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Abstract: Rheumatoid arthritis (RA) is a progressive inflammatory joint disease. Early diagnosis is critical for timely 
therapeutic intervention. However, it lacks effective diagnostic methods capable of detecting disease progression in 
its early stage and evaluating treatment efficacy in clinics. Photoacoustic (PA) molecular imaging is a novel imaging 
modality that can detect in the early stage of disease and continuously monitor its progression. In this study, Evans 
blue (EB) was used as a PA contrast agent to detect the angiogenesis and microcirculation dysfunction in RA joint. 
In collagen-induced arthritis (CIA) mouse model, a distinct increase of PA signal was detected early at 2 weeks, 
with significant higher PA signal intensities from the RA joints compared to the normal joints. More importantly, we 
detected an increasing trend of PA signal intensity week by week post CIA induction, demonstrating the potential 
of EB-enhanced PA imaging in monitoring the development of RA. However, joint damage was silent in the X-ray at 
2 weeks post CIA induction, which suggested the superiority of PA imaging in RA early detection. In addition, strik-
ing decrease of PA signal intensities in the RA joints was observed after administration with etanercept compared 
with the untreated RA joints. The signal changes exhibited by PA imaging were confirmed by clinical observation 
and histological examinations. This study demonstrated the promising use of EB-enhanced PA imaging for the early 
diagnosis and its feasibility for RA treatment monitoring.

Keywords: Rheumatoid arthritis, Evans blue, photoacoustic molecular imaging, diagnosis, disease progression, 
treatment monitoring

Introduction

Rheumatoid arthritis (RA) is a systemic autoim-
mune inflammatory disorder, characterized by 
synovium inflammation, resulting in significant 
disability and high socioeconomic costs [1, 2]. 
About 80% of RA patients are disabled after 20 
years. Improvement of the clinical outcomes for 
patients with RA and timely intervention and 
optimal adjustments of therapies rely on tech-
niques for early diagnosis and sensitively moni-
toring disease progression [3, 4]. However, 
patients clinically diagnosed with RA are com-

monly in an advanced stage for which disease-
modifying opportunities are limited [5].

Currently, it lacks effective imaging modalities 
capable of diagnosing early RA or monitoring 
efficacy of treatments. In clinics, routine X-ray is 
the most commonly applied imaging modality in 
assessing RA, however, it can only exhibit 
advanced bone destruction years after the ini-
tial inflammation [6]. Magnetic resonance imag-
ing (MRI) is more sensitive for soft tissues and 
bone erosions but not suitable for routine use 
because of economic and location limitations 
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[7]. Ultrasound is more conducive than conven-
tional X-ray in soft tissue imaging, and is being 
used more extensively, as it is relatively cheap, 
accessible, and non-ionizing. However, because 
of its limited sensitivity in inflammatory tissue, 
ultrasound is not suitable as a primary imaging 
tool for this inflammatory arthritis disease [8]. 
Consequently, powerful non-invasive preclini-
cal imaging techniques, especially those that 
can detect RA before its reversible stage, are 
therefore highly desirable.

Molecular imaging visualizes, detects and 
quantifies molecule biomarkers in diseases 
such as cancer or RA [9, 10]. It paves the way to 
provide information on biomarkers, cells, and 
pathways, which improves diagnosis accuracy 
as well as personal therapeutic guidance. 
Photoacoustic (PA) imaging is a novel hybrid 
imaging method, providing powerful endoge-
nous optical absorption contrasts with high 
resolution [11-13]. It is an ideal molecular imag-
ing technique for in vivo applications because 
of its deeper imaging depth. With knowledge of 
the optical absorbance, PA imaging has suc-
ceeded in providing physiological and patho-
logical information at molecular level [14, 15]. 
Besides, PA imaging is much safer than X-ray. 
Thus, it has been widely used in various appli-
cations in biomedical field, including brain 
imaging, cardiovascular diseases monitoring, 
as well as the evaluation of cancer detecting 
efficiency [16-19]. Applied to bone and joint 
imaging, PA imaging has demonstrated ana-
tomical visualization of the normal human 
peripheral joints [20-22].

In order to enhance PA signal from deep tis-
sues, the use of a biocompatible contrast agent 
is attractive. Evans blue (EB) is a non-toxic azo 
dye with high hydrophilicity and slow excretion. 
Owning to its high binding affinity to serum, EB 
has been broadly used for biomedical applica-
tions [23]. As a desirable PA agent, EB has high 
absorption coefficient in the main wavelength 
region of spectrum, with a weak peak at 680 
nm, used for PA imaging [24]. The strong bind-
ing property of EB to serum albumin leads to its 
broad applications in biomedicine, in particular, 
its use in the detection of leakage through 
blood vessels in the blood-tissue barriers 
including the blood-brain barrier, blood-retinal 
barrier and blood-testis barrier [25-27]. The 
fact that EB-albumin macromolecule is con-

fined to the blood vessels under physiologic 
conditions makes EB unique among other dyes. 
Free EB dye is more likely to diffuse into the 
extravascular tissues, which will be cleared by 
metabolism or excretion finally. When there is a 
disruption of barrier and enhanced vascular 
permeability, EB-albumin macromolecule will 
diffuse from the circulation into neighboring tis-
sues, which in turn enables microcirculation 
damage. Angiogenesis accompanied by inflam-
mation leads to the dysfunction of blood-joint 
barrier in RA-inflamed joints, which further 
results in enhanced permeability [28, 29]. 
Additionally, the metabolism demand of syn-
oviocytes is upregulated, and arthritic joints 
require more albumin as a relevant energy 
source than healthy tissues [30]. Thus, the 
accumulation of albumin in inflamed tissues in 
RA is an important molecular biomarker for RA 
diagnosis and therapeutic monitoring [30].

In this study, we used EB as a PA probe to inves-
tigate the superiority of PA imaging in visualiz-
ing angiogenesis and the increased vascular 
permeability in collagen-induced arthritis (CIA) 
mice to diagnose and monitor the treatment of 
RA progression. To further verify the parallel 
diagnostic outcome of PA imaging, X-ray exami-
nation was conducted on the same mice. By 
comparing the PA imaging results with the X-ray 
results and pathological examinations of foot 
joint, our study exhibited that EB-enhanced PA 
imaging was reliable enough, if adapted to clini-
cal practice, to help in diagnosing RA in its early 
stage, and therefore facilitate therapeutic 
options.

Materials and methods

Ethics statement

All experiments were approved by the In- 
stitutional Animal Care and Use Committee of 
Wenzhou Medical University. The animal proce-
dures were carried out strictly according to 
institutional and national guidelines. Fifty male 
Kunming mice with body weights of 30 g were 
obtained from the experimental animal center 
of Wenzhou Medical University (wydw2020-
0582); 4-5 mice were housed in a conventional 
cage, which was kept in a room with constant 
21°C room temperature as well as 45% humid-
ity, under controlled 12 h light-dark lighting 
cycle. The mice were allowed free access to 
water and standard food.
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Animal model

CIA mouse model established by a double 
immunization was used in this study according 
to previous studies [24, 31]. In brief, equal vol-
umes of complete Freund’s adjuvant (4 mg/mL) 
and type II bovine collagen solution (2 mg/mL) 
were injected subcutaneously into the mice 
paw for the first immunization. At 21 days after 
the first immunization, a booster immunization 
of incomplete Freund’s adjuvant emulsified 
with bovine type-II collagen was given to the 
mice. The mice were anesthetized under 2% 
isoflurane and anesthesia was maintained dur-
ing the adjuvant injection and imaging experi-
ment. To examine the feasibility of PA imaging 
in RA diagnosis, 5 foot joints from the RA mice 
were imaged at 0, 2 and 4 weeks after RA 
induction and compared with the 8 healthy 
joints in the control group. In addition, the mice 
were monitored every few days. The change of 
paw thickness from baseline during experiment 
was monitored. Clinical arthritic scores were 
scored according to a previous study [32].

Photoacoustic imaging system characteriza-
tion

Endra Nexus 128 PA scanner system was 
applied for PA imaging (AnnArbor, MI). The laser 
wavelength was tunable from 680 to 950 nm 
(at the repetition rate of 20 Hz and pulse width 
of 7 ns). The laser output energy from the 
source was well below 20 mJ/cm2 per pulse, 
meeting the safety standard of American 
National Standard Institute (ANSI) [33]. The PA 
waves were detected by an ultrasound trans-
ducer, creating an image of the optical absorp-
tion distribution inside the tissues and trans-
mitting to the computer. In this study, PA imag-
es were acquired under 680 nm laser wave-
length. Before imaging the foot joint, hair on the 
mouse paw was completely removed to avoid 
light blockage. Then the imaged target (foot) 
was well mounted on the protruding tip of the 
bowl. The imaged position remained consistent 
to narrow the imaging difference. The protrud-
ing tip of the bowl was immersed in water and 
the interface between the slot and imaging tar-
get did not have bubbles. Software OsiriX Lite 
(OsiriX Foundation, Genève, Switzerland) was 
applied to analyze the reconstructed raw data, 
and the quantitative PA signal intensity of 
region of interesting (ROI) was measured by 
OsiriX Lite.

In vivo PA imaging and data analysis

In this study, low concentration (0.5 wt%) of EB, 
which is mainly the EB-albumin that diffuses 
out of the blood vessels, was used as the PA 
contrast agent. A phosphate-buffered saline 
(PBS, pH=7.5) solution of EB (Sigma) at a con-
centration of 0.5 wt% was intravenously inject-
ed into the dorsal veins of the tail at the dose of 
2.5 mg/kg body weight. The mice were anes-
thetized under 2% isoflurane and adjusted to 
maintain a surgical plane of anesthesia during 
the adjuvant injection and imaging procedure. 
All animals were imaged by the PAI system at 
680 nm wavelength from 0-24 h post-injection 
of the EB probes. To examine the feasibility of 
EB-enhanced PA imaging in RA diagnosis, 5 
foot joints from the RA mice were imaged at 0, 
2 and 4 weeks after CIA induction and com-
pared with the 5 healthy joints from the control 
group. The ROI (10 mm × 8 mm, indicated by a 
white dashed rectangle) was drawn over each 
sample on the PA images and the mean PAI 
intensity was measured by OsiriX imaging sys-
tem software package. Through all stages of 
the imaging procedure, respiration rate and 
signs of distress were monitored.

X-ray of mice foot joint

To further verify the diagnostic outcome of PAI, 
in parallel, X-ray examination was performed on 
the same mice. The mice were anesthetized 
under 2% isoflurane and adjusted to maintain a 
surgical plane of anesthesia during the imaging 
process. X-ray examinations for all the foot 
joints at antero-posterior projections were done 
with X digital imaging system (MX-20, Faxitron, 
American) for small animal and all the results 
were evaluated by an experienced radiologist in 
X-ray imaging of RA.

Monitoring therapeutic response by EB-
enhanced PA imaging

To illustrate the feasibility of EB-enhanced PA 
imaging in assessing the treatment efficacy, RA 
mice in the treatment group were administered 
with etanercept (Enbrel®), an anti-tumor necro-
sis factor medication used in clinical for RA. 
Starting from the week 2 after CIA induction, 
each RA mouse was intramuscularly injected 
with 100 μL of PBS or etanercept (0.3 ml/kg) 
four times every four days (i.e., treated on day 
14, 18, 22, 26, 30, respectively). At week 6, the 
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foot joints of control group (treated with PBS) 
and etanercept-treated group were imaged.

Histological analysis

After in vivo imaging, the mice were euthanized 
with carbon dioxide. Paws were isolated and 
fixed in 4% paraformaldehyde for 24 hours. 
Then they were decalcified in 10% EDTA for 6 
days and embedded in paraffin. Serial sections 
were cut 5 μm for each section sagittally across 
the metatarsophalangeal joints at 40 μm inter-
vals. Slides were stained with hematoxylin and 
eosin (H&E) staining. A board-certified veteri-
nary pathologist evaluated H&E stained slides. 
Additionally, vascular endothelial growth factor 
(VEGF) staining (Wuhan GoodBiosciences, 
Wuhan, China) was used as a further index of 
the angiogenesis.

Statistical analysis

The OsiriX imaging system software package 
was used to analyze the data of PA signal inten-
sities in ROI. All data were given as the mean ± 
standard deviation (S.D.). Data were process- 
ed by using GraphPad software (GraphPad 
Software, Inc., La Jolla, CA, Version 6.0d) and 
analyzed by the Student’s t-test or one-way 
ANOVA. Statistical significance was considered 
as for P values of <0.05.

Results

Increased PA signal intensity in RA joint after 
EB injection

The photographic and PA images of a healthy 
foot joint are shown in Figure 1. In the PA imag-

Two weeks after CIA induction, the mice were 
injected with EB and serially PA imaged within 
24 h. Representative PA images are shown in 
Figure 2A. In the normal foots, an increase of 
PA signal confined in the blood vessels was 
detected at 0.5 h after EB injection, but it soon 
decreased to the baseline level (about 12 h). 
The time interval, 0.5 h, post EB injection was 
chosen for the following image time point. 
Besides, a much stronger PA signal intensity 
was observed in RA joint than the normal one 
at 0.5 h post injection (P<0.01). It was maxi-
mized to 2247±95 at 0.5 h, which was 2.56-
fold that of the injection at 0 h (Figure 2B). 
Additionally, the retention half-life of EB-albumin 
complex in RA joints was 12 h, which was sig-
nificantly longer than the 3 h retention half-life 
of normal joints (P<0.01). Further analysis of 
the PA intensity ratios between RA and normal 
joints after injection was as follows: 0.5 h after 
injection was 2.42, and 24 h after injection was 
1.28, indicating that the cumulative effect of 
EBA between RA and normal joints was signifi-
cantly different (Figure 2C).

EB-albumin sensitive PA signal intensity steadi-
ly increases over RA progression in mice

Compared with normal controls, the observa-
tion that EB-albumin complex-sensitive PA sig-
nal was significantly higher in RA joint led us to 
hypothesize that PA signal intensity might be 
correlated with RA development as the inflam-
mation increased. In Figure 3, each mouse was 
imaged serially every 2 weeks over 4 weeks 
post RA induction. Strikingly, at every examined 
time point, the RA foot exhibited a higher PA sig-

Figure 1. PA imaging at 680 nm of a normal mouse paw. A. Optical photo-
graph of mouse foot. B. PA image of mouse paw. The blue arrow indicated 
the metatarsophalangeal joint (MJ). The red arrow indicated the anterior 
tibial vessels. Scale bar: 10 mm.

es, due to the intrinsic chro- 
mophores of hemoglobin and 
calcium in bone of mice foot, 
the metatarsophalangeal join- 
ts (MJs) were presented, and 
we could recognize the ana-
tomical structure of the foot, 
which also enabled us to select 
a region of interest (ROI, 10 
mm × 8 mm, indicated in the 
white dashed rectangle). How- 
ever, without additional con-
trast agent, the average PA 
intensity collected from the 
desired region was 495±73, 
primarily generated from calci-
um and hemoglobin.
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nal than the normal foot, which received the 
same number of injections as the RA mice 
(Figure 3A). Signal quantification showed that 
the average PA intensity of the RA foot increas- 
ed linearly from 0 to 4 weeks post CIA induc-
tion, while signals of normal foot only increased 
slightly over time (Figure 3C). This data indicat-

ed that the EB-albumin leaked from the RA 
joints shortly after induction and continuously 
rose from the very early stage of RA to moder-
ate RA.

The symptoms remained silent in the X-ray 
detection at 2 weeks (Figure 3B), such as nar-

Figure 2. In vivo RA diagnosis by EB-enhanced PA imaging. (A) Rep-
resentative PA images of normal and RA mice foot at 2 weeks post 
CIA induction. Scale bar: 10 mm. (B) Quantification of PA intensities 
in the region of mice foot joint at different time points after injection 
of EB. The green lines indicate the half-life of the material in the 
tissue. (C) Quantitative analysis of PA intensity ratios (RA joint vs. 
normal joint) in (B). All results represent mean ± SD (**=P<0.01).

Figure 3. In vivo monitoring the development of RA via EB-enhanced PA imaging and X-ray. A. Representative PA 
images of normal and RA mice foot at different weeks (n=5). All PA images have the same scale bar. Scale bar: 10 
mm. B. X-ray of the same mouse foot at the same imaging time points with PA imaging. The red circle contained 
the pathologically altered mouse foot at 4 weeks. The yellow arrow indicated bone destruction and narrowed joint 
space in the metatarsophalangeal joint. All X-ray images have the same scale bar. Scale bar: 10 mm. C. Mean PA 
intensity collected from each mouse knee, quantified from collected PA images. All results represent mean ± SD 
(*=P<0.05, **=P<0.01).
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rowed joint space (sign of bone remodeling and 
cartilage loss), juxta-articular osteoporosis and 
bone destruction. In the X-ray (Figure 3B), we 
could see mild bone destruction and joint 
space narrowing in the MJs (yellow arrows) at 4 
weeks. It should also be highlighted that the 
size of mice foot gradually expanded in PA 
images during RA progression. This may be 
related to the swelling and proliferation during 
RA.

Histopathologic findings

We further conducted clinical and histological 
analyses to examine the pathological severity 
of MJs. The feet of the CIA mice were assigned 
clinical scores on a scale ranging from 0 to 5 
that reflected the severity of inflammation and 
swelling. In Figure 4C, the mean clinical arthrit-
ic scores were gradually raised along with the 
progression of RA post CIA induction. As shown 
in Figure 4A and 4D, when compared with nor-
mal joint, the joint of RA foot exhibited promi-
nent neutrophil infiltration, cartilage erosion, 
and synovial inflammation at 2 and 4 after CIA 
induction. At 2 weeks after CIA induction, there 
were no obvious osseous structural changes in 
the RA foot joint, such as narrowed joint space 
or osteophyte. While in the 4 weeks group, we 

can see more severe cartilage lesion and mild 
bone destruction. In Figure 4B, a remarkable 
increase of new blood vessels around the joint 
was shown in immunohistochemical staining at 
2 weeks and was much more evident at 4 
weeks post CIA induction. In addition, quantifi-
cation of immunohistochemical staining re- 
vealed the increased VEGF expression in RA 
joints along with the development of synovitis 
(Figure 4E, P<0.001, P<0.01, respectively).

Treatment efficacy monitoring

EB-enhanced PA imaging was then tested for 
efficacy of the biological agent etanercept in 
real time in vivo and to discover whether it pre-
vents the progression of joint destruction as a 
potential disease-modifying anti-rheumatic 
drug (DMARD). The mice were intramuscularly 
administrated with etanercept at 2 weeks post 
CIA induction. At 6 weeks, the RA foot joints of 
the etanercept-treated and control group were 
imaged to assess the therapeutic efficacy. 
Representative images (posteroanterior and 
lateral position) from both groups are shown in 
Figure 5A. With five joints in each group, the 
average PA signal intensities are presented in 
Figure 5B. In comparison to the non-treatment 
group, dramatically decreased PA intensities of 

Figure 4. Histological analysis of RA 
progression in CIA mouse model. A. 
Representative mice foot histologic ap-
pearance of H&E staining. Scale bar: 
100 μm. B. Representative mice foot 
histological appearance of VEGF stain-
ing. The orange arrows indicated the 
positive result of VEGF staining. The 
red arrows indicated neovasculariza-
tion. Scale bar: 100 μm. C. Mean clini-
cal arthritic score of RA mice. D. Quan-
tification of neutrophils infiltration. E. 
Quantification of VEGF integrated OD 
scores. All results represent mean ± 
SD, **=P<0.01. ***=P<0.001
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joints were detected in the treatment group 
(P<0.01). VEGF staining exhibited strongly posi-
tive results in the interstitial space of muscle 
tissue in the non-treatment group (Figure 6A). 
RA mice treated with etanercept showed rela-

nosing and monitoring RA progression in ani-
mals largely rely on histological analysis in pre-
clinical research [37]. Histopathological exami-
nation is invasive and is unable for long-term 
monitoring and evaluating therapeutic respons-

Figure 5. Therapeutic monitoring ability of EB-enhanced PA imaging in RA. A. Representative PA images of RA mice 
foot with different imaging position compared between etanercept-treated mice and non-treated mice (n=5). Scale 
bar: 10 mm. B. Quantification of PA intensity collected from etanercept-treated mice and non-treated mice. All re-
sults represent mean ± SD, **=P<0.01 (n=5).

Figure 6. Immunohistochemical analysis of therapeutic efficacy of etaner-
cept. A. Immunohistochemical staining of VEGF. The orange arrow indicated 
the positive result of VEGF staining. The red arrow indicated neovasculariza-
tion. Scale bar: 100 μm. B. Quantification of VEGF integrated OD scores. All 
results represent mean ± SD, **=P<0.01.

tively reduced bone erosion 
and cartilage degeneration, 
and the prominent inflammato-
ry cell infiltration in the joints 
was also reduced. Using immu-
nohistochemistry to quantify 
VEGF expression, we observed 
remarkably less expression of 
VEGF in the treatment group 
(Figure 6B), suggesting that 
evaluating the angiogenesis 
and microcirculation damage 
in synovial tissues through PA 
imaging paves the way to moni-
toring the treatment efficacy of 
RA (P<0.01).

Discussion

Identification of biomarkers is 
beneficial for detecting early 
disease, monitoring disease 
progression, and assessing 
treatment responses, which is 
also a priority for RA research 
as it represents a major obsta-
cle to progress for the improve-
ment of disease modifying RA 
drugs [34-36]. Currently, diag-
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es. Novel imaging modalities combined with 
specific disease biomarkers will help solve 
these problems [38, 39]. This study demon-
strated that the increased microcirculation dis-
order in RA foot joints of mice can be detected 
with EB-enhanced PA imaging techniques. 
Therefore, the non-invasive EB-enhanced PA 
imaging may facilitate an early and continuous 
observation over the course of RA develop-
ment, which can be further applied in patients’ 
responses to the therapy.

In the progression of RA, angiogenesis and 
increased permeability is noted in and around 
the synovium within the affected joints. 
Following an initial insult, vasodilatation occurs 
rapidly, additional capillaries are recruited, and 
the permeability of these capillaries is subse-
quently enhanced. Microcirculatory permeabili-
ty can be divided into immediate phase (endo-
thelial cell contraction), transient response 
(endothelial injury) and transcytosis.

The ensuing macromolecular (such as albumin) 
extravasation contributes to joint swelling. In 
addition, the chronicity of local inflammation, 
accompanied by continuous angiogenesis and 
ongoing remodeling, provides opportunities for 
the accumulation of macromolecules. Hence, 
imaging and quantifying albumin potentially 
enable objectively assess RA progression and 
its degree. EB is nontoxic and can be used to 
measure blood volume [40], lymph node loca-
tion [41], microvascular permeability [42], 
blood-retinal barrier destruction [43], capillary 
perfusion [44], and blood plasma flow [45], 
among other applications. In the bloodstream, 
EB mainly binds to serum albumin in a revers-
ible manner, so it is uniformly distributed in the 
plasma, thereby obtaining a complete capillary 
network image to the greatest extent.

Our study was implemented under baseline 
conditions, under which blood vessels were 
resistant to albumin leakage, so a relatively 
high EB concentration was used here to detect 
the microvascular permeability. Moreover, the 
clearance kinetics of the EB-albumin can be 
used to estimate the albumin metabolic rate in 
target tissue [46].

In this study, the raised demand of albumin was 
remarkably accumulated around the affected 
joints in the early stage of RA leading to an 
increase in regional EB-albumin concentration. 

Enhanced optical absorption had been 
observed in peri- and intra-articular tissue of 
the RA joints compared with the normal joints. 
In our study, compared to the normal joints, RA 
joints exhibited increased PA signal intensities 
in the early stage of RA (2 weeks after CIA 
induction). Furthermore, compared with con-
ventional optical imaging, PA imaging is able to 
obtain richer anatomical details because of its 
sufficient spatial resolution [47]. Imaging the 
EB-albumin with high spatial resolution particu-
larly benefited the study of small joint struc-
tures of human hands and foot, which occurred 
in the initial stage of RA. Our data indicated 
that the leakage of EB-albumin in the joint 
occurred shortly after RA induction and contin-
uously rose from the very early stages of RA to 
moderate RA. Given the lack of understanding 
and monitoring methods for early RA, it was 
particularly exciting to observe an increasing 
trend of total PA signal week to week. However, 
X-ray only detected mild bone destruction and 
joint space narrowing at 4 weeks post CIA 
induction. This illustrates that the standard 
radiological examination is not sensitive 
enough for detecting early stage of RA.

We monitored the mice every few days after 
induction of CIA. The morphology changes of 
RA mice paws did not show statistical differ-
ence from normal paws at 2 weeks, indicating 
the limitation of clinical observation. Besides, it 
also strongly proves the superiority of PA imag-
ing in detecting early stage of RA. PA imaging 
documented a dramatic difference in size of 
foot segments between the two groups. In the 
RA joints, the observed enlargement of periar-
ticular tissue showed the primary swelling and 
proliferation in RA. Morphological changes of 
foot joints and the associated periarticular tis-
sues manifested the degree of inflammation 
during RA progression. Our results demonstrat-
ed that the joint structure was significantly 
more damage in the RA joint than the normal 
control. In addition, the PA results were also 
confirmed in photographs of mice paws as well 
as the decreased clinical arthritic scores. Our 
study suggests the favorable capability of PA 
imaging in presenting the morphology of articu-
lar tissues with both high spatial resolution and 
excellent optical contrast. By histological exam-
ination, we found that the neutrophils repre-
senting the severity of synovitis significantly 
infiltrated the joint (Figure 4). It was also 
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observed that the expression of VEGF was 
gradually up-regulated post CIA induction. VEGF 
is a well-known angiogenic factor, which is 
essential for vasculature development. VEGF 
promotes the formation of new vessels and 
enhances vessel permeability [48]. The dual 
activities of VEGF as an endothelial-cell mito-
gen and a modulator of changes in vascular 
permeability are of relevance to the pathogen-
esis of RA [49]. Herein, it was determined that 
the PA findings were positively correspondent 
with the immunohistological result revealing 
the degree of joint destruction as well as the 
created angiogenesis including capillaries in 
the RA joints (Figure 4). These results suggest 
that PAI can potentially detect CIA mice in vivo 
and facilitate the observation of blood-joint 
permeability.

Monitoring the effectiveness of new therapies 
has been increasingly significant for translating 
new treatments from benchtop to bedside and 
for individualized treatment [50, 51]. However, 
a major hurdle to translate many non-pharma-
ceutical and novel pharmaceutical therapies 
into clinical use is unable to accurately evalu-
ate disease progression and response to these 
therapies [52]. Considering the effect of PA 
imaging to detect angiogenesis and microcircu-
lation dysfunction in RA joint, we further tested 
the ability of PA imaging to monitor the thera-
peutic efficacy of etanercept. Etanercept is a 
biological DMARD that is commonly used for RA 
and ankylosing spondylitis (AS) in clinics. In this 
study, inhibition of RA inflammation by systemic 
administration of etanercept to mice resulted 
in an effective suppression of joint destruction 
even at 6 weeks after CIA induction. By quanti-
fication of VEGF expression, it was determined 
that the angiogenesis was significantly de- 
creased after etanercept treatment. Compared 
with the pretreatment, PA intensities signifi-
cantly decreased after etanercept treatment. 
In the non-treatment group, the prominent 
inflammatory cell infiltration in joints still could 
be observed, whereas it was notably reduced 
after etanercept administration (Figure 6A). 
Our immunohistological result confirmed the 
antiangiogenic efficacy of etanercept for RA 
mice, resulting in the repair of blood-joint barri-
er, which also proved that the EB-enhanced PA 
signal correlated well with the therapeutic 
response. These results indicate the strong 
potential of EB-enhanced PA imaging in non-
invasively monitoring the treatment efficacy.

In conclusion, for this initial study, we illustrat-
ed that EB-enhanced PA imaging was powerful 
enough in early diagnosis and treatment moni-
toring of RA, in view of its outstanding sensitiv-
ity in evaluating angiogenesis and microcircula-
tion dysfunction. Considering the rapid clear-
ance of DMARDs by synovial fluid, the prolonged 
half time of EB in joint cavity (about 12 h in 
normal joint) may provide DMARDs increased 
retention time as well as specific target and 
reduce drug dose in vivo. Our results suggest 
that PA imaging, with its advanced molecular 
specificity and high spatial resolution, may be 
well suited as a clinical method to guide accu-
rate treatment of RA.
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