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Abstract
Objective

This report documents a multimodal nanoparticle (MNP) contrast agent, containing embedded luminophores and 
surface-immobilized gadolinium chelates, as a contrast agent of inflamed synovium in a collagen induced arthritis (CIA) 

model. 

Methods
DBA-1J mice were immunized for CIA and imaged after disease onset by two independent modalities. After intravenous 
administration of MNP contrast, optical and magnetic resonance images were obtained and clinical disease was scored, 

which was followed by processing of hindlimbs for immunofluorescence and confocal microscopy.

Results
We show a correlation between disease severity and MNP optical luminescence that is dose dependent. 

Immunofluorescence of hindlimb sections reveal that MNP-labeled cells are monocytes/macrophages within the inflamed 
synovium. Magnetic resonance (MR) relaxation time maps, which determine the quantitative measure of T1 and T2 values 
at each imaging voxel, demonstrated a decreasing T2 signal in actively inflamed joints that was more pronounced earlier 

rather than later during disease. 

Conclusions
MNPs containing surface-immobilized gadolinium chelates and embedded luminophores are potential dual-modality 

contrast agents in inflammatory arthritis and localize to monocytes/macrophages within inflamed synovium.
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Introduction
Magnetic resonance (MR) imaging has 
emerged as a powerful diagnostic tool 
owing to its non-invasive nature, intrin-
sically high spatial resolution, and reli-
ance on non-radioactive contrast agents 
(1). In inflammatory arthridities such as 
rheumatoid arthritis, MR images give 
excellent soft tissue contrast that accu-
rately depict derangements in synovi-
um, cartilage, ligaments, menisci, and 
bony structures (2, 3). Although other 
imaging modalities have been explored 
in inflammation and arthritis, none have 
enhanced spatial resolution combined 
with structural information in the ab-
sence of radiation exposure as does MR 
(4). Given the powerful potential ap-
plications of MR, technologic advance-
ment in the form of contrast-enhancing 
nanomaterials has been a rapid area of 
scientific investigation in the last dec-
ade. Previous studies using iron oxide 
nanomaterials in MR imaging have 
shown that these contrast agents are ef-
fective in inflammatory disease models 
including arthritis (5-7), insulinitis (8, 
9), malignancy (10-12), atherosclerosis 
(13), and organ transplant and rejection 
(14). However, the development of di-
versified and multifunctional nanomate-
rials is still necessary for the continued 
advancement of this technology toward 
implementation in human disease.  
In order to develop gadolinium-based 
contrast agents with enhanced sensi-
tivity, Lanza et al. have developed a 
strategy of perfluorocarbon-based micro-
emulsions coated with gadolinium (Gd)-
chelates (15). In rheumatoid arthritis, 
Gd-based MR contrast agents are in 
widespread use due to their superior 
ability to distinguish synovial hypertro-
phy from inflammatory effusions (16) 
and their capacity to quantify inflamed 
synovium over time (17-19). Expand-
ing from this microemulsion technol-
ogy to a silica-based nanomaterial, we 
have developed a multimodal nanopar-
ticle (MNP) contrast agent containing a 
Ru(bpy)3Cl2 core surrounded by a par-
amagnetic coating of Gd-DTTA silane 
derivative. This MNP contrast agent 
was shown previously by our group to 
have MR image capacity in addition 
to luminescent enhancement in mouse 
monocytes in vitro (20). Monocytes 

are critical to the disease pathogenesis 
of inflammatory arthritis (21) through 
antigen presentation and production of 
pro-inflammatory cytokines like TNF-
α and IL-6, and have important patho-
physiological roles in chronic disease 
states such as atherosclerosis (22) and 
malignancy (23).  Based on our in vitro 
studies (20), the purpose of this study 
was to test our hypothesis that MNP 
contrast agents would label monocyte/
macrophage cells within inflamed syn-
ovium in an in vivo inflammatory arthri-
tis model, and that the labeling of these 
cells would predict disease activity.  

Materials and methods
Animals
Animals used in these experiments 
were DBA-1J mice either purchased 
from Jackson Laboratories (Bar Harbor, 
ME) or bred and cared for in DLAM 
facilities under the approved IACUC 
protocol number 05-289.0 in pathogen 
free specific conditions.

Induction and evaluation of 
collagen-induced arthritis
Eight-week-old DBA-1J mice were im-
munized with adjuvant (Complete Fre-
und’s on day 0 and incomplete Freund’s 
on day 21) ± 100μg per mouse of het-
erologous bovine type II collagen.  Us-
ing a 27 gauge needle, 0.1 mL of a 1:1 
mixture of adjuvant + collagen or saline 
was injected subcutaneously into the 
base of the tail. Specifically, 12 animals 
were immunized with Freund’s adju-
vant alone and did not develop arthritis; 
these served as controls to establish a 
baseline of autofluorescence emission 
for the paws in optical imaging studies. 
An additional 12 animals were immu-
nized to develop CIA with the addition 
of 100 μg/mouse of type II bovine colla-
gen emulsified in the Freund’s adjuvant. 
All mice were scored by a rheumatolo-
gist, who was blinded to the contrast 
administration and image acquisition, 
for their severity of arthritis by two in-
dependent measures of clinical disease 
index and paw swelling. Clinical dis-
ease index was performed using the fol-
lowing scoring system: 0=normal paw; 
1=mild but definite swelling of either 
the ankle or digits; 2=moderate redness 
and swelling of an ankle ± any number 
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of digits; 3=maximal redness and swell-
ing of the entire paw and digits with or 
without ankylosis. The maximum score 
per paw was 3 with a total score obtain-
able of 12 per mouse. This scoring sys-
tem has been validated by our (24) and 
other groups previously (25, 26). Paw 
swelling measurements were obtained 
by measuring the thickness of the fore- 
and hindlimbs at the wrist or ankle re-
spectively. Paw swelling is presented 
as a change in the mean thickness of 
the mouse’s fore- and hindlimbs (mm) 
from its baseline average.  

Multimodal nanoparticle (MNP) 
contrast agent
The MNP contrast agent was prepared 
by the Lin group as previously described 
(20). Briefly, vigorously stirred lumino-
phore-doped (Ru(bpy)3Cl2: excitation 
maxima 450 nm and emission maxima 
595 nm) silicon dioxide nanoparticles 
prepared by water-in-oil reverse microe-
mulsion were functionalized with Gd-(tr
imethoxysilylpropyl)diethylenetriamine 
tetraacetate. After purification, the hybrid 
contrast agent was dispersed in sterile 
saline (0.9%) solution for administration 
as a functional MNP contrast agent.  In 
a clinical 3.0 Tesla MR imaging scanner, 
the r1 and r2 were measured to be 2.0 x 
105 (mM s)-1 and 6.1 x 105 (mM s)-1 on a 
per MNP basis, respectively (20). 

Immunofluorescence and histology
At experiment termination, hindlimbs 
were embedded in Tissue-Tek O.C.T and 
frozen in liquid nitrogen. 5-7 μm sections 
were cut from embedded hindlimbs us-
ing a CryoJane Cryostat, fixed, and then 
analyzed using a Zeiss LSM5 confocal 
laser scanning fluorescent microscope. 
Immunofluorescence of the cellular in-
filtrate located within the joint was per-
formed with monoclonal antibodies tar-
geting the following antigens; anti-B220 
(B cell) (BD Biosciences, San Jose, CA) 
, -CD3 (T cell) (BD Biosciences, San 
Jose, CA) , -MOMA-2 (monocytes/mac-
rophages) (donated as a kind gift from 
Beckman Coulter, Fullerton, CA). 

Optical imaging of MNP contrast 
and data acquisition
In vivo fluorescence intensities of 
mouse paws were determined using a 

Xenogen IVIS 100 series Optical/Fluo-
rescence Scanner with the excitation 
(445-490 nm) and emission (575-650 
nm) filters. Twenty-four DBA-1J mice 
were immunized; 12 mice with type 
II bovine collagen (CIA) and 12 mice 
without (controls). Animals (n=4 per 
group) from the arthritis and control 
groups received by tail vein injection 
0.05 mL of either saline, MNP low 
dose (125mg/kg), or MNP high dose 
(250mg/kg) in two doses separated by 
6 hours on day 35 after immunization. 
Luminescence intensity of the paws 
was measured using an optical scanner 
with filters specific for the spectrum of 
the Ru(bpy)3Cl2 luminophore (excita-
tion: 445-490 nm and emission: 575-
650 nm) the following day. This par-
ticular luminophore was selected for 
our MNP contrast agent to distinguish 
between the autofluorescence that can 
occur from the collagen and elastin 
within the joint structures (27). Im-
ages were acquired 12 hours after the 
second injected dose of MNP contrast 
agent to ensure intravascular clearing 
of the contrast agent. Igor Pro 4.06 Liv-
ing Image®, version 2.20.1 was used to 
record images, normalize background, 
and select regions of interest (ROIs) for 
luminescence quantification.

MR imaging and data analysis
MR imaging studies were acquired on 
a 9.4T Bruker BioSpec small animal 
scanner (Bruker Biospin, Ettlingen, 
Germany) with a 35 mm quadrature RF 
transmit and receive coil. Imaging of 
animals was performed under inhala-
tional anesthesia with isofluorane (3% 
induction and 1% maintenance with a 
5:1 mixture of air and O2 at a constant 
flow rate of 600 ml/min). Two sets of 
images were obtained on 3 animals with 
CIA after the onset of clinical disease; 
one prior to MNP contrast injection and 
the second 12 hours after the last of 2 
doses of contrast (125 mg/ml MNP) was 
administered intravenously via tail vein 
injection. A 3D Fast Low Angle Shot 
(FLASH) gradient echo sequence was 
utilized to obtain high resolution ana-
tomical images of both legs and paws 
of an animal. The imaging parameters 
were as follows, TR/TE=120/2.876 
ms, flip angle=30°, FOV=32*32*12 

mm3, Matrix Size=512*512*192, voxel 
size=0.062 x 0.062 x 0.062 mm3. A 2D 
multiple echo spin echo sequence was 
used to estimate T2 maps.  In total, 32 
echoes with an echo spacing of 3.7 ms 
were obtained. The first echo time was 
3.7 ms. TR was 2000ms.  FOV and ma-
trix size were set to 35x30 mm2 and 128 
x 128.  The slice thickness was 1mm. T1 
maps were obtained with a variable TR 
rapid acquisition relaxation enhanced 
(RARE) sequence with a TE=5.14ms. 
Twelve variable TRs (TR=50, 100, 300, 
600, 1000, 1500, 2000, 2500, 3000, 
4000, 5000, 7000 ms) were used with a 
FOV of 35x30 mm2 and a matrix size of 
128 x 128. RARE factor was 3. T1 and 
T2 maps were processed with the Image 
Sequence Analysis Tool of Bruker Par-
avision 4.0. In short, a curve was fitted 
to a equation Y=A+C*(1-exp(-TR/T1)) 
to obtain T1 values. A single exponen-
tial decay curve fitting was performed 
to obtain T2 via Y=A+C*exp(-TE/T2).

Data analysis
The relationship between fluorescence 
and disease scores (clinical index or 
paw swelling) for each paw was ana-
lyzed using linear mixed models with 
fixed disease and random mouse effects. 
The methods of Lipsitz et al. (28) were 
used to calculate partial correlation co-
efficients adjusted for random mouse 
effects.

Results
In vivo optical images using MNP 
contrast agent correlate with the 
severity of inflammatory arthritis 
We chose to investigate our MNP con-
trast agent in the Collagen Induced 
Arthritis mouse model (CIA) since 
this model shares several clinical, his-
topathological and immunological fea-
tures with human rheumatoid arthritis, 
and is considered a robust model in 
which to investigate potential therapies 
(29). To investigate the optical contrast 
applications of our MNP nanoparticles 
in diseased and non-disease states, we 
imaged mice with and without CIA. 
Early after the onset of clinical arthri-
tis (day 35), all controls (regardless of 
receiving MNP) and arthritic mice in-
jected with normal saline (Fig. 1A-D) 
had minimal fluorescence compared 
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to those with active disease (Fig. 1E, 
F). The level of luminescence inten-
sity (ROI) correlated with the clinical 
disease index (Fig. 2A) and with paw 
swelling (Fig. 2B) in animals that re-
ceived MNP contrast agent, and the 
strength of this relationship was dose 
dependent (Fig. 2). Specifically, the 
partial correlation coefficients, adjusted 
for random mouse effects, between lu-
minescence and clinical disease index 
for arthritic mice treated with either 
saline, 125 mg/kg, or 250 mg/kg MNP 
were 0.76 (p=0.068), 0.82 (p=0.013) 
and 0.89 (p=0.002), respectively (Fig. 
2A). The partial correlation coefficients 
between luminescence and paw swell-
ing in mice treated with saline, 125 
mg/kg, or 250 mg/kg MNP were 0.79 
(p=0.050), 0.90 (p=0.001), and 0.91 
(p<0.001), respectively (Fig. 2B).

MNP contrast agent decreases T2 
signal enhancement in vivo during 
active inflammation
To investigate in vivo MR imaging ca-
pacity of the MNP contrast agent, MR 
images of the hindlimbs were obtained 
on day 35, early after the onset of clinical 
arthritis.  No differences were observed 
in arthritic paws between the before- 
and after-MNP contrast administration 
on high resolution anatomical images 
(Fig. 3B, D). It was our hypothesis that 
cellular expression of MNP contrast 
agent within the joint may require in-
creased sensitivity for detection; there-
fore, we further investigated the use of 
MR-relaxation maps, which determine 
the quantitative measure of T1 and T2 
values at each imaging voxel. The post-
contrast MR relaxation maps showed 
a T2 reduction of signal enhancement 
when compared to the pre-contrast im-
ages, which ranged from a 33-55% re-
duction in T2 values from the control 
pre-contrast image (Fig. 3A). The mean 
and standard deviation of T2 before 
and after MNP contrast administration 
was 26.1±3.2 ms (range 21-36 ms) and 
16.4±- 2.2 ms (range 11-23 ms), respec-
tively. There was little to no change in 
T1 values after MNP contrast adminis-
tration (0-3%) (Fig. 3A); the mean and 
standard deviation of T1 before and after 
MNP administration was 1590±110 ms 
(range 1220-1790 ms) and 1620±142 

Fig. 1. Luminescence correlates with inflammatory arthritis after administration of multimodal nano-
particles (MNPs). The figure is a representative panel of an animal from each treatment group that was 
obtained using a Xenogen IVIS 100 series Optical/Fluorescence Scanner with the excitation (445-490 
nm) and emission (445-490 nm) filters respectively. Control animals that did not have arthritis were 
intravenously injected with two separate doses of (A) saline, (B) 125 mg MNP/kg, or (C) 250 mg 
MNP/kg 12 hours before optical imaging. CIA immunized animals with arthritis were intravenously 
injected with (D) saline, (E) 125 mg MNP/kg, or (F) 250 mg MNP/kg in two separate doses on day 35 
after the onset of arthritis and imaged 12 hours later. 

Fig. 2. In vivo optical images after MNP contrast agent administration correlate with the severity of 
inflammatory arthritis and are dose dependent. CIA immunized animals with arthritis were injected 
with saline, 125 mg MNP/kg, or 250 mg MNP/kg in two separate doses on day 35 after the onset of 
arthritis and imaged 12 hours later using a Xenogen IVIS 100 series Optical Scanner with the excita-
tion (445-490 nm) and emission (575-650 nm) filters respectively. The level of luminescence intensity 
(ROI) in vivo correlated significantly to clinical disease index (A) and paw swelling (B) in animals that 
received MNP contrast agent, and the strength of this relationship was dose dependent. (A) The partial 
correlation coefficients, adjusted for random mouse effects, between luminescence and clinical disease 
index for arthritic mice treated with either saline, 125 mg/kg, or 250 mg/kg MNP were 0.76 (p=0.068), 
0.82 (p=0.013) and 0.89 (p=0.002), respectively. (B) The partial correlation coefficients between lu-
minescence and paw swelling in mice treated with saline, 125 mg/kg, or 250 mg/kg MNP were 0.79 
(p=0.050), 0.90 (p=0.001), and 0.91 (p<0.001), respectively.
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ms (range 1150-2010 ms), respectively. 
We hypothesized from these images that 
the observed T2 changes might be re-
flective of MNP-labeled inflammatory 
cell infiltrates, and that this effect may 
be less pronounced at later disease stag-
es when inflammation is resolving. To 
test this hypothesis, pre- and post-MNP 
contrast MR images were obtained in 
an animal with later staged-disease, 
approximately 2 weeks after the onset 
of clinical arthritis (day 50). Although 
T2 relaxation maps showed a reduction 
in signal enhancement in the arthritic 
paws (0-16%), it was substantially less 
pronounced (Fig. 3B) when compared 
to animals that were imaged early in the 
inflammatory process (Fig. 3A). 

MNP contrast localizes to the 
inflamed synovial tissue and 
specifically labels macrophages
We had previously performed in vitro 
characterization and cellular viability 
studies on our MNP contrast agent (20). 
Consistent with our former findings 
that MNP contrast was non-toxic to he-
matopoetic cells, all mice that received 
MNP-contrast agent did not have ad-
verse effects when observed up to 3 
weeks after contrast administration.
Our previous in vitro characteriza-
tion revealed that MNP contrast agent 
labeled macrophages with up to 99% 
efficiency (20), so it was our hypoth-
esis that these cells would be preferen-
tially labeled in vivo. To test this, we 

performed histopathology on tissue 
sections of the arthritic paws of ani-
mals that had received MNP contrast 
and evaluated them under fluorescent 
microscopy to localize the MNP. MNP 
contrast agent was found specifically in 
synovial tissue where active inflamma-
tory disease had been present (Fig. 4) 
and was intracellular (Fig. 5). Immun-
ofluorescent staining of hindlimb his-
topathology sections from CIA animals 
was performed to identify the following 
leukocyte antigens: MOMA-2 (mono-
cyte/macrophage marker), B220 (B 
cell marker), and CD3 (T cell marker). 
When stained with either lymphocyte 
marker anti-CD3-FITC or anti-B220-
FITC, joint sections showed no overlap 
with MNP contrast agent (Fig. 5). In 
contrast, the MNP luminescence was 
intracellular and within MOMA-2 posi-
tive leukocytes, consistent with mono-
cyte/macrophage cells (Fig. 5).

Discussion
Current clinical studies have shown that 
T1 and T2 relaxation time mapping can 
identify pathophysiologic processes in 
joint disease (30-32). Our contrast agent 
detects both optical and T2 relaxation 
map differences in an arthritis model 
that correlates with disease activity. 
These studies suggest that a multimodal 
nanoparticle (MNP) contrast agent com-
posed of a luminescent dye-doped silica 
nanoparticle with paramagnetic coating 
of Gd-DTTA silane derivative can be 
used as a sensitive noninvasive tool to 
monitor clinically relevant inflamma-
tion. Furthermore, the multifunctionali-
ty of the MNP luminescent core enabled 
us to demonstrate that monocytes/mac-
rophages were preferentially labeled 
within the synovial tissue. 
We had hypothesized that MNP con-
trast would label activated monocytes/
macrophages either in the peripheral 
circulation leading to subsequent mi-
gration of these cells to the joints or 
via diffusion of MNP contrast into 
inflamed tissues via capillary leakage 
with subsequent uptake by resident 
synovial macrophages. It is likely that 
both mechanisms of target delivery oc-
cur in vivo, and as a result, activated 
synovial macrophages are labeled with 
high efficiency. 

Fig. 3. MNP contrast agent decreases enhancement on T2, but not T1, relaxation maps in animals with 
inflammatory arthritis. (A) Representative T1 and T2 relaxation maps of the hindlimbs showing before 
(day 35) and after (day 36) MNP contrast agent in a mouse with early onset arthritis. The MNP contrast 
agent images were obtained 12 hours after injection with 2 separate doses of 125 mg MNP/kg. (B) T2 
relaxation map of the hindlimbs from a mouse with later stage established disease before (day 50) and 
after (day 51) receiving MNP contrast agent. The MNP contrast agent images were obtained 12 hours 
after injection with 2 separate doses of 125 mg MNP/kg. T2-relaxation map signal enhancement is further 
reduced earlier (33-55% signal reduction) (A) rather than later (0-16% signal reduction) (B) in disease 
when compared to the control scan obtained prior to contrast administration.Panels (C) and (D) represent 
the corresponding high resolution MR images of early (day 35) and late (day 50) CIA.

A

B

C

D
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Activated synovial macrophages have 
already been suggested as a potential 
biomarker in rheumatoid arthritis since 
their presence in human synovial tissue 
is highly correlated with radiographic 
disease progression (33) and their de-
creased presence in synovial tissue 
correlates with clinical remission (34). 
MNP contrast labeled arthritic paws 
correlated with the degree of disease 
activity, which suggests that this tech-
nology could be used to noninvasively 
monitor patients in response to treat-
ment with a degree of sensitivity and 
specificity that does not currently exist 
in clinical practice. 
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