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� We used avb3-targeted RGD peptide
with melanin nanoparticles to
enhance PAI for RA diagnosis and
monitoring.

� Early RA observed by PAI was much
earlier than conventional imaging
techniques.

� Significant difference in MNP-PEG-
RGD accumulation can be used for RA
staging.
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Rheumatoid arthritis (RA) is one of the most prevalent inflammatory joint disorders. Early diagnosis,
accurate staging, and imaging guided treatment response of RA remain crucial clinical significances for
improving treatment outcomes. In this study, we introduced endogenous melanin nanoparticles
(MNPs) conjugated with Cyclic Arg-Gly-Asp (RGD) peptide (MNP-PEG-RGD) as a contrast agent for accu-
rate photoacoustic imaging (PAI) of RA diagnosis. It was observed that the prepared nanoprobes had
favorable PA sensitivity, photostability and biocompatibility. In vivo studies using RA mouse model
revealed that this nanoprobe could target avb3 actively at 1 h post-injection, while the signal was remark-
ably increased in the arthritic joint which could earlier diagnose RA than conventional imaging system. It
was of crucial importance to staging RA by PAI with significant difference in nanoprobes accumulation.
Furthermore, we tracked the therapeutic efficacy of etanercept in RA treatment by PAI. The observed
advancement of arthritis on the PAI was confirmed by histological and immunohistochemical analysis.
In conclusion, this study shed light on the development of innovative multifunctional theranostic
nanoplatform for both RA monitoring and treatment with a promising future in clinical translation.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rheumatoid arthritis is a prevalent autoimmune joint disease
characterized by autoantibody productions, persistent synovitis,
pannus formation, and joint destruction. It can cause cartilage
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and bone destruction, leading to progressive disability, systemic
complications, and worldwide socioeconomic burden. One of the
limiting factors to an ideal therapeutic response is the delay in
RA diagnosis in clinics. Early RA (ERA) was proposed with the con-
cept that the diagnosis is given early within the first weeks or
months of joint symptoms or signs [1]. It renders a time span for
proper therapeutic treatment, which may improve clinical out-
comes [2]. In order to achieve the clinical success of ERA, the tech-
nical requirements and demands are continuously increased.

Imaging plays a prominent role in the diagnosis and treatment
monitoring of RA. Clinical imaging modalities for RA usually
include radiography, ultrasound and magnetic resonance imaging
(MRI). However, the lack of sensitivities and accuracies in findings
also limits current imaging modalities in early diagnosis of RA [3].
Molecular imaging has attracted numerous attentions in health
care. It visualizes, characterizes and measures biological process
in cellular and subcellular levels in disease. Molecular imaging also
monitors pathological progression as well as therapeutic response
in a minimal invasive manner. In comparison to traditional imag-
ing modalities, molecular imaging allows earlier treatment inter-
ventions as it can not only detect lesions but also determine the
nature of earlier targets more precisely [4–6]. Photoacoustic imag-
ing (PAI) is an emerging molecular imaging mode, which takes
advantages of weak acoustic scattering in tissues while retains
the high biological penetration and contrast characteristic of optics
[7,8]. When coupled with multispectral near-infrared (NIR) excita-
tion and by converting from photons to ultrasonic waves, PAI can
provide high spatial resolution (~150 mm) with a great depth (>5
cm) [9–11]. In addition, PAI has well detection sensitivity because
it can identify both intrinsic chromophores (hemoglobin, mel-
anin. . .) and exogenous molecules [12–14]. The outstanding per-
formances of PAI, including non-ionizing radiation, non-invasive
as well as real-timemonitoring, qualifying it as a promising modal-
ity for preclinical investigations and further in translation into clin-
ical use [15–17].

To date, nanoparticle-based PA contrast agents have been
extensively studied to enhance the contrast ratio and specificity
of imaging [18–20]. The nanomaterials used for contrast can be
roughly divided into inorganic and organic agents. The most com-
mon inorganic materials are gold nanoparticles, single-wall carbon
nanotubes (SWCNTs) and graphenes. But the primary disadvan-
tages of inorganic nanomaterials are low biocompatibility and poor
photostability [21–23]. Besides, SWCNTs also face the issue of non-
specific peak in absorption spectrum [24]. Organic nanomaterials
have been widely investigated in PAI due to their great biodegrad-
ability and biocompatibility, and excellent optical properties. Mel-
anin is an endogenous natural pigment with intrinsic NIR
absorption as well as favorable stability under physiological condi-
tions [25,26]. Recently, it has been reported the applications of
melanin-based nanoparticles in PAI by utilizing the extensive NIR
absorption of melanin, showing superb chelating performance,
excellent contrast capability in living systems and prospective bio-
compatibility, which makes it a satisfactory nanoplatform for diag-
nosis and monitoring [27–31].

Angiogenesis is a critical factor in the occurrence stage of RA
and is involved in the disease progression [32]. It is widely
accepted that avb3-intergin is largely upregulated on vascular
endothelial cells (VECs) in inflammation sites [33,34]. Meanwhile,
it is known that arginine-glycine-aspartic acid (RGD) peptide can
be specifically recognized by avb3-intergin [35–37]. A potential
alternative delivery approach in RA is to target angiogenesis or
new blood vessel growth. Building upon these, we strategically
conjugated RGD onto the surface of water-soluble melanin
nanoparticles (MNPs) as an active targeting moiety for angiogenic
knee joint. In this study, we created a new RA imaging system
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using MNP-PEG-RGD as a PAI-enhanced nanoplatform. We
assessed the PA contrast characterization of MNP-PEG-RGD and
discussed the feasibility for future clinical translations. In living
mouse models after intravenous injection, MNP-PEG-RGD exhib-
ited about 3.36-fold stronger PA signal in RA joint (with avb3-
overexpression) than normal joint. Furthermore, the obtained PAI
offered the accurate information of different RA stages. Meanwhile,
it intuitively performed RA therapeutic response of etanercept
with the reduced PA signal intensity. Consequently, we can clearly
distinguish the staging of RA and track the therapeutic outcomes in
RA after drug treatment. All PAI results were examined histologi-
cally and immunohistochemically.
2. Materials and methods

2.1. 1 Synthesis of MNP-PEG-RGD

The MNP-PEG-RGD were fabricated based on a published proto-
col [31]. In brief, water soluble MNPs were obtained from 20 mg
tyrosine-derived synthetic melanin sufficiently dissolved 0.1 N
NaOH aqueous solution and 0.1 N HCl aqueous solution was used
for adjusting the pH to 7.0. Then NH4OH solution was added into
MNPs aqueous solution (5 ml, 1 mg/mL of deionized water) to
adjust the pH to 9.0. The mixed solution was slowly added drop-
wise into NH2-PEG5000-NH2 for 12 h under vigorous stirring to
obtain PEGylated MNPs. To obtain the final product of MNP-PEG-
RGD, the cross-linker solution was first prepared with 1.2 mg of
4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N-
hydroxysuccinimide ester sodium salt (sulfo-SMCC) dissolved in
36 lL of dimethyl sulfoxide (DMSO). At ambient temperature,
MNP-PEG [1 mg/mL of PBS (pH = 7.2)] was incubated with the
above cross-linker solution for 2 h. After running through a PD-
10 column and concentrated, the thiol-active MNP was obtained
to a final volume of 0.5 ml. The cRGDfC stock solution (120 lL of
5 mM in the degassed water) was added to the above MNP solution
with stirring for 24 h at 4 �C. The unreacted RGD was removed
using a PD-10 column and was collected to quantify the amount
by High Performance Liquid Chromatography (HPLC). The final
MNP-PEG-RGD were obtained. Following the same procedure, cyc-
lic Arginine-Alanine-Aspartic acid (RAD) peptide was conjugated to
MNP-PEG as non-specific nanoparticles (MNP-PEG-RAD).
2.2. Characterization of MNP-PEG-RGD

The morphology and size of MNP-PEG-RGD were measured by
transmission electron microscope (TEM) and dynamic light scat-
tering (DLS). Zeta potentials were determined by zeta potential
analyzer (Malvern, Zetasizer Nano, ZS90). Ultraviolet–visible
(UV–vis) absorption spectroscopy of MNP-PEG-RGD was processed
in a UV–Vis spectrophotometer. In this work, the 680 nm wave-
length was used as the NIR laser source for the PAI study. Under
continuous laser irradiation at 680 nm and 0.5w/cm�2 for an hour,
MNP-PRG-RGD was tested for the photostability. To further study
the detection sensitivity of PA signal in living body by MNP-PEG-
RGD, 100 lL of MNP-PEG-RGD aqueous solution with different
concentrations, mixed with matrigel, were subcutaneously
injected on the lower back of mice. The PA signals were collected
after they were solidified and analyzed by Endra Nexus 128 (Endra,
Inc., Ann Arbor, MI) PAI system. Regions of interest (ROIs) (indi-
cated as white dashed circle, diameter: 2.5 mm) were drawn each
PA image and were analyzed by Osirix imaging software (OsiriX
Foundation, Genève, Switzerland). Before injection contrast agent,
the background signal from tissue was quantified.
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2.3. PAI system characterization

In this study, Endra Nexus 128 PAI system was used with a tun-
able laser wavelength from 680 to 950 nm. This instrument is
equipped with a repetition rate of 20 Hz as well as a pulse width
of 7 ns, a spatial resolution of 250 lm and a volume pixel resolu-
tion of 100 lm. The laser has a 8 mJ/pulse output energy on the
sample surface, which is well below the safety standard set by
American National Standard Institute (ANSI) [38]. PA signals were
received by 128 identical ultrasonic transducers with the center
frequency of 5.8 MHz. Regions of interest (ROIs) (4 mm � 6 mm)
were drawn on each PA image and were analyzed by Osirix imag-
ing software (OsiriX Foundation, Genève, Switzerland).
2.4. In vitro viability

In vitro cytotoxicity of MNP-PEG-RGD was determined by MTT
assay in NIH3T3 fibroblast cells, which were used as a normal con-
trol to evaluate the cytotoxicity of nanoparticles as well as the
therapeutic effect of nanomedicine in previous studies [39]. In
brief, NIH3T3 fibroblast cells were seeded into 96 well plates at a
density of 5 � 104 cells per cm2. The cells were co-cultured with
gradient concentrations of 0–100 lg mL�1 MNP-PEG-RGD for
24 h and 48 h, respectively. 20 lL of MTT solution was added into
each well to produce formazan crystals. After 4 h of incubation, the
supernatant was removed and 200 lL of dimethyl sulfoxide
(DMSO) was added to dissolve the formed precipitates. The light
absorption (OD) values were recorded at 490 nm with the micro-
plate spectrophotometer.
2.5. Targeting property of MNP-PEG-RGD in vitro

In vitro targeting property of MNP-PEG-RGD was assessed on
human umbilical vein endothelial cells (HUVECs), which were
avb3 over-expression according to previous studies [40,41].
HUVECs were obtained from Shanghai Institute of Cell Biology
and cultured in Endothelial Cell Growth medium EBM-2 medium
containing growth factors (Clonetics, Lonza, Verviers, Belgium).
All culture media were supplemented with 10% fetal bovine serum
(FBS) and 100 IU/mL penicillin and 100 lg/mL streptomycin sulfate.
The cells were incubated at 37 �C and 5% CO2, in a humidified
atmosphere during culture as well as during the experiments.
HUVECs were seeded in the coated wells at a density of 10,000
cells/well and incubated overnight at 37 �C. Next, the cell medium
was refreshed and MNP-PEG-RGD dispersed in PBS were added to
the cells at a final concentration of 0.5 mg mL�1. The cells were
incubated with the MNP-PEG-RGD for 60 min then washed with
PBS for further PAI. As comparison, MNP-PEG-RAD, PBS, pure
HUVECs aggregation and the blocking group (pre-incubated with
excess cRGD for 60 min) were also subjected to the same
procedure.
2.6. Establishment of RA models

Female Kunming mice (8-week old) were purchased from
Experimental Animal Center of Wenzhou Medical College. All ani-
mal experiments were performed following the protocol approved
by the Animal Ethics Committee of the institution and the Guide-
lines for Animal Experimentation of Wenzhou Medical University.
The antigen-induced arthritis (AIA) mouse model was established
according to the previously described standard protocol [42,43].
Briefly, twenty microliters complete Freund’s adjuvant were
injected below the right knee of each mouse.
3

2.7. In vivo PA imaging

To validate the contrast ability of MNP-PEG-RGD in RA joints,
RA mice were administrated with 100 lL of MNP-PEG-RGD
(1 mg mL�1) through tail vein at day 12 post induction of AIA
and the RA joints were imaged to compare with the normal joints
(injected with PBS) in PAI. Next, the targeting ability of MNP-PEG-
RGD towards neovascular in RA joints was examined. RA mice
intravenous (i.v.) injected with 100 lL of probes (MNP-PEG,
MNP-PEG-RAD, 1 mg mL�1) for in vivo PAI from 0 to 24 h post
injection. Before injection, the hair on the hind limbs of mice were
removed by commercial hair-removal lotion. During the imaging
process, mice were anesthetized with 3% isoflurane and the knee
joint (imaging target) with moderate stretched was kept consistent
at the bottom of the bowl to facilitate comparison (Fig. S2), and
in vivo manner of MNP-PEG-RGD were whole process monitored.
In order to maintain measurement consistency, we chose three
landmarks, which were as follows: the center of knee joint
(Fig. S2. red circle), tibial tubercle (Fig. S2. blue circle) and saphe-
nous vein (Fig. S2. red curve). For reproducible positioning of the
animals between measurements, the knee joint (imaged target)
was placed at the bottom of the bowl and the 3 landmarks were
placed at the same position at the bottom of bowl (mark the bot-
tom of the bowl after positioning). In order to provide favorable
PA signal transduction, no bubble was allowed on the imaging tar-
get. The PAI system was set at 680 nm wavelength to precede
imaging. The ROI was drawn on each PA image and the mean PA
intensity was calculated by Osirix imaging software.

To evaluate whether MNP-PEG-RGD-enhanced PAI enables dis-
tinguish developed stage of RA from early stage of RA, MNP-PEG-
RGD was i.v. injected in the mice at day 12 and 28, respectively,
and transferred for PAI. The mice were also imaged with X-ray
and MRI. After 24 h of PAI, mice were sacrificed, and the knee joints
were harvested for histological and immuohistochemical examina-
tions. Using these two different stages of RA mice, we further
investigated the monitoring ability of MNP-PEG-RGD on therapeu-
tic efficacy of etanercept (Enbrel�), which is an anti-tumor necrosis
factor medication in clinics to manage RA. In this experiment,
starting from day 12 post AIA induction, 100 lL of etanercept
(0.3 ml/kg) was intramuscularly injected into RA mice with a con-
stant interval of four days. After the course of treatment, mice were
i.v. injected with MNP-PEG-RGD for sequential PAI.

2.8. In vivo X-ray and MRI

X-ray examination was performed by X digital imaging system
(MX-20, Faxitron, and American) for small animal for knee joint. In
vivo T2-weighted MR images were collected using a 7.0 T micro-
MRI system (Bruker, Germany) with isofluorane inhalation. The
specific parameters of MRI were set as follows: repetition time
(TR) = 3698.9 ms, echo times (TEs) = 45 ms, field of view
(FOV) = 40 � 40 mm, slices = 30, slice thickness (ST) of 1 mm, flip
angle (FA) = 180�, acquisition time (TA) = 15 min 46 s. T2 images
were processed with the Image Sequence Analysis Tool of Bruker
Paravision 5.1 (Bruker Biospin, Ettlingen, Germany).

2.9. Histopathology and immunohistochemistry (IHC)

After in vivo imaging, mice were euthanized and sacrificed at
different week-points post-injection. The knee joints were col-
lected for histopathological examination and preserved in 4%
paraformaldehyde overnight. The joints were decalcified in 10%
EDTA for 6 days, and subsequently the specimens were embedded
into paraffin. The joint tissues were sectioned into 4 lm of each
slice and stained with hematoxylin and eosin (H&E) as well as tolu-
idine blue (TB) to evaluate the morphology changes of knee joint
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and cartilage damage. The joint sections were also stained for
immunostaining of avb3 to verify the expression of avb3. Histolog-
ical scoring was detailed in supporting information.

In order to estimate the systemic side effect, the body weights
of the mice were measured, and main organ tissues (including
heart, spleen, lung, liver and kidney) were extracted at 1 and 7 days
after i.v. injection of PBS or MNP-PEG-RGD (1 mg ml�1, 100 lL). To
analyze toxicity in local knee joint, mice were intra-articularly
injected with 10 lL of MNP-PEG-RGD (1 mg ml�1) and joints were
harvested 3 days after injection for H&E staining. Tissue sections
were prepared as mentioned above and dyed with H&E.

2.10. Statistical analysis

All experimental data were statistically analyzed by means of
GraphPad software (GraphPad Software, Inc., La Jolla, CA, Version
Fig. 1. Characterization of MNP-PEG-RGD. (A) The synthesis procedure of MNP-PEG-RGD
(C) DLS of MNP-PEG-RGD. (D) Zeta potential of MNP-PEG-RGD. (E) Photobleaching test:
laser irradiation (8 mJ cm�2) of 0, 30 and 60 min.
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6.0d) and presented as mean ± standard deviation (SD). Correlation
coefficient was determined using linear regression and by calculat-
ing Pearson correlation coefficient (r). Statistical analysis was per-
formed using Student’s t-test and statistically significance was set
at p < 0.05.

3. Results and discussion

3.1. Preparation and characterization of MNP-PEG-RGD

The synthesis procedure was schematically illustrated in
Fig. 1A. As shown in Fig. 1B, the as-prepared MNP-PEG-RGD had
a spherical shape with high monodispersity in aqueous solution,
which can be attributed to the negative charges of about �10.6 ±
4.2 mV on the surface of these nanoparticles that efficiently
blocked particle aggregation through electrostatic repulsion
was schematically illustrated. (B) TEM image of MNP-PEG-RGD. Scale bar is 50 nm.
UV–vis-NIR absorption spectra of MNP-PEG-RGD solution exposure under 680 nm



Fig. 2. In vitro PA property and in vivo PA sensitivity of MNP-PEG-RGD. (A) The PA images of MNP-PEG-RGD in aqueous solution at concentrations of 0.125, 0.25, 0.5, 1.0,
2.0 mg ml�1. The scale bar is 10 mm. (B) The PA intensities of MNP-PEG-RGD and MNP were both found to be linearly dependent on its concentration (R2 = 0.995, R2 = 0.996).
(C) The PA images of MNP-PEG-RGD in living mice which were subcutaneously injected on the back of mice at concentrations of 0.125, 0.25, 0.5, 1.0, 2.0 mg ml�1. The scale
bar is 10 mm. (D) The PA signal from each inclusion was calculated. The background level represents the endogenous signal measured from tissues. The linear regression is
calculated on the five most concentrated inclusions (R2 = 0.972).
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(Fig. 1C). DLS analysis showed the hydrodynamic diameter of
MNPs was approximately 4.8 ± 1.4 nm, which also showed spher-
ical morphology in TEM (Fig. S1). The diameter of MNP-PEG-RGD
became larger after modification with a size of 9.7 ± 2.6 nm in
PBS (Fig. 1B). The average number of RGD attached per MNP-PEG
was about 8 calculated by HPLC (the detailed calculation was
shown in Supporting information). In this study, 680 nm was cho-
sen as the NIR laser source for the following PAI study based on the
previous study [31]. Under continuous laser irradiation, the optical
stability of MNP-PEG-RGD was further tested, which showed
excellent photostability at 0.5w/cm�2 for 1 h (Fig. 1D).

To investigate the feasibility of MNP-PEG-RGD as a PA contrast
agent, PA signal was first detected in aqueous solutions with con-
centrations ranging from 0.125 to 2 mg mL�1 at 680 nm (Fig. 2A). A
linear correlation (R2 = 0.995) between the enhancement of the PA
signal intensities and the increase concentrations of MNP-PEG-
RGD was observed similar to the result of MNP (R2 = 0.996)
Fig. 3. Cytotoxicity assessment of MNP-PEG-RGD. NIH/3T3 fibroblast cells were
treated with MNP-PEG-RGD for 24 and 48 h respectively and the cell viability was
measured by MTT assay.
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(Fig. 2B), which indicated that no significant aggregation occurred
during synthesis and the contrast ability of MNP-PEG-RGD had a
minimal influence by RGD complexation. Meanwhile, the PA detec-
tion sensitivity of MNP-PEG-RGD at 680 nm was around
0.125 mg mL�1 (Fig. 2B). To further evaluate the PA sensitivity of
MNP-PEG-RGD in living body, 100 lL of MNP-PEG-RGD with con-
centrations from 0.125 to 2 mg mL�1 were mixed with matrigel
and were subcutaneously injected on the back of mice. The corre-
sponding PA signals were observed in PA images (Fig. 2C). The
background signal from tissue was determined without any injec-
tions of contrast agent, and 0.125 mg mL�1 of MNP-PEG-RGD were
found to perform an equivalent PA signal intensity compare to the
tissue background (Fig. 2D). A concentration-dependent manner
was shown in Fig. 2C that PA signal strength increased linearly
with the increase of MNP-PEG-RGD concentrations. More impor-
tantly, the slope of regression line proved the great sensitivity of
PAI to the content changes of MNP-PEG-RGD (R2 = 0.972). These
results demonstrated the huge potential of MNP-PEG-RGD as an
in vivo PA nanoprobe.

3.2. In vitro cytotoxicity

MTT assay was carried out on NIH3T3 cells to quantitatively
test the viability of cells in increasing concentrations of MNP-
PEG-RGD. It was noteworthy that no observable cytotoxicity was
detected in MNP-PEG-RGD up to 100 lg mL�1 against NIH3T3 cells
and retained over 90% viability at 24 h and 48 h after treated with
the nanoprobe, suggesting the promising safety of MNP-PEG-RGD
in vitro (Fig. 3).

3.3. Targeting ability of MNP-PEG-RGD in vitro

Representative in vitro PAI of all groups were showed in Fig. 4A.
After incubation with MNP-PEG-RGD, the PA signal intensity of
HUVECs in MNP-PEG-RGD group was 4 times as MNP-PEG-RAD
group (Fig. 4). The difference of PA signal intensity should be due
to the specific interaction between the integrin avb3 protein



Fig. 4. In vitro targeting assessment of MNP-PEG-RGD to HUVECs with avb3 overexpression. (A) Representative PA images of HUVECs before and after incubation with
different nanoprobes (MNP-PEG-RAD, blocking and MNP-PEG-RGD, 0.5 mg mL�1). The scale bar is 10 mm. (B) PA spectrum of MNP-PEG-RGD in aquas solution and treated
HUVECs.
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HUVECs and RGD on the surface of MNP-PEG. The blocking exper-
iment was further conducted to verify the targeting property of
MNP-PEG-RGD. HUVECs were pre-incubated with RGD for
60 min, then treated with MNP-PEG-RGD. The PA signal intensity
of HUVECs treated with pure MNP-PEG-RGD was 2.4 times higher
than that of HUVECs pre-incubated with RGD. We further used PA
spectra to differentiate whether the PA signal of interest induced
from the contrast or the background in the NIR region. Moreover,
the PA spectra of the related HUVECs in the MNP-PEG-RGD group
(Fig. 4) had a similar profile to the MNP-PEG-RGD in aqueous solu-
tion, demonstrating that the enhanced PA signal in the cells was
derived from the absorbed MNP-PEG-RGD. All these results
demonstrated that MNP-PEG-RGD can specifically enhance PAI
through the integrin avb3 mediated cellular binding and uptake.

3.4. Clinical findings

Based on our pre-experiment and in accordance to previous
study, mice exhibited slight signs of arthritis at 12–14 days post
induction of AIA, including neutrophils infiltration and synovitis,
without obvious destruction of cartilage and bone, which was indi-
cated as early stage of RA in the following study. At day 28–35, all
the mice developed severe arthritis including swelling, redness,
increased neutrophils infiltration and obvious cartilage erosion in
histological analysis [44,45]. This time point was studied as devel-
oped stage.

3.5. In vivo imaging results of MNP-PEG-RGD for RA by PAI

Building upon the advantages of PAI for in vivo diagnosis and
the favorable in vitro PAI results with high sensitivity and rich con-
trast, we hypothesized that MNP-PEG-RGD can serve as an active-
6

targeting PA nanoprobe for RA, guiding ERA formation and further
for treatment response. To verify these, we first determined the
diagnosis and homing ability of MNP-PEG-RGD in vivo. The AIA
mice were used in this study. At 12 days after the induction of
AIA, mice were i.v. injected with 100 lL of MNP-PEG-RGD by PAI.
RA mice (Right knee joint: RA; Left knee joint: Normal) were
imaged at various time points after injection. Due to endogenous
chromophores (hemoglobin and calcium content), only tibia and
saphenous vein in joint region were imaged with low contrast
(681 ± 76) during pre-injection scans (indicated as ‘‘0 h”, Fig. 5A).
Compared with previous study of PA imaging, like using L-
selectin/P-selectin-targeting contrast agent, we can clearly observe
the structure of the knee joint by MNP-PEG-RGD-enhanced PAI,
such as saphenous vein and tibia, which helped us accurately
locates the interested region (indicated as white dashed oval in
Fig. 5A) without the need for additional imaging modalities [45].

In order to determine the RA diagnosis potential of MNP-PEG-
RGD, the healthy and RA knee joints were imaged representatively
by PAI after injection of MNP-PEG-RGD. Representative PA images
post-injection at 1, 3 and 24 h were shown in Fig. 5A. In the RA
knee joint region, strong PA signal was clearly displayed after
injected with MNP-PEG-RGD, which was also confirmed by quanti-
tative analysis of identical ROI (indicated as white dashed oval) in
Fig. 5B. The PA signal intensity from MNP-PEG-RGD injected RA
mice significantly increased during the initial 3 h and was maxi-
mized to 2301 ± 187, indicating the gradual accumulation of
MNP-PEG-RGD in RA joint. Additionally, the accumulation of
MNP-PEG-RGD in desired place in vivo (knee joint) was also con-
firmed by the similar PA spectra trend displayed in knee joint
and aqueous solution, but much different from that injected with
PBS (Fig. 5D). This time point, 3 h post-injection, was chose as a
proper image time point in the following study. Then the PA signal



Fig. 5. The diagnosis and targeting potential of MNP-PEG-RGD in RA mice. (A) Representative PA images of knee joints before and after injection of nanoprobes at different
imaging points. Row 1 was the group of normal knee joint injected with MNP-PEG-RGD, row 2 was the group of RA knee joint injected with MNP-PEG-RGD, and row 3–4 were
the groups of RA knee joint injected with different nanoprobes. The scale bar is 10 mm. (B) The corresponding PA signal intensities between normal and RA knee joints after i.
v. injection of MNP-PEG-RGD. (C) The corresponding PA signal intensities among MNP-PEG-RGD, MNP-PEG-RAD and MNP-PEG of RA knee joints after i.v. injection. (D) PA
spectra of MNP-PEG-RGD (1 mg mL�1) in PBS and MNP-PEG-RGD in RA knee joint at 3 h after injection in vivo. PA spectra of PBS. Error bars in B and C represent standard
deviation (n = 5/group).
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gradually reduced and reached a plateau (Fig. 5B). As for the nor-
mal knee, no obvious signal enhancement was observed during
the whole imaging process. Compared between normal and RA
knee joints, PA signal intensity was remarkably increased in RA
joint post-injection at 3 and 6 h (p < 0.01). It remained fairly steady
in the following 18 h, the PA signal intensity was about 3.36 times
higher than that from normal joints (p < 0.05), which suggested
that MNP-PEG-RGD were able to diagnosis RA as it can efficiently
distinguish RA joints from normal joints at early stage via remark-
able signal difference.

To confirm the MNP-PEG-RGD’s ability to target avb3 in vivo,
MNP-PEG-RAD and PEGylated MNP were used as control contrasts
for PAI. In Fig. 5A, compared with pre-scan, it was distinct that no
obvious increase of signal intensity was found in RA mice adminis-
trated with control MNP-PEG-RAD or MNP-PEG. We further quan-
titatively analyzed the statistical significance between RA groups
(administrations of MNP-PEG-RGD, MNP-PEG-RAD and MNP-PEG,
respectively) at different image time points. The outstanding dif-
ference exhibited in time-PA intensity curves revealed the neo-
vessel targeting ability of MNP-PEG-RGD through RGD (Fig. 5C).
Therefore, the diagnostic ability of MNP-PEG-RGD in RA can be
attributed to the pathologic state of RA that neo-vascular was
formed in RA knee joint [46]. These results demonstrated that
MNP-PEG-RGD possessed superb in vivo PAI capability for accu-
rately diagnosis of RA with specific targeting property via avb3-
targeted.
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In the following study, we evaluated the feasibility of MNP-
PEG-RGD to distinguish different stages of RA in comparison with
the classic staging methods. Experimental timeline was depicted
in Fig. 6A. The stages were clarified as non-inflammation, slight
inflammation and severe inflammation by histological examina-
tions including H&E and TB staining. No sign of inflammation
was showed in normal mice without RA induction, the integrity
of cartilage and bone was preserved (Fig. 7A). Though cartilage
remained relatively intact in the early stage of RA, the infiltration
of neutrophils was observed (Fig. 7B, p < 0.01). The above findings
also confirmed that the ability of MNP-PEG-RGD to accurately
diagnosis RA in the early stage with slight inflammation by per-
forming strong signal intensity (Fig. 5A & B). At 28 days after AIA
induction, the degree of angiogenesis was augmented [47], which
resulted in an increased PA signal (shown in Fig. 5B). The PA signal
ratio of the developed RA to early RA reached the highest value of
about 1.766 at 3 h after injection and retained steady over time
(Fig. 6D). Mice exhibited severe inflammation in PAI were found
to have extended clinical symptoms in histological examinations.
In comparison to early stage, RA mice in the developed stage exhib-
ited considerably cartilage erosion (Fig. 7B, p < 0.001) with remark-
ably increased neutrophils infiltration (Fig. 7C, p < 0.001), making it
hard to distinguish the interface between the bone and cartilage
(Fig. 7A). Additionally, RA mice showed more pronounced joint
space narrowing and the inflamed synovium invaded into the joint
in the developed stage. These histological characters were consis-



Fig. 6. In vivo distinguishing the stages of RA by MNP-PEG-RGD-enhanced PAI. (A) Schematic illustration of experimental timeline. (B) Representative PA images of developed
RA knee joints before and after injection of MNP-PEG-RGD (1 mg mL�1) at different imaging points. The scale bar is 10 mm. (C) The corresponding PA signal intensities among
normal, early and developed RA after i.v. injection of MNP-PEG-RGD (1 mgmL�1). (D) PA intensity ratios (developed RA joint vs. early RA joint) fromMNP-PEG-RGD. Error bars
in C and D represent standard deviation (n = 5/group). (E) X-ray and MRI images of different stages of RA knee joints. The red arrow indicated a few osteophyte formations, the
yellow arrow indicated the thickened synovial membrane and joint effusion. The scale bar is 10 mm.

Fig. 7. Histological analysis of RA severity and IHC of avb3-intergin expression. (A) Representative mice joints histologic appearance of H&E and TB staining of normal and RA
knee joints. IHC of avb3-intergin. All the scale bar is 100 lm. Histological scores of (B) cartilage erosion and (C) neutrophils infiltration are shown. (D) avb3 integrated optical
scores for each group. Error bars in B, C, D represent standard deviation (n = 5/group). *** is p < 0.001. ## is p < 0.01.
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tent with published researches [48–50]. Statistically significant dif-
ference between early RA and developed RA was analyzed at each
imaging point (Fig. 6C). Notable difference between the three
groups clearly suggested that MNP-PEG-RGD-enhanced PA could
sensitively diagnose different stages of RA through the PA signal
variations in the knee joint region. However, we did not find dis-
Fig. 8. The feasibility of MNP-PEG-RGD in monitoring RA therapeutic efficacy. (A) Repre
MNP-PEG-RGD). Scale bar is 10 mm. (B) The PA intensity of treatment group (n = 5/group
histologic joints appearance of H&E and TB staining of treatment and un-treatment kne

9

tinct pathological or structural changes of knee joint with slight
inflammation in subsequent X-ray and MRI inspections in the
ERA (Fig. 6E). But osteophyte formation in the developed stage
was detected in X-ray (indicated by red arrow in Fig. 6E). In addi-
tion, we observed joint effusion, synovial membrane thickness in
the developed stage of RA by MRI. Given the limitation of standard
sentative PA images of treatment and un-treatment group (3 h after i.v. injection of
). (C) The PA intensity of un-treatment group (n = 5/group). (D) Representative mice
e joints. IHC of avb3-intergin. All the scale bar is 100 lm.
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radiological examination and the lack monitoring methods of RA,
tracking RA progression in animals largely relied on histological
examinations. It hinders early clinical intervention. It was particu-
larly exciting to timely detect ERA and observe a steady increase in
PA intensity during RA development, while significant differences
could also be distinguished between stages.

Furthermore, we investigated the expression of avb3-intergin in
knee joint, which was also known as an indicator of progressive
neovascularization. High avb3 activity was observed both in and
peri-joint from RA mice, while only a slight expression of avb3-
intergin was detected in normal mice (Fig. 7A). Moreover, we
found a notably increase in angiogenesis from early to developed
stage of RA (Fig. 7D, p < 0.01). The observed enhanced PA signals
in vivo were corresponding well with examined IHC of avb3-
intergin expression in RA joint.

3.6. Therapeutic monitoring

Considering the great behavior of MNP-PEG-RGD in vivo to
detect different stages of RA, we further explored the MNP-PEG-
RGD’s ability to monitor the therapeutic efficacy of etanercept, a
clinical drug to manage RA. RA mice were divided into two groups:
untreated mice and treated mice. Before the treatment, PA signal
intensity had similar raising trend in the two groups after RA
induction (Fig. 8B & 8C). The treated group of mice was adminis-
trated with etanercept starting from day 12 post AIA induction.
Intriguingly, PA signals were much brighter in the untreated group
than the treated group at 22 days (Fig. 8A). This finding also
reflected the good therapeutic efficacy of etanercept in early inter-
vention. In contrast to untreated RA mice, the intensity of PA signal
was moderately declined after etanercept treatment (Fig. 8B). It
was noteworthy that the therapeutic response could be quantified
by calculating the intensities of PA signals in a timely manner.
Moreover, we performed histological analysis and IHC of PA
imaged RA mice, correlating PA signals with histological parame-
ters and IHC known to demonstrate the disease progression. In
the treatment group, the cartilage integrity was preserved with
reduced levels of destruction and proteoglycan depletion
(Fig. 8D). A clear interface between bone and cartilage was exhib-
ited in Fig. 8D. Remarkably, in comparison to the synovial hyper-
trophy with neutrophils infiltration in untreated group (Fig. 8D),
it was less detected in the treatment group with etanercept. These
findings observed in histological analysis suggested that etaner-
cept had an effective therapeutic effect in alleviating RA, which
could also be assessed by MNP-PEG-RGD-enhanced PAI. IHC had
shown that avb3-intergin was predominantly found in the strongly
degeneration of RA joint from untreated group, whereas the activ-
ity of avb3-intergin was reduced in treatment group (Fig. 8D). The
result shown in IHC correlated well with the PA intensity varia-
tions exhibited in PA images (Fig. 8A). Taken together, it was par-
ticularly exciting that MNP-PEG-RGD-enhanced PAI accurately and
non-invasively monitored the therapeutic response in RA mice,
which was attributed to the favorable PA property of MNP-PEG-
RGD and active targeting towards avb3-intergin.

3.7. Biodistribution and in vivo toxicity

We evaluated the metabolism biodistribution behavior of MNP-
PEG-RGD in mice by ex vivo PAI. The extracted heart, liver, spleen,
lung, kidney and bone after injection of MNP-PEG-RGD and PBS
were embedded into agarose gel for PAI. Representative PA images
were shown in Fig. S3A. The PA intensity measurements at day 1
indicated that more MNP-PEG-RGD accumulated in the liver and
spleen after injection than that from PBS, implying the uptake of
nanoparticles by phagocytic cells in the reticuloendothelial system
(RES) (Fig. S3B). The decreased signal from liver and spleen may
10
suggest that MNP-PEG-RGD were gradually cleared from body
7 days after systemic administration to avoid accumulation in vivo.

Potential toxic effect and safety of nanoparticles are always a
matter of great concern when scientists consider it translating into
clinical use. MTT assay result mentioned above showed negligible
cytotoxicity of MNP-PEG-RGD up to 100 lg mL�1. To further esti-
mate the long-term toxicity of these nanomaterials, we conducted
histological examinations of the major organs (heart, liver, spleen,
lung and kidney) of normal mice at day 7 after i.v. injection on a
daily basis. PBS- and MNP-PEG-RGD-treated normal mice showed
no significant changes in tissue structures with no apparent cell
necrosis or inflammatory infiltrate (Fig. S4B). Intra-articularly
injection of MNP-PEG-RGD was also performed to detect its influ-
ence in joint. No resulting adverse clinical symptoms were
observed and no obvious difference of joint between PBS and
MNP-PEG-RGD injected groups demonstrating in H&E staining
(Fig. S4A).

As depicted in Fig. S4C, no significant difference in the body
weight was observed between PBS- and MNP-PEG-RGD-treated
mice, demonstrating that MNP-PEG-RGD did not induce serious
side effect. These results further validated the non-toxic nature
of MNP-PEG-RGD. Favorable biodistribution and minimal impacts
on animal viability without significant sign of toxicity further ver-
ify the practically of MNP-PEG-RGD as a systemic probe for diag-
nostic molecular imaging in vivo.
4. Conclusion

In this study, we have demonstrated an application of MNP-
PEG-RGD as an effective PA contrast agent for lightening ERA
in vivo. MNP-PEG-RGD was facile synthesized with well biocom-
patible and had favorable PA properties. MNP-PEG-RGD can boost
the PA signal at a low dose or living body visualization. MNP-PEG-
RGD exhibited enhanced accumulation in the RA joints, which
resulted in strong PA signals as early as 12 days since the RA induc-
tion. Moreover, MNP-PEG-RGD had an accurately staging capacity
for clinics akin to clinical observations and histopathological anal-
ysis. Our study provides an effective method for monitoring the
therapeutic efficacy on RA. The great biocompatibility of MNP-
PEG-RGD holds attractive potential for clinical applications due
to the excellent imaging performance. With further development,
the novel platform of MNP-PEG-RGD can be used to simultane-
ously deliver treatment drug for RA precision therapy.
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