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The purpose of this study is to investigate whether a near-infrared fluorescence (NIRF) probe,
Cy5.5-d-glucosamine (Cy5.5-2DG), can image arthritis in collagen-induced arthritic (CIA) mice.
The presence of arthritis was verified by both visual examination and micro-computed tomog-
raphy (MicroCT) imaging. CIA mice were imaged by a micro-positron emission tomography
(MicroPET) scanner one hour after intravenous injection of 2-deoxy-2-[18F]fluoro-d-glucose
([18F]FDG). After radioactivity of [18F]FDG decayed away, Cy5.5-2DG was injected into a lat-
eral tail vein of the mice. Arthritic tissue targeting and retention of Cy5.5-2DG in CIA mice were
evaluated and quantified by an optical imaging system. Inflammatory tissue in CIA mice was
clearly visualized by [18F]FDG-MicroPET scan. NIRF imaging of Cy5.5-2DG in the same mice
revealed that the pattern of localization of Cy5.5-2DG in the arthritic tissue was very similar
to that of [18F]FDG. Quantification analysis further showed that [18F]FDG uptake in arthritic
tissues at one hour post-injection (p.i.) and Cy5.5-2DG uptakes at different time points p.i. were
all well correlated (r2 over 0.65). In conclusion, Cy5.5-DG can detect arthritic tissues in living
mice. The good correlation between the [18F]FDG uptake and Cy5.5-2DG accumulation in the
same arthritic tissue warrants further investigation of Cy5.5-2DG as an approach for assessment
of anti-inflammatory treatments.

Keywords : Near-infrared fluorescence; arthritis; fluorescent deoxyglucose; FDG.

1. Introduction

Molecular optical imaging of diseases has become
an important component in biomedical research.1–3

Because of the strong tissue penetration ability of
light in the near-infrared (NIR) region (650–900 nm
wavelength), NIR fluorescence (NIRF) imaging

provides a powerful tool for non-invasively study-
ing diseases at molecular level in preclinical animal
models, and also has great potential for transla-
tion into clinical applications.4–7 Optical imaging
does not involve exposure to ionizing radiation.
It is inexpensive, highly sensitive and allows high
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Fig. 1. (a) Schematic structure of Cy5.5-2DG. (b) Absorption (675 nm) and emission fluorescence (695 nm) spectra of Cy5.5-
2DG in water.

throughput screening since it requires short acquisi-
tion time to obtain a good image.1,5 Recent advance
in NIR optical imaging has demonstrated that it is a
viable method for non-invasively monitoring disease
states at the molecular level, localizing and stag-
ing diseases such as cancer, and even assessing the
treatment efficacy of new therapeutic drugs.8–11

Rheumatoid arthritis (RA) is the most com-
mon rheumatic disease in humans and it represents
a significant health problem.12 Extensive basic sci-
ence and clinical research has been devoted to find-
ing successful treatments for RA. Early diagnosis,
accurate staging, and timely monitoring of treat-
ment response are expected to make significant con-
tributions for effective RA management.12 Since RA
predominately affects the small joints of hands and
feet, optical imaging techniques are considered suit-
able approaches for studying RA in these superfi-
cial hand joints in small animals.13 Previous studies
have demonstrated that NIR optical imaging can be
used for detection of arthritis including RA by using
different fluorescent probes.14–21

We reported recently that a NIR fluorescent
glucose analog, Cy5.5 conjugated d-glucosamine
(Cy5.5-2DG, its structure and absorption and emis-
sion spectra shown in Fig. 1), could target tumors
specifically in cell culture and in mice.22 Both
human glioma U87MG and melanoma A375M can
be clearly detected in mouse xenografts with Cy5.5-
2DG. Good tumor/muscle contrast is obtained
as early as 30 min p.i. of Cy5.5-2DG.22 Here,
we further investigate the possibility of imaging

arthritic tissue in vivo using Cy5.5-2DG in a mouse
model of collagen-induced arthritis. Multimodality
small-animal imaging techniques including micro-
computed tomography (MicroCT), micro-positron
emission tomography (MicroPET), and NIRF imag-
ing were used to rapidly assess the arthritic tissue
targeting ability of Cy5.5-2DG.

2. Materials and Methods

2.1. General aspects

Cy5.5 monofunctional N-hydroxysuccinimide
(NHS) ester (Cy5.5-NHS) was purchased from GE
Healthcare Life Sciences (Piscataway, NJ). Bovine
type II collagen dissolved at 2mg/ml in 0.05 M
Acetic Acid was purchased from Chondrex Inc.
(Redmond, WA). All other reagents were obtained
from Sigma-Aldrich Chemical Co. (St. Louis, MO).
A Dionex Summit high-performance liquid chro-
matography (HPLC) system (Dionex Corporation,
Sunnyvale, CA) equipped with a 170U 4-Channel
UV-Vis absorbance detector was used for purifica-
tion and analysis of Cy5.5 labeled compound. UV
detection wavelengths were 218 nm, 280 nm and
590 nm for all the experiments. Both semi-prepar-
ative (Zorbax SB-C18, 9.4mm × 250mm, Agilent
Technologies, Inc. Santa Clara, CA) and analyt-
ical (Dionex, Sunnyvale, CA. Acclaim 120 C18,
4.6 mm × 250 mm) reverse phase HPLC columns
were used. The mobile phase was solvent A, 0.1%
trifluoroacetic acid (TFA) in water and solvent B,

Abbreviations: NIRF, near-infrared fluorescence; Cy5.5-2DG, Cy5.5-d-glucosamine; [18F]FDG, 2-deoxy-2-[18F]fluoro-d-
glucose; HPLC, high-performance liquid chromatography; PET, positron emission tomography; p.i., post-injection.
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0.1% TFA in acetonitrile (CH3CN). Matrix-assisted
laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) was performed by the
Stanford Protein and Nucleic Acid Biotechnology
Facility, Stanford University. 2-deoxy-2-[18F]fluoro-
d-glucose ([18F]FDG) was produced by cyclotron
facility, Molecular Imaging Program at Stanford
(Stanford, CA).

2.2. Imaging probe Cy5.5-2DG

Cy5.5-2DG was synthesized based on the method
we reported before.22 Briefly, d-Glucosamine
(16.0 µmol in 34.5 µL H2O) was conjugated with
Cy5.5-NHS (1.60 µmol in 160 µL H2O) in sodium
phosphate buffer (Na2HPO4, pH = 9.0, 0.1 M,
805.5 µL). After overnight incubation at 4◦C in the
dark, the reaction was quenched by adding 100 µL
of 1% TFA. The final product was purified by C-18
semi-preparative HPLC and confirmed by MALDI-
TOF-MS. The maximum wavelengths of excitation
and emission for Cy5.5-2DG were 675 nm (λab) and
695 nm (λem), respectively (Fig. 1). The product was
redissolved in saline at a concentration of 1 mg/mL,
and stored in the dark at −80◦C until use.

2.3. Induction of collagen-induced
arthritis in mice

The mouse model of collagen-induced arthritis
(CIA) is an experimental autoimmune disease
induced by immunization with collagen type II. It
shares several clinical, immunological and patho-
logical features with human RA, therefore it is
widely used in RA research.23 All animal exper-
iments were approved by the Stanford University
Animal Research Internal Review Board. DBA1/J
mice were purchased from Jackson Laboratories
(Bar Harbor, ME). Complete Freund’s Adjuvant
(CFA), containing 2mg/ml inactivated M. tuber-
culosis, and bovine type II collagen were mixed
to produce a thick emulsion. Eight-to-ten weeks
old DBA1/J mice were injected with 100 µl of
the collagen/CFA emulsion subcutaneously 2 cm
from the base of the tail. After 21 days, these
mice were boosted subcutaneously with 100 µl of
an emulsion containing equal volumes of Incom-
plete Freund’s Adjuvant and collagen at the base
of the tail. The incidence of inflammation was then
synchronized by injecting 50 µg of lipopolysaccha-
ride (LPS) intraperitoneally, three days after the
boost. Within a week, 80–100% of the mice devel-
oped arthritis and paw inflammation.

2.4. MicroCT imaging of mouse
arthritis

The mice were imaged with a microCT scanner
(eXplore RS MicroCT System, GE Healthcare, Pis-
cataway, NJ) to verify arthritis development after
collagen induction. Mice were put on the microCT
scanning gantry and scanned for 10 min at a voxel
resolution of 45 microns. The image acquisition and
reconstruction were done using GE built-in software
(Evolver and eXplore Reconstruction Interface, GE
Healthcare, Piscataway, NJ). The reconstructed
images were viewed using GEMS Microview.

2.5. [18F]FDG-microPET imaging
of inflammation in mice

MicroPET imaging of arthritic mice was performed
on a microPET R4 rodent model scanner (Con-
corde Microsystems Inc, Knoxville, TN). The mice
were injected with 5.55 MBq (150 µCi) of [18F]FDG
through tail vein. At 1 h p.i., mice were anesthetized
with 2% isoflurane, and placed in the prone posi-
tion and near the center of the field of view of a
microPET scanner. Five-minute static scans were
obtained and images were reconstructed by a two-
dimensional ordered subsets expectation maximum
(OSEM) algorithm. Regions of interest (ROIs) were
drawn over the joints or paws on decay-corrected
whole-body coronal images. The maximum counts
per pixel per minute were obtained from the ROI
and converted to counts per milliliter per minute by
using a calibration constant. By assuming a tissue
density of 1 g/mL, the ROI values were converted
to counts/g/min. An image ROI-derived percentage
injected dose per gram of tissue (%ID/g) was then
determined by dividing counts per gram per minute
with injected dose.

2.6. Optical imaging of mice
inflammation

After radioactivity of [18F]FDG decayed away
(overnight p.i.), the same group of mice was sub-
jected to optical imaging. In vivo NIRF imaging
was performed with an IVIS 200 small-animal imag-
ing system (Xenogen, Alameda, CA). A Cy5.5 filter
set was used for acquiring Cy5.5-2DG fluorescence.
Identical illumination settings (lamp voltage, fil-
ters, f/stop, field of views, binning) were used to
acquire all images, and fluorescence emission was
normalized to photons per second per centimeter
square per steradian (p/s/cm2/sr). Images were
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acquired and analyzed using Living Image 2.5 soft-
ware (Xenogen, Alameda, CA). Mice with arthritis
(n = 3) were injected via tail vein with 0.5 nmol
Cy5.5-2DG and subjected to optical imaging at var-
ious time points p.i. All NIR fluorescent images were
acquired using one-second exposure time (f/stop =
4) and displayed in the same scale of fluorescence
intensity. For determining fluorescence intensity in
arthritic tissues, maximum fluorescence intensities
(p/s/cm2/sr) of the paws or joints area were cal-
culated by the region-of-interest (ROI) function of
Living Image software integrated with Igor (Wave-
metrics, Lake Oswego, OR).

2.7. Statistical analysis

Statistical analysis was performed using the Stu-
dent’s t-test for unpaired data. A 95% confidence
level was chosen to determine the significance
between groups, with p < 0.05 being significantly
different.

3. Results

3.1. MicroCT imaging of arthritis

Five days after injection of LPS, the mice (n = 3)
paws and knees were visually examined. Erythema
and remarkable swelling of the paws and knees were
clearly observed in all mice (Fig. 2(a)1–5), indicat-
ing severe RA-associated inflammation. The sever-
ity of the arthritis or joint inflammation of each paw
and knee in the same mouse was different.

MicroCT imaging was then performed to ver-
ify the presence of RA in mice. The images shown
in Fig. 2(b) are cross-sectional axial (Fig. (b)1),
sagittal (Fig. (b)2) and coronal (Fig. (b)3) view
of the right knee. Marginal bone erosion and joint
space narrowing were identified by microCT imag-
ing, which were solid evidences of arthritis. Further-
more, the anteroposterior view of the right front
limb (Fig. 2(c)1) and lateral view of the right hind
limb (Fig. 2(c)2) by maximum intensity projec-
tion of microCT data provided more evidence of
arthritis. The microCT image of the right front
limb (Fig. 2(c)1) showed (1) narrowed metacar-
pophalangeal and interphalangeal joint spaces; (2)
marginal and central bone erosions; (3) periartic-
ular osteopenia; (4) periosteal reaction along the
radius, ulna, as well as metaphalangeal and pha-
langeal bones; and (5) pathologic fracture of the
fifth metaphalangeal bone. The image of the right
hind limb showed (1) narrowed knee joint space; (2)

A1 A2 A3

A4 A5

(a)

B1 B2 B3

(b)

1
2

3

4
5

C1 1

2 3

C2

(c)

Fig. 2. (a) Photographs of a mouse with arthritic paws.
((a)1) whole-body photograph of the mouse; ((a)2) the front
left paw of the mouse; ((a)3) the front right paw of the mouse;
((a)4) the hind left paw of the mouse; and ((a)5) the hind
right paw of the mouse. Arrows point to the swelling inflamed
paws and knees. (b) MicroCT visualization of right hind knee
of the same mouse (slice thickness, 45 µm). These images
show cross-sectional axial ((b)1), sagittal ((b)2) and coro-
nal ((b)3) views of the knee. Arrows indicate marginal bone
erosion and joint space narrowing. (c) Maximum intensity
projection of microCT data. ((c)1) Anteroposterior view of
the right front limb; and ((c)2) lateral view of the right hind
limb. Arrows indicate anatomic changes caused by arthritis.

small and fused tarsal bones due to inflammation;
and (3) periosteal reaction along the metatarsal and
phalangeal bones. Overall, the anatomic changes
and deformation of the joints clearly demonstrated
the development of RA in the mice.
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Fig. 3. (a) Decay corrected coronal [18F]FDG-microPET image of the same DBA1/J mouse shown in the Fig. 2(a). PET
images were acquired one hour after tail vein injection of (5.55 MBq, 150 µCi) [18F]FDG. Arrows indicate the arthritic paws
and joints. (b) In vivo fluorescence imaging of an arthritic mouse (the same mouse shown in Fig. 2(a)) after intravenous
injection of 0.5 nmol Cy5.5-2DG. Fluorescence signal from probes is pseudo-colored red. (c) Time course of fluorescence
intensities in each paw of mice [3 mice (M1, M2 and M3 represent mouse 1, 2 and 3, respectively), in 12 paws (front left,
front right, hind left and hind right)] after Cy5.5-2DG injection. Fluorescence intensity was recorded as photons per second
per centimeter square per steradian (p/s/cm2/sr).

3.2. [18F]FDG-microPET imaging
of inflammation

Since the severity of the joint inflammation of each
paw in the mice displayed substantial variation,
[18F]FDG-microPET scan was performed in order
to visually identify the inflammation and evalu-
ate the inflammation activity in each paw. The
arthritic paws and joints were clearly visualized
by PET imaging. Moreover, [18F]FDG displayed
different extent of accumulation in each paw and
knee. Figure 3(a) clearly illustrates the observed
variability in [18F]FDG uptake. Both front paws
showed much higher [18F]FDG uptake than that
of hind paws, suggesting different inflammation

activity. Quantification of [18F]FDG accumulation
in all paws (n = 12) showed that the uptake ranged
from 0.90 to 3.22%ID/g.

3.3. Optical imaging of mice
inflammation

Whole-body optical imaging of the mice was then
performed by using an IVIS200 system to monitor
the accumulation of Cy5.5-2DG in paws with differ-
ent grades of arthritis. A series of NIRF images of
the same mouse imaged with [18F]FDG are shown
in Fig. 3(b). Cy5.5-2DG exhibited different levels
of accumulation in each paw and knee from 30 min
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Fig. 4. Correlation of NIRF signal intensities in arthritic paws of three mice at different time points p.i. of Cy5.5-2DG ((a):
0.5 h, (b): 4 h; and (c): 70 h) and [18F]FDG uptakes at 1 h p.i. [18F]FDG uptake was determined from microPET images,
expressed as %ID/g. NIRF signal intensity was expressed as maximum photons/cm2/s/sr, obtained from ROIs drawn over
the inflammation sites on the mice images. The correlations are r2 = 0.74, 0.66 and 0.74 for (a), (b) and (c), respectively.

up to 70 h p.i. of 0.5 nmol of probe. Quantitative
analysis of these images was performed, and the flu-
orescence intensities for Cy5.5-2DG in each paw as
a function of time p.i. were depicted in Fig. 3(c). It
was found that Cy5.5-2DG exhibited fast arthritic-
tissue targeting characteristics in vivo. For all of the
paws, the uptake of Cy5.5-2DG reached maximum
within 1 h p.i. After 1 h p.i., the intensities of the
signal slowly decreased, but over 10% of maximum
signal intensities for all the paws still remained even
after 70 h p.i. of the probe.

3.4. Correlation between optical
imaging and
[18F]FDG-microPET imaging

To determine the relationship between [18F]FDG
and Cy5.5-2DG uptakes in the arthritic tissue,
regression analysis was performed for the data
obtained from two imaging modalities. Good cor-
relations were seen between the NIRF signal
intensities at all time points imaged and [18F]FDG
accumulations at 1 h p.i. (r2 over 0.60 for all anal-
yses). Figures 4(a)–(c) illustrate the correlation
between [18F]FDG uptakes at 1 h p.i. and Cy5.5-
2DG uptakes at 0.5 h, 4 h, and 70 h pi, respectively.
It was found that the higher uptake of [18F]FDG,
the higher NIRF intensities. These results clearly
suggested that Cy5.5-2DG uptake in arthritic tis-
sue was associated with the inflammation activity.

4. Discussion

With the wide recognition of the importance of
molecular imaging, more and more scientists in

different disciplines are using molecular imaging
techniques to study a variety of diseases at molecu-
lar level. Development of novel probes for imaging
specific biomarkers and molecular events and pro-
cesses has become even more crucial and urgent. It
is expected that development of new imaging probes
will expand the application of molecular imaging
in pre-clinical research and its translation into the
practice of personalized medicine.

[18F]FDG is the most widely-used PET tracer
for imaging diseases, particularly for cancer and
diseases associated with inflammation including
RA.24–27 Our research was geared toward devel-
oping NIR fluorescent glucose analogs for opti-
cal imaging of disease metabolism in living sub-
jects. Cy5.5-2DG was synthesized and evaluated
in both tumor cell culture and mice. The results
show that Cy5.5-2DG has good mouse serum sta-
bility, high uptake and retention in the tumors.
However, the uptake of Cy5.5-2DG in tumor cells
does not seem to involve glucose transporters and
the hexokinase pathway.22 Although the mechanism
responsible for the uptake of Cy5.5-2DG in tumor
cells has not been elucidated yet, the great abil-
ity of Cy5.5-2DG for tumor NIRF imaging and the
similarity of the molecular structure of the probe
to that of [18F]FDG has motivated us to inves-
tigate its application for imaging inflammation-
associated diseases. Cy5.5-2DG was thus evaluated
in an experimental CIA mice model.

Although the CIA model is highly reproducible,
visual examination of the mice found that the
severities of inflammation induced by collagen for
each paw and knee were quite different, which is
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consistent with results of previous literature.28,29

Research on the understanding the pathogenesis of
this model has been extensively performed and well-
documented.30 [18F]FDG-microPET imaging of the
mice (n = 3) further confirmed this finding. Gen-
erally, arthritic tissue with higher severity showed
higher uptake of [18F]FDG. This can be easily com-
prehended from the PET image (Fig. 3) and quan-
tification analysis of those images. NIRF imaging
of the same mice was performed. The patterns of
localization of Cy5.5-2DG in the arthritic tissue
are very similar to that of [18F]FDG (Figs. 3(a)
and 3(b)). Cy5.5-2DG can clearly differentiate tis-
sues with different grades of arthritis. Most impor-
tantly, [18F]FDG uptake in arthritic tissue at 1 h
p.i. and Cy5.5-2DG uptakes at different time points
p.i. are well correlated (r2 = 0.74, 0.66, and 0.74
for 0.5 h, 4 h and 70 h p.i., respectively; Fig. 4).
These results are important findings as they sug-
gest several potential applications of Cy5.5-2DG.
First, Cy5.5-2DG seems suitable for NIRF imaging
of arthritic joints in vivo. Second, Cy5.5-2DG may
serve as a NIRF surrogate agent of [18F]FDG and
be used as a powerful tool for monitoring treatment
effects of anti-inflammatory therapy. Future studies
are required to investigate whether this probe can
be beneficial in assessing crucial parameters in RA
management.

Several NIRF probes for arthritis imaging have
been reported before. These probes were devel-
oped for imaging unique targets or extra- and
intra-cellular processes associated with the devel-
opment and progression of arthritis. Both Cy5.5-
labeled antibody against F4/80 antigen presented
on the macrophage surface21 and NIR fluorophore-
conjugated folate17 have been reported for specific
detection of macrophages in RA. Another promising
strategy for early detection of arthritis is to image
protease in vivo based on the protease-activated
NIRF probes.18,19 Cy5.5-Annexin V is also used for
imaging drug-induced cell apoptosis in the arthritic
joint.31 The molecular targets for the NIR probes
discussed above are all well defined. These imaging
agents can be used to non-invasively evaluate the
expression and distribution of their targets involved
in diseases. Although Cy5.5-2DG shows promising
results for arthritis imaging, several critical issues
remain to be addressed: (1) Is the accumulation of
Cy5.5-2DG in arthritic tissue specific? (2) What

is the molecular target in inflammed tissues that
Cy5.5-2DG is interacting with? and (3) Is the
uptake of Cy5.5-2DG due to the characteristic phys-
iological changes of RA such as increased number of
capillaries, enhanced capillary perfusion and perme-
ability? Further evaluation of Cy5.5-2DG in some
other arthritis animal models may provide useful
information to elucidate its targeting mechanism.
Research is undergoing in our lab to answer these
important questions. Overall, revealing the mech-
anism responsible for Cy5.5-2DG molecular recog-
nition of RA will help to determine its practical
utilization and clinical applicability.

NIRF dyes Cy5.5-NHS, indocyanine green
(ICG) and a hydrophilic carbocyanine derivative
(1,1′-bis-[4-sulfobutyl] indotricarbocyanine-5,5′-
dicarboxylic acid diglucamide monosodium salt
[SIDAG]) are also reported for detection of arthritic
joints in vivo.15,20 Cy5.5-NHS can bind covalently
to serum proteins such as albumin. It can identify
arthritic joints likely due to nonspecific deposition.
Moreover, cultured macrophages actively phago-
cytose Cy5.5-NHS, which explains the long sig-
nal stability of Cy5.5-NHS fluorescence up to 72 h
in mice.15 Although Cy5.5-NHS has already been
reported to detect arthritis, Cy5.5-2DG may show
some advantages over Cy5.5-NHS. First, Cy5.5-
2DG cannot bind plasma protein covalently because
it lacks the N -hydroxy-succinimide ester reactive
moiety. This may reduce its total non-specific bind-
ing with serum protein. Second, this study for the
first time demonstrates the correlation of Cy5.5-
2DG uptake and [18F]FDG uptake, which has not
been reported for any arthritis targeting NIRF
probes. This unique property highlights the great
potential of Cy5.5-2DG for imaging arthritis. It
would also be interesting to explore 2DG coupled
with other NIR dyes such as Cy7 with longer emis-
sion wavelengths. Such a probe may further expand
the applications of the probe for arthritis optical
imaging, because of its better tissue penetration
ability.

5. Conclusion

The results presented in this article indicate that
the NIRF glucose analog, Cy5.5-2DG, can detect
arthritic paws in living mice. More importantly,
the Cy5.5-2DG accumulation in arthritic tissues
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correlates well with the [18F]FDG uptake. Therefore
Cy5.5-2DG imaging may offer an approach for
assessment of anti-inflammatory treatments and for
use in imaging guided therapy.
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