential cation channel, subfamily V, 

member 1 (TRPV1) that triggers pain sensitization in primary afferent sensory neurons.20 NGF 

also contributes to the arthritic joint pain hypersensitivity.21, 22 Recently, it was reported that pain 

behaviour in OA knees tended to be more sensitive to intra-articular injection of NGF.17 Blockade 

of NGF signalling via either soluble recombinant form of NGF receptor or selective TrkA inhibitor 

could effectively suppress the pain in various animal models of OA,15,23 while NGF neutralizing 

antibody is also an emerging analgesic therapy for OA in clinical trial phase III.24 In recent years, 

there is increasing use of nanoprobes (cationic nanoprobe) and biomarkers (inflammatory and non-

inflammatory cytokines) on OA theranostics.25-27 Therefore, NGF-targeting molecular imaging 

using nanoprobes for OA pain will enable us a better understanding of the origin of OA pain 

towards personalized analgesic therapy. 

Photoacoustic imaging is a non-invasive hybrid imaging modality, which rapidly arouses 

great attention in clinical diagnostics due to the non-ionizing property, high spatial resolution and 

deep penetration depth compared with optical imaging.28 Plasmonic nanoparticles such as gold 

nanostructures (10~200 nm) have been well investigated as potential photothermal agents and PA 

contrast agents due to their super optical properties and easy biofunctionalization.29,30 Compared 

with round gold nanoparticles (AuNPs) with main optical absorption in the visible light, 

anisotropic gold nanorod (AuNR) is of high interest for NIR-excited PA imaging due to easy 

synthesis, tuneable absorbance spectrum and high absorption cross-section in the near-infrared 

(NIR) region from 650 to 900 nm.31 However, poor photothermal stability of AuNR limits the 
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wide application of PA imaging in biological samples.32 To improve the photothermal stability 

and enhance PA imaging signal, AuNR coating with other nanomaterials such as silica and reduced 

graphene oxide (rGO) with efficient thermal conductivity have been used to coat on AuNR surface 

to increase its photothermal stability.31,32 However, silica has no photothermal absorption in the 

NIR region, which cannot enhance the photothermal performance of AuNR.31 The rGO coating 

with high NIR light absorption could enhance the photothermal performance of AuNR. However, 

the hydrophobic property of rGO leads to poor water dispersibility of the formed rGO-AuNR, 

which may hamper its biological applications.32 In the recent years, graphene-like two-dimensional 

(2D) layered nanomaterials, have attracted great attention due to the graphene-like atomic planar 

structure.33 Among them, molybdenum disulfide (MoS2) is of high interest due to its high stability, 

easy synthesis, and unique chemical, electronic and optical properties.34 Especially, MoS2 shows 

excellent biocompatibility and low cytotoxicity, which makes it suitable for biological 

applications.35-37 Moreover, due to its high NIR absorbance and strongly negative surface charge, 

chemically exploited 2D MoS2 nanosheets exhibit good NIR heating feature as well as good water 

dispersibility.38 Such properties of MoS2 potentiate itself as a superior contrast agent for PA 

imaging, 39 or hybridization with the other nanomaterials for theranostic purpose.40,41  

Here, we designed an NGF-targeting PA molecular theranostic nanoprobe based on 2D 

molybdenum disulfide (MoS2) nanosheets-coated gold nanorods (MoS2-AuNR) for peripheral OA 

pain imaging and imaging-guided photothermal treatment in animals. NGF monoclonal antibody-

conjugated nanoprobe (Anti-NGF-MoS2-AuNR) demonstrated its active targeting capability on 

OA knee joint compared to intact knee under molecular PA imaging in vivo. Our results 

demonstrated that the intensity of photoacoustic signal in OA knee after tail-vein injection 

correlates with the severity of mechanical allodynia and histopathological evidence of 



 6 

neurovascular invasion in arthritic joint tissues in a surgical OA mouse model. Moreover, anti-

NGF-MoS2-AuNR mediated photothermal therapy displayed significant pain relief in both 

subacute and chronic phase of OA.  

 

RESULTS AND DISCUSSION 

Design and synthesis of NGF-targeted theranostic nanoprobe  

Neurovascular invasion with joint destruction contributes to peripheral pain sensation in OA 

(Figure 1a).  The binding of nerve growth factor (NGF) on tropomyosin receptor kinase A (TrkA) 

could lead to pain sensation.42 To prevent NGF binding to TrkA in peripheral pain sensation, we 

purposely designed a functionalized gold nanorod (AuNR) coated with MoS2 and then conjugated 

with anti-NGF antibody (anti-NGF-MoS2-AuNR) (Figures 1b). As shown via high-resolution 

transmission electron microscopy, we successfully synthesized MoS2-AuNR with MoS2 coating 

layer on the surface of AuNR (aspect ratio of 2.5, length=50 nm, width=20 nm) (Figure 1c). The 

overlapping of Mo and S elements with Au element in the TEM elemental images indicated the 

formation of MoS2 layer on the surface of AuNR (Figure 1c). Differences in surface charges 

between AuNR, MoS2-AuNR and anti-NGF-MoS2-AuNR were confirmed by changes in zeta-

potential, suggesting the successful formation of the conjugate (Figure 1d). The chemical 

properties of MoS2-AuNR have also been further characterized via Raman spectroscopy and X-

ray diffraction analysis (Figures 1e & S1). In Raman spectroscopy, MoS2 showed characterization 

peaks at 380 cm-1 and 402 cm-1 as the E1
2g and A1g vibration modes, respectively. After interaction 

with AuNR, the A1g peak of MoS2 showed a red-shift of 1.86 cm−1 and an increase of A1g/ E
1

2g 

peak ratio was also observed due to the interaction between the MoS2 layer and AuNR. In addition 

to the physical and chemical properties, we examined the binding affinity of our anti-NGF-MoS2-
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AuNR nanocomplex by ELISA (Figure 1f). The binding of anti-NGF-MoS2-AuNR complex was 

significantly enhanced with increasing concentration of NGF (Figure 1g). 

 

Figure 1 | Theranostic platform for pain imaging in knee osteoarthritis. a, Schematic diagram 

showing comparisons between normal and OA knee joint. b, Positively charged CTAB-AuNR 

interacts with negatively charged small MoS2 nanosheet via electrostatic interaction to obtain 

MoS2-nanosheet encapsulated AuNR (MoS2-AuNR). Then anti-NGF antibody binds to MoS2-

AuNR via covalent interaction between MoS2 nanosheet with sulfur vacancies and free sulfhydryl 

groups of the antibody. Finally, an anti-NGF-mAbs-MoS2-AuNPs nanocomplex was obtained.c, 

HR-TEM images of single, multiple and element mapping images of MoS2-AuNR d, Zeta-

potential of elements in anti-NGF-MoS2-AuNR, showing successful attachment of NGF antibody 

on MoS2-AuNR e, Raman spectroscopy diagram of MoS2-AuNR f, g, Binding affinity between 

anti-NGF-MoS2-AuNR nanocomplex and NGF was assessed by (f) sandwich ELISA. (g) The 

absorbance at 450 nm was plotted against the increasing concentration of the antibody alone and 

the nanocomplex.  
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Enhanced biocompatibility and imaging performance of MoS2-AuNR  

High optical absorbance and high photothermal conversion efficiency of contrast agents in the NIR 

region are required to promote strong thermal expansion and to generate an enhanced PA signal.28 

Higher characteristic optical absorption peaks at 710 nm and 510 nm were achieved by coating 

MoS2 on AuNR (Figure S2), while enhanced temperature under radiation was recorded in MoS2-

AuNR when compared to AuNR or MoS2 alone (Figure S3). MoS2-AuNR exhibits photothermal 

capabilities in a concentration- and power density-dependent manner (Figures 2a & S4), as well 

as in repeated heating and cooling cycles (Figure 2b). The photothermal conversion efficiency of 

MoS2-AuNR was estimated at around 74.6% by average according to the photothermal 

heating/dissipation cycle (Figure S5). 

  PA imaging performance of MoS2-AuNR was further investigated using a setup as shown 

in Figure S6. Finite element simulation showed a 4-fold increase in PA signals in MoS2-AuNR 

than AuNR with a temporal laser pulse (Figure S7). This is further confirmed in the wavelength 

of the spectrum, with 4-fold higher PA amplitude in MoS2-AuNR than AuNR at 710 nm (Figure 

2c). Moreover, PA signal intensity of MoS2-AuNR also increased in a dose-dependent manner 

from 50 to 400 μg/ml (Figures 2d & S8). Stability in morphology and PA intensities after long-

term irradiation (710 nm, 20 Hz, 20 mJ/cm2, < 10 ns pulse width) for 30 minutes make MoS2-

AuNR a good candidate for longitudinal imaging (Figure S9). Cellular uptake and haemolytic 

potential of this nanocomplex were evaluated before intravenous injection. Coated by the 

biocompatible MoS2 layer, MoS2-AuNR demonstrated lower cytotoxicity compared to AuNR 

alone (Figure S10). Strong TPEF signals were observed on MCF-7 cells incubated with a high 

concentration of 80 µg/mL MoS2-AuNR up to 24 hours without causing any morphological 

alterations and cell damages (Figure S11). The hemolysis assay results also showed negligible 
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haemolysis (< 5%) of red blood cells upon AuNR, MoS2 or MoS2-AuNR treatment from 0-200 

µg/ml, indicating excellent hemocapability of these nanoparticles (Figure 2e). We then examined 

the in-vivo PA imaging performance of MoS2-AuNR in 4-6 months old balb/c mice. AuNR and 

MoS2-AuNR solutions were mixed with matrigel matrix (v/v =1:1, the final concentration of Au 

was 75 µg/mL) and subcutaneously injected to the back of a mouse to generate the tissue-

mimicking phantoms for in vivo PA evaluation (Figure 2f). Pure matrigel matrix was used as 

stronger than bare AuNR at 710 nm for in vivo imaging (Figures 2g, h).   

We then investigated the biodistribution of MoS2-AuNR by measuring the PA signal 

intensity of major organs such as heart, liver, kidney and spleen ex vivo after intravenous injection 

of MoS2-AuNR at the dose of 3.5 mg/kg in 4-6-month-old female mice. The representative PA 

images of major organs at different time points are shown in Figure 2i. We observed that MoS2-

AuNR accumulation reached the maximum in most organs in the initial 6h especially in liver and 

spleen, and particles were mostly cleared out from major organs after 7 days (Figure 2j). This 

finding was further supported by the inductively coupled plasma mass spectrometry (ICP-MS) 

analysis (Figure 2k).   
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Figure 2 | Characterization and biocompatibility of MoS2-AuNR. a, Thermal images of MoS2-

AuNR with increasing concentration (upper row) and increasing laser power (lower row) at 200 

μg/mL b, Photothermal stability study of MoS2-AuNR (200 μg/mL) under photothermal heating 

and natural cooling cycles. c, Normalized PA amplitude of AuNR and MoS2-AuNR under different 

wavelengths d, PA signals for AuNR and MoS2-AuNR showed a dose-dependent increase at 710 

nm e, Percentages of hemolysis induced by AuNR, MoS2 and MoS2-AuNR at various 

concentrations. Inset image shows the direct observation of hemolysis by MoS2-AuNR f, 

Subcutaneous injection of control (Matrigel), AuNR and MoS2-AuNR into a mouse in prone 

position (n=5). g, US-PA overlay image obtained by in vivo PA imaging by LZ250 transducer at 

710 nm. h, Quantitative analysis of PA signals from (g) showed an enhancement of signal with 

MoS2-AuNR i, US-PA overlay images showing PA signals at 710 nm of ex vivo organs and tissues 

(heart, kidney, liver and spleen) from mice at 1h, 6h, 24h and 7 days post-i.v. injection of MoS2-

AuNR (n=3 each group). j, Semi-quantitative biodistribution of MoS2-AuNR in mice determined 

by the average PA intensity of major organs. k, ICP-MS analysis reflecting the amount of gold 

element in MoS2-AuNR in the excised tissues. A single intravenous injection of 3.5 mg/kg MoS2-

AuNR was given to the mice (n=20, 5 per group). Organs were collected after 1h, 6h, 24h or 7 

days of injection. Statistical analyses were performed using ordinary one-way ANOVA with 

Tukey’s post-hoc test.  
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Biodistribution of NGF-targeted nanoprobe for OA pain imaging  

To confirm the successful delivery and active targeting effect of anti-NGF-MoS2-AuNR to the 

inflamed joints, we carried out a time-dependent biodistribution of the nanocomplex after 

injection. A total of twenty 4-6 months balb/c mice were divided randomly into four groups (n=5) 

and sacrificed at different time points (1h, 6h, 24h and 7 days) after intravenous injection of 3.5 

mg/kg anti-NGF-MoS2-AuNR. Ex vivo US-PA overlay images of the organs showed accumulation 

of NPs mainly in liver, spleen and OA knee (Figure 3a). PA signals at 710 nm reached the 

maximum at 6h post-injection, while the signal diminished after 7 days (Figure 3b). In addition, 

we also quantified the gold deposition in the organs and inflamed knees using ICP-MS. Consistent 

with the observation from PA imaging, accumulation of NPs in OA knees reached the highest after 

6 hours of injection (Figure 3c), suggesting 6 hours post-injection of NPs might be the optimal 

time for NGF-targeting therapy for OA pain relief. Histopathological H&E staining of major 

organs showed little difference between the saline control group and anti-NGF-MoS2-AuNR group 

after 24 hours or 7 days of injection (Figure 3d). Hence, good biocompatibility of our nanoprobe 

in vivo affirmed its potential to be used in nanotherapy.  
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Figure 3 | Biodistribution and toxicity assessment of vital organs after anti-NGF-MoS2-

AuNR injection. a, US-PA overlay images showing signals at 710 nm of ex vivo organs and tissues 

(heart, liver, spleen, OA knee and kidney) at 1h, 6h, 24h and 7 days post-i.v. injection of anti-

NGF-MoS2-AuNR (n=3 each group). b, Semi-quantitative biodistribution of anti-NGF-MoS2-

AuNR in mice determined by the average PA intensity of major organs. c, ICP-MS analysis 

reflecting the amount of gold element in anti-NGF-MoS2-AuNR in the excised tissues. A single 

intravenous injection of 3.5 mg/kg anti-NGF-MoS2-AuNR was given to the mice after 1-month of 

surgery (n=20, 5 per group). Organs and knee joints were collected after 1h, 6h, 24h or 7 days of 

injection. d, Representative H&E staining of heart, liver, kidney and spleen after 24h of nanoprobe 

intravenous injection. Statistical analyses were performed using ordinary one-way ANOVA with 

Tukey’s post-hoc test.  
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Non-invasive NGF-targeted pain imaging in vivo  

In a well-received surgical destabilization of medial meniscus (DMM)-induced posttraumatic OA 

mouse model, the expression of nerve growth factor (NGF) and its receptor, tropomyosin receptor 

kinase A (TrkA) significantly increased in the synovium at 1-month and 4-month post-surgery 

(Figure 4a, 4b). Meanwhile, synovial blood flow transiently increased at 1-month post-surgery as 

visualized under Doppler sonography, and gradually resolved at 4-month after surgery (Figure 4c).  

Anti-NGF-MoS2-AuNR was then deployed to localize NGF in this OA mouse model. Upon 

intravenous injection, our nanoprobes accumulated and could be visualized in the synovium of OA 

joints after 1 and 4-month of surgery under PA imaging at 710 nm (Figure 4d). No signal could be 

detected in unoperated intact knees, showing NPs only accumulate at the inflamed regions which 

are rich in NGF (Figures 4d, e). To differentiate between the true signal given by the nanoprobes 

and the signal from the haemoglobins which give information about oxygen saturation (sO2) at 

750/850 nm, we performed PA analysis at both 710 nm and 750/850nm.35 Our PA imaging result 

showed sO2 remain almost at the same level before and after NPs injection in OA knee (Figures 

4f, g). This suggests that the difference in PA signal observed at 710 nm before and after surgery 

was not caused by the changes in surgery-induced sO2 increase. The conjugated anti-NGF can 

actively target the inflammatory tissues in the OA joint.  

Besides the increase of PA signals, histology of knee joints also suggested both passive 

and active targeting effect of anti-NGF-MoS2-AuNR in OA synovium. H&E staining showed 

synovial membrane angiogenesis and degradation of articular cartilage in OA joints after 1-month 

and 4-month of DMM surgery respectively. We observed an increase in the number of blood 

vessels (as indicated by black arrows) in synovium after one month of surgery while the number 

reduced in late OA (4-month after surgery) (Figures 5a, b), which aligns well with the PA intensity. 
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The increase in permeability of the vessels as demonstrated by power Doppler imaging (Figure 

4c) facilitates the passive movement of nanoparticles from the vessels to synovium by enhanced 

permeability and retention (EPR) effect. Nanoparticles (indicated by red rectangles) were observed 

near blood vessels, showing accumulation of NPs in inflamed tissue rich in NGF (Figure 5b). 

Moreover, no fibrosis or damaged tissues were observed in surrounding normal tissues, 

demonstrating good targeting effect of NIR laser treatment on NGF-positive tissues and the heat 

from the laser did not cause any adverse effect to other tissues at the joint (Figure 5b).   
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Figure 4 | Targeting effect of anti-NGF-MoS2-AuNR on OA knee. a, NGF (green) and b, TrkA 

(green) expression were analysed by immunofluorescence staining, DAPI was used for nuclear 

counterstaining. Inset magnifications show a close-up view of synoviocytes in synovium. Scale 

bars, 25 m. (n=6-7 independent biological samples for each group) c, Images of functional 

synovial vessels by power doppler (PD) ultrasonography. PD signals (red) reflect the flow rate of 

blood in blood vessels. Respective magnified images are shown on the right. (n=6-7). d, 

Representative in vivo US-PA overlay images of intact knees and surgery knees from mice after 

1-month (n=6) and 4-month (n=10) of surgery at different time points (pre-i.v. injection, 6 hours 

and 24 hours post-i.v. injection of anti-NGF-MoS2-AuNR). e, Quantitative PA intensities from (d) 

are shown with mean  S.E.M. Each data point represents the signal from one knee. f, 

Representative US-PA overlay images showing oxygen saturation at wavelength 750/850 nm in 

synovial blood before and after injection in intact and OA knees. g, PA intensities from (f) are 

shown with mean  S.E.M., with each data point represents signal from one knee. 
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Figure 5 | Histology of knee joints indicating the targeting effects. a, Bright-field images of 5-

m slices of knee joints from control and OA mice stained with haematoxylin and eosin (H&E). 

b, Enlarged images of synovium showed in dotted rectangles of the (a) overview images. Black 

arrows indicate the presence of blood vessels. Scale bars, e, 100 m; f, 50 m. Statistical analyses 

were performed using ordinary one-way ANOVA with Tukey’s post-hoc test or Kruskal–Wallis 

test with Dunn’s multiple comparison test (non-normal distribution), when deemed appropriate.  



 17 

Analgesic effect of NGF-targeted therapy in early OA 

To determine the optimal concentration of MoS2-AuNR intravenously injected into 

animals, a concentration screening test was peformed. Our results indicated concentration over 7.0 

mg/kg will cause more than 5% haemolysis (Figure S12). We further measured the temperature of 

OA knees with NIR irradiation in mice injected with 1.75, 3.5 and 7 mg/kg. Low concentration at 

1.75 mg/kg could not provide satisfactory hyperthermia treatment effect, while the middle and 

high dose provided similar increase in temperature (Figure S13). Therefore, the final concentration 

we used in our study was 3.5mg/kg.  We successfully demonstrated the analgesic effect of our 

NGF-targeted photothermal therapy in early OA in a mouse model. Longitudinal nociception and 

motor coordination of the animals were monitored before and after surgery and NIR laser treatment 

(Figure 6a). Unoperated contralateral knees were used as the control for the OA knees. IR 

thermographs showed an increase in temperature on OA knees after injection of nanoprobes upon 

irradiation by an 808 nm laser with an output power of 0.2 W/cm2 for 10 minutes (Figures 6b, c), 

while there was no obvious temperature change on intact knees. This again confirms the targeting 

effect on inflamed tissues of our anti-NGF-MoS2-AuNR nanoprobes. To evaluate the long-term 

retention capability of our nanoprobes in OA knee, the temperature on the OA knee after 10 

minutes of laser treatment was measured at different time points during 10 days post-injection. 

The results showed that the relative temperature increase on OA knee after laser treatment peaked 

at 6h post-injection and a slight drop in mean temperature was observed one day after injection. 

Temperature increase remained at a moderately high level even after 2 days of injection, then 

gradually decreased back to zero (Figure S14). This suggests the probes were completely cleared 

out and could not provide photothermal effect to the inflamed joint after 10 days of injection. We 

assessed the nociceptive tolerance of the animals on both the intact and OA legs before and after 



 18 

NIR laser therapy. Surgery-induced hypersensitivity was observed in OA legs as shown by a large 

reduction in paw withdrawal threshold in von Frey test. The threshold remained low until we 

intravenously injected our nanoprobes and performed NIR therapy on the knee joints. 

Improvement in pain sensitization was reflected by an increase in paw withdrawal threshold in OA 

limbs upon laser treatment at 6h and 24h of post-injection (Figure 6d), showing successful pain-

relief on our OA mouse model. In addition to pain relief, we also showed an improvement in motor 

balance of OA mice after NGF-targeted photothermal therapy (Figure 5e). In rotarod test which 

assesses the motor coordination of the animals, healthy mice could stay a longer time on an 

accelerating rod compared to OA mice. After treatment, the performance of the animals improved 

significantly after 6h and 24h of post-injection (Figure 6e). In a long-term efficacy study up to 10 

days of post-injection,  animals performed best after 2 days of injection. Analgesic effect brought 

by nanoprobe-based photothermal treatment lasted until 4 days after injection, while some animals 

still had a high paw withdrawal threshold after 4 days of injection and some animals lost analgesic 

effect. Our data indicated that complete loss of analgesic effect happened after 7 days of injection, 

when most of the nanoparticles were cleared out (Figure S15a). Similar trend was also found 

during the long-term von Frey test that the effect of the treatment could last for at least 4 days and 

the beneficial effect was lost only after 7 days of injection (Figure S15b). The therapy effect of our 

nanoprobe was also compared to indomethacin, one common nonsteroidal anti-inflammatory drug 

(NSAID) for acute pain treatment.. Here, indomethacin was administered once intraperitoneally 

(2.5 mg/kg) for comparison with the nanoprobe treatment group up to 7 days after injection. 

Indomethacin treatment group could improve motor balance and nociceptive tolerance at 6 h of 

injection and then quickly lost the therapy effect after 24 h of injection. Compared with 

indomethacin treatment group, the nanoprobe treatment group obviously had higher and longer 
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therapy effect up to 4 days. This again demonstrated the long-lasting effect of our active-targeting 

nanoprobe on OA knees. Expression of NGF reduced in OA synovium after NIR therapy, while 

there was no significant change in TrkA expression (Figure 6f, g). This imaging-guided 

nanotherapy successfully reduces the level of pain by preventing NGF from binding to its receptor 

without damaging TrkA, therefore, blocking the pain response pathway. It further affirms the 

targeting effect of our nanoprobes on the NGF-rich tissues.   
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Figure 6 | Therapeutic effect of nanoprobe-guided laser treatment in early OA. a, Schematic 

diagram of the experimental design to investigate the effect of the photothermal therapy on early 

OA. (n=6). b, IR thermographs showed an increase of temperature in OA knees after intravenous 

injection of anti-NGF-MoS2-AuNR in 1-month post-surgery mice. Temperature of the knees was 

measured and the zoomed-in thermographs are shown on the right. c, Temperature of the OA knees 

before and 6h/24h after injection. d, Paw withdrawal threshold in response to mechanical stimuli 

in intact and OA knees was evaluated by von Frey filament test after 1-month of surgery. e, Motor 

coordination of mice after 1-month of surgery was assessed by latency to fall using rotarod test. f, 

g, Representative images and quantification of immunofluorescence staining of (f) NGF and (g) 

TrkA on synovium of knee joints 1-month after surgery with and without NIR treatment. Scale 

bar, 25 µm. Data are shown with mean  S.E.M. Each data point represents data from one animal. 

Two-way ANOVA with Sidak's multiple comparisons test was used for statistical analysis.  
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Analgesic effect of NGF-targeted therapy in advanced OA 

To investigate the effect of the nanotherapy in advanced OA, we again examined the changes in 

tactile sensitivity and motor coordination of the animals after 4-month of surgery (Figure 7a). 

Similarly, the temperature of OA knee joints increased more than the contralateral sham-operated 

knees and reached a peak at 6 hours post-injection (Figure 7b). Lower degree of vascularization 

(Fig. 4f) with lower doppler signal measured in Doppler ultrasonography (Figure 4c) in more 

severe OA may cause a smaller difference in temperature recorded before and after injection of 

nanoprobes in OA knees compared to that in early OA knees (Figure 7b, c). Similar to the 

observation in early OA, laser treatment after injection of anti-NGF-MoS2-AuNR also reversed 

the hypersensitivity in advanced OA (Figure 6d). However, it could not improve the motor 

coordination of mice after 4-month of surgery (Figure 7e). By normalizing the PA intensity and 

paw withdrawal threshold after 6 hours of nanoprobe injection and NIR therapy in both early and 

late OA, we observed a strong negative correlation (r = -0.7133) between the two (Figure 6f). This 

showed an accumulation of NGF when the mice experienced a more painful feeling, allowing 

visualization of nociception in animals. Again, we observed a significant reduction of NGF 

expression while no obvious decrease of TrkA after photothermal therapy (Figure 7g, h). The 

photothermal pain medication mechanism can be explained by Figure 7i. The pain sensation is 

based on the conjugation of NGF and its receptor TrkA on endothelial cells and sensory nerve. 

Once anti-NGF-MoS2-AuNR nanoprobes conjugate with NGF, NIR based photothermal local 

treatment will prevent binding of NGF to TrkA. NGF/TrkA peripheral pain sensation signalling 

pathway through dorsal root ganglion is then blocked, realizing pain relief effects.    
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Figure 7 | Therapeutic effect of nanoprobe-guided laser treatment in late OA. a, Schematic 

diagram of the experimental design to investigate the effect of the photothermal therapy on late 

OA. (n=10). b, Thermographs of OA knees after 6h of anti-NGF-MoS2-AuNR injection in 4-

month post-surgery mice. Temperature of the knees was measured and the zoomed-in 

thermographs are shown on the right. c, Temperature of the OA knees before and 6h/24h after 

injection. d, Paw withdrawal threshold in response to mechanical stimuli in sham and OA knees 

were evaluated by von Frey filament test after 4-month of surgery. e, Motor coordination of mice 

after 4-month of DMM surgery was assessed by latency to fall using rotarod test. f, A negative 

correlation (r = -0.7133) was observed between normalized paw withdrawal threshold and 

normalized PA signal (n = 12 pairs) of mice 6-hour post-injection in 1- and 4-month post-surgery. 

Spearman’s correlation coefficient r is shown on the graph. g, h, Representative images and 

quantification of immunofluorescence staining of (g) NGF and (h) TrkA on synovium of knee 

joints 4-month after surgery with and without NIR treatment. Scale bar, 25 µm. i, Schematic 

diagram showing NIR laser stops the binding of NGF to TrkA receptors, preventing transmission 

of pain signals from the periphery to spinal cord and brain. Data are shown with mean  S.E.M. 

Each data point represents data from one animal. Two-way ANOVA with Sidak's multiple 

comparisons test was used for statistical analysis.  
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CONCLUSION 

In conclusion, we developed an imaging-guided nanoparticle-based OA diagnosis and treatment 

method targeting NGF in synovium of the joint. The surface coating of MoS2 on AuNR could 

simultaneously enhance the photothermal conversion efficiency and reduce the gold/water 

interfacial thermal resistance, thus leading to a significantly higher PA imaging signal with 

enhanced photothermal stability compared with bare AuNR. Combining NGF antibody with our 

small size MoS2-AuNR nanoprobe allows both active and passive targeting in the OA joint for 

targeted near-infrared (NIR) treatment. Our results showed pain alleviation and improvement of 

motor function in a post-traumatic OA mouse model using targeted laser treatment. This 

theranostic platform not only allows us to visualise and quantify but also to mitigate pain in OA 

joint. We demonstrated the feasibility and desirability of this system, which could possibly be 

translated into a broader spectrum of clinical application.   
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METHODS 

Preparation of molybdenum disulfide modified gold nanosheet (MoS2-AuNR) 

To obtain small-sized MoS2 nanosheets, MoS2 solution (2 mg/mL) was sonicated in an ice bath 

for 4h, 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 usage. Next, MoS2 modified 

AuNR was prepared by electrostatic interaction between positively charged AuNRs and negatively 

charged MoS2. AuNR solution (600 µg/ml) was slowly added dropwise to MoS2 solution (1:1, v/v) 

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

at 6000 rpm for 15 min to separate unbound MoS2 nanosheets in the supernatant. The obtained 

precipitate was re-dispersed in deionized water and stored at 4 °C for further usage. 

 

Preparation of anti-NGF monoclonal antibody-conjugated MoS2-AuNR (anti-NGF-MoS2-

AuNR)  

Five µL of anti-NGF mAbs solution (100 µg/mL) was added into MoS2-AuNR solution and 

incubated overnight at 4 °C to produce anti-NGF mAbs-MoS2-AuNR bioconjugates. The mAbs 

could bind to MoS2-AuNR via covalent interaction between MoS2 nanosheet with sulfur vacancies 

and free sulfhydryl groups of the antibody.43 The obtained mixture was purified at 6000 rpm for 

10 min and then re-suspended in phosphate-buffered saline (PBS) for further usage. 

 

Measurement of in vitro photothermal effect  

To study the concentration- and time-dependent photothermal effects, MoS2-AuNRs at different 

concentrations (10, 25, 50, 100 and 200 µg/mL, 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 
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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) were studied under an 808 nm laser (0.2 W/cm2, 10 min), 

respectively. The power density- and time-dependent photothermal properties of MoS2-AuNRs 

(200 µg/mL) were investigated with different power densities ranging from 0.02 to 

 

In vivo evaluation of MoS2-AuNR photoacoustic performance by subcutaneous injection  

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 an 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. After the injection, 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 in vitro evaluation. The data of each sample was collected with 

the same area of ROIs in PA images (1.66 mm2) to ensure a fair assessment of in vivo results.   
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In vitro binding affinity test of anti-NGF-MoS2-AuNR complex  

The biological affinity of anti-NGF mAbs conjugated MoS2-AuNR complex to NGF mAbs 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 five times, 100 µL of biotinylated anti-

NGF mAbs-MoS2-AuNRat 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 mAbs and MoS2-AuNR were acted as positive and negative control groups, 

respectively. After the thoroughly washing step, streptavidin solution (100 µL) was added to each 

well and incubated for 45 min 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 replicates.  

 

Animals and DMM Surgery  

Institutional Animal Subjects Ethics Sub-Committee (ASESC) approved all the experiments listed 

below (ASESC Case 15-16/17-BME-R-HMRF). Animals were raised in constant temperature at 

25°C, with 12/12 light-dark cycle and supplied with food and water ad libitum. To generate a post-

traumatic OA model, destabilization of medial meniscus (DMM) was performed when the mice 

reached 4-week according to established protocol.44 Briefly, the mice were anesthetized by 

intraperitoneal injection of an anaesthetic cocktail [ketamine (100mg/mL): Xylazine (20mg/mL): 

saline = 1:0.5:8.5]. Knee joints were opened, and the medial meniscus was cut. No surgery or sham 
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operation was performed on the contralateral knees in 1-month and 4-month post-surgery group 

respectively.  

 

In vivo experimental design 

Freshly prepared MoS2-Gold nanorod conjugated with anti-NGF antibody (anti-NGF-MoS2-

AuNR) was injected intravenously 80 µg/mL from the tail 1-month and 4-month post-surgery. 

Photoacoustic (PA) imaging was used to delineate the distribution of the nanoparticles in vivo. OA 

knees were exposed to near-infrared (NIR) therapy for 10 minutes under the photothermal camera. 

NIR treatment was carried out 6 hours and 24 hours after injection of nanoparticles. Von Frey and 

rotarod tests were performed to assess the locomotive ability and balance of the animals 

respectively. Knee joints were harvested 24 hours after injection and immunohistochemical 

analysis was carried out.  

 

High-frequency ultrasound, Photoacoustic and Power doppler imaging  

Vevo2100 high-frequency Micro-Imaging System (VisualSonics, Toronto, Ontario, Canada) was 

used for in vivo ultrasound, power doppler and photoacoustic (PA) imaging of the mice knees 

according to previously reported.45 Briefly, the animal was put into general anaesthesia by 1%-3% 

isoflurane inhalation. The heart rate and respiratory rate were monitored by attaching the 

extremities of the animals to the electrodes on the heating pad of 37C. The legs were flexed to 

approximately 120, the position was fixed using medical tapes. Coupling gel was applied to 

provide a clear visualization of the knee joint. LZ250 transducer with a broadband frequency of 

13-24 MHz was placed parallelly to the limb to obtain a sagittal plane of the joint until a triangular 

region was observed to ensure consistency. PA signal was measured at 710nm. The PA acquisition 
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parameters are as follows: frequency: 21 MHz; power: 100%; PA gain: 30 dB; B-mode gain: 18 

dB; focus depth: 6 mm; Line density: high; Persistence: off; Sensitivity: high; Dynamic range: 65 

dB; Display map: G5; Brightness: 50; Contrast: 50. For power doppler acquisition parameters: 

Frequency: 40 MHz; Power: 100%; PRF (pulse repetition frequency): 1 kHz; Doppler gain: 35 

dB; 2D Gain: 35 dB; Focus depth: 4.5 mm; Beam angle: 0 deg; Sensitivity: 5; Line density: full; 

Persistence: low; Dynamic range: 60 dB; Wall filter: high; Priority: 58%. For ex vivo organs 

imaging, the acquisition parameters were similar except the PA gain used was 35 dB. Two-hundred 

frames were captured and the average PA value was compared between groups. Same area of ROI 

for the same animal at different time points were compared.  

 

Von Frey filament test  

Nociceptive sensitization was evaluated by Electronic von Frey Anesthesiometer (IITC, USA), 

allowing detection of force values from 0-74 gram. A simplified up-down method was used as 

described by Bonin et al.46 Basically, we started testing at middle filament #3, which corresponds 

to 1.3 gram, after optimization. Up-down rules were applied to select the next filament according 

to the literature. In brief, the mice were placed on an elevated mesh grid and were allowed to adapt 

to the environment before measurement. Filaments were applied to the midplantar surface of OA 

hind paw and the contralateral paw of the animal when four limbs were resting on the mesh. The 

force required to cause the withdrawal of hind paw was recorded after 5 presentations. The exact 

detected force was recorded by the anesthesiometer. Adjustment factor +/- 0.5 was added to the 

final reading from the LCD readout after 5 presentations.  
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Rotarod test 

Motor coordination was assessed by performing a rotarod (Panlab, Harvard Apparatus) test (Movie 

S1). Mice were placed on the rotating lanes of 5 cm diameter and allowed to walk at a constant 

speed at 4 rpm for 30 seconds for adaptation. In this experiment, the rotation was set to accelerate 

from 4 to 40 rpm over 5 minutes. Latency to fall (in seconds) and rotation speed of the rod when 

the animals fell were recorded. Measurements were taken at different time points to assess the 

endurance and motor coordination of the animals before and after surgery and treatment.  

 

Laser treatment and thermal imaging of mouse knee joint 

The animal was fixed on a platform with extremities taped, with 1% - 3% isoflurane inhalation to 

maintain general anaesthesia. 808nm laser with an output power of 0.2 W cm-2 was applied on 

knee joints for 10 minutes. The tip of the laser probe was kept at a 1-cm distance to the irradiated 

skin, the temperature was measured and the thermographs were taken immediately after removal 

of the probe using a FLIR C2 infrared camera.   

 

Biodistribution by Inductively coupled plasma mass spectrometry (ICP-MS) 

Major organs, including heart, liver, spleen, kidney and knees, were harvested 1h, 6h, 24h and 7 

days after MoS2-AuNR injection and fixed with 10% formalin. The collected organs were then 

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 a 0.45 µm membrane. Then, ICP-MS 

was used to quantify the uptake amount of Au in different organs and joint tissue (Agilent 7500ce, 

Octopole reaction system, US). Each group has five mice as replicates. 
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Histology and immunohistochemistry 

Samples were harvested at specific time points. Organs and knee joints were fixed in 4% 

paraformaldehyde (PFA) and joints were decalcified using 10% ethylenediaminetetraacetic acid 

(EDTA) at pH 7.4. The tissues were then dehydrated in an alcohol gradient and embedded in 

paraffin. Five-micrometre thick sections were used for Haematoxylin and Eosin (H&E) staining 

for histomorphological evaluation. For immunohistochemistry, the knee sections were incubated 

with primary antibodies of nerve growth factor (NGF, ab6199, Abcam) and Tropomyosin receptor 

kinase A (TrkA, ab216626, Abcam) overnight at 4°C, followed by visualization by fluorescence-

conjugated secondary antibodies or diaminobenzidine (DAB). Leica TCS SPE Confocal 

Microscope and Nikon ECLIPSE 80i were used to capture the images.  

 

Statistical analysis 

All data were presented using mean + SEM. For comparison of signal intensities, one-way analysis 

of variance (ANOVA) or Kruskal-Wallis test when deemed appropriate. Respective post-hoc tests 

were carried when overall significance was detected between groups. For parameters for 

behavioural tests between different time points, two-way ANOVA with Sidak's multiple 

comparisons test was used for statistical analysis. The level of significance was set at p<0.05. 

Statistical analysis and graphs were generated using SPSS 23.0 and Graphpad Prism 8.   
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