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Abstract

Monitoring of anti-rheumatic drug delivery in experimental models and in human diseases
would undoubtedly be very helpful for both basic research and clinical management of
inflammatory diseases. In this study, we have investigated the potential of an emerging hybrid
imaging technology—photoacoustic tomography—in noninvasive monitoring of anti-TNF drug
delivery. After the contrast agent composed of gold nanorods conjugated with Etanercept
molecules was produced, ELISA experiments were performed to prove the conjugation and to
show that the conjugated anti-TNF-« drug was biologically active. PAT of ex vivo rat tail joints
with the joint connective tissue enhanced by intra-articularly injected contrast agent was
conducted to examine the performance of PAT in visualizing the distribution of the
gold-nanorod-conjugated drug in articular tissues. By using the described system, gold
nanorods with a concentration down to 1 pM in phantoms or 10 pM in biological tissues can be
imaged with good signal-to-noise ratio and high spatial resolution. This study demonstrates the
feasibility of conjugating TNF antagonist pharmaceutical preparations with gold nanorods,
preservation of the mechanism of action of TNF antagonist along with preliminary evaluation of
novel PAT technology in imaging optical contrast agents conjugated with anti-rheumatic drugs.
Further in vivo studies on animals are warranted to test the specific binding between such
conjugates and targeted antigen in joint tissues affected by inflammation.

1. Introduction

Tumor necrosis factor (TNF) has been identified as a protein
produced by the immune system that plays a major role in
the suppression of tumor cell proliferation [1]. TNF-« over-
expression has been found in patients with acute and chronic
inflammatory arthritis both in disease target tissues and in the
systemic circulation [1-5]. Because TNF has been implicated
as one of the critical pathologic cytokines when over-expressed
in the inflammatory cascade, much work has been done
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to inhibit or antagonize TNF. Three drugs inhibiting TNF,
Etanercept (fusion protein), Adalimumab (D2E7) (human
monoclonal antibody) and Infliximab, (chimeric monoclonal
antibody) have been developed and are currently FDA
approved for various types of inflammatory diseases. Although
the role of pro-inflammatory cytokines such as TNF-« in
the pathogenesis of inflammatory diseases has been shown
to be significant, there is a large inter-and intra-individual
variability in the level of cytokine expression [6, 7]. Obtaining
accurate information on cytokine expression in joints affected
by inflammatory arthritis could be helpful in optimizing and/or
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evaluating the efficacy of biological drugs. Currently, there is
no noninvasive nonionizing molecular imaging modality with
both high sensitivity and good spatial resolution which can
enable drug delivery monitoring and therapeutic evaluation of
inflammatory joint diseases.

Photoacoustic tomography (PAT), also referred to as
optoacoustic tomography or thermoacoustic tomography, is
an emerging hybrid imaging modality that is noninvasive,
nonionizing, with high sensitivity, satisfactory imaging depth
and good temporal and spatial resolution [§-21]. In SPAT,
a short-pulsed laser source is used to illuminate the tissue
sample and generate photoacoustic waves due to thermoelastic
expansion. Then the signals are measured by wide-band
ultrasonic transducers to reconstruct the image of the sample.
Therefore, the contrast of PAT is based on the optical
absorption in biological tissues, but its resolution is not limited
by optical diffusion or multiple photon scattering but instead by
the bandwidth of detected photoacoustic waves [22]. Because
ultrasonic waves are much less scattered in biological tissues
than light, PAT depicts subsurface joint tissue structures much
more accurately than optical imaging. In other words, PAT
overcomes the resolution disadvantage of optical imaging and
the contrast disadvantage of ultrasound imaging. Moreover,
like conventional optical technologies, PAT also presents a
unique ability in tracing optical contrast agents in biological
tissues. Employing laser-based PAT, the dynamic distributions
of gold nanoshells and indocyanine green (ICG) based contrast
agents in small-animal brains have been imaged with both high
spatial resolution and satisfactory sensitivity [23, 24].

One of the essential parts of this study is the use
of gold nanorods to enhance the contrast in photoacoustic
imaging. Gold nanoparticles are particularly useful in optical
applications due to their exceptionally strong optical responses
in the visible and NIR spectral range [25-34]. The combination
of the unique optical and biological properties of gold
nanoparticles makes them a good choice for optical contrast
agent. Two important applications of gold nanoparticles
in optical imaging include light scattering imaging and
photoluminescence imaging, both presenting high sensitivity
and having the ability to visualize single and multiple gold
nanoparticles in biological cells. In comparison with these
established modalities, PAT has the unique ability of imaging
contrast agents in deeply embedded tissue with excellent
spatial resolution, although the imaging sensitivity may not
be as good. PAT is utilizing the strong optical absorption of
gold nanoparticles which is due to localized surface-plasmon
resonance (LSPR). This is a classical effect in which the
electromagnetic field from the light source drives the collective
oscillations of free electrons of metallic nanoparticles into
resonance. The smaller peak in the 500 nm range is due to the
plasmon oscillation perpendicular to the axis of the rod, while
the strong NIR peak, which is tunable by varying the nanorod
aspect ratio, originates from the longitudinal oscillations of
plasmons along the main axis. Since NIR light transmits
through tissue more efficiently than visible light, the additional
plasmon resonance makes nanorods promising candidates for
in vivo diagnostic and therapeutic applications. Gold nanorods
are unique also because of their sharp resonance and their
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Figure 1. Schematic of the PAT system.
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relatively small size, with their diameters approaching the
molecular scale.

The long-term objective of this research is to realize
molecular imaging and drug delivery monitoring for inflam-
matory joint diseases with both excellent sensitivity and high
resolution by using novel PAT technology aided by the newly
developed gold nanorod contrast agent. Gold nanoscale, and
more specifically nanorod conjugates, also may have pharma-
ceutical benefits in light of the history of gold applications
in various types of inflammatory arthritis. As an essential
step toward our ultimate goal, in this study the bioconjuga-
tion between gold nanorods and Etanercept, an FDA-approved
anti-theumatic drug that inhibits TNF-«, was verified through
ELISA experiment. The feasibility of PAT in imaging the dis-
tribution of the gold-nanorod-conjugated drug in regional ar-
ticular tissues was also validated through the study on a rat tail
joint model.

2. Methods

2.1. Imaging system

A PAT prototype system for joint imaging was employed in this
study, as shown in figure 1. This system has been introduced
before in [35]. The wavelength of the laser light was tuned
by the OPO to 680 nm, which is close to the absorption peak
of the employed gold nanorods and enabled good penetration
depth in biological tissues. For 2D imaging of a joint cross
section, a circular scan was conducted with the sample rotated
axially while keeping the transducer and the laser beam static.
In order to cover a 2w angle of view, the circular scan
was conducted at 240 positions with a constant interval of
1.5°.  To reconstruct a photoacoustic image presenting the
heterogeneous optical absorption in the sample, a modified
back-projection algorithm was employed [17, 36, 37]. The
back-projection was performed in the time domain, where
the positions of the absorbing objects were determined by
the time-of-flight and the acoustic velocities in the sample.
To reconstruct an image, the measured signals, after a
derivative, were back-projected into the image space and then
integrated over all receiving angles. The transducer (XMS-310,
Panametrics) employed in this study had a central frequency of
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10 MHz and a full width at half-maximum (FWHM) amplitude
bandwidth of ~100%.

2.2. Gold nanorods and anti-TNF-« conjugation

One of the key techniques involved in this study is the
preparation of bioconjugates of gold nanorods with Etanercept
molecules, complex anti-TNF-o antibodies. Gold nanorods
with an aspect ratio of 3 (45 nm by 15 nm) and an
absorption peak at 660 nm were synthesized [38—40]. Both
oxygenated- and deoxygenated-hemoglobin, the two major
intrinsic absorbing substances in articular tissues, have
comparatively low optical absorption in the spectra region
between 650 and 720 nm [41]. By setting the absorption peak
of gold nanorods in this region, we will have better imaging
depth and enhanced signal-to-noise ratio in imaging the gold-
nanorod-based contrast agent in the joint.

The synthesized gold nanorods have a bilayer of
surfactant hexadecyltrimethylammonium bromide (CTAB) on
their surface which acts as a stabilizer to prevent aggregation.
The nanorods have a net positive charge on their surface
because of the stabilizer. Excess CTAB in the solution is
removed by centrifugation at 5900 rpm for 60 min. The gold
nanorods form a pellet at the bottom of the tube which was
redispersed in deionized water. The gold nanorods are finally
dispersed in deionized water to achieve a molar concentration
of 0.01 M of gold in the solution. A layer of polyacrylic
acid (PAA) is adsorbed onto the surface of gold nanorods by
adding 1.5 ml of 10 mg ml~! PAA solution to 1 ml of the
gold nanorod solution [40]. The mixture is stirred for 3 h
followed by two cycles of centrifugation and redispersion to
remove excess PAA in the solution. The layer of PAA provides
the —COOH functional group required for the conjugation.
The PAA-coated nanorods are dispersed in 1 ml of PBS 6.0
buffer solution followed by the addition of 100 ul of 0.2 M
EDC(N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide) and
100 ul of 0.2 M NHS (N-hydroxy-succinimide) [42-46].
After waiting for 20 min, the reaction mixture is added to
12.5 mg of Etanercept. The EDC/NHS mixture forms an active
ester intermediate with the gold nanorods which undergoes
an amidation reaction with the -NH, group in the anti-TNF-
o to yield the conjugate. The reaction mixture is stored in
a refrigerator at 4 °C overnight following centrifugation and
redispersion in the buffer to remove the unconjugated drug.

2.3. Sensitivity of PAT in detecting gold nanorods

Before the experiments on animals, we validated the maximum
sensitivity of the current PAT system in detecting gold
nanorods through a study on a well-controlled phantom. The
gold nanorods were diluted with PBS buffer to a concentration
of 10% nanorods ml~!, that is of the order of 1 pM. Then the
nanorod solution was injected into glass tubing with a 1.7 mm
inner diameter which was put into the PAT system working at
680 nm. The orientation of the glass tubing was orthogonal
to the ultrasound detection beam and the distance between the
tubing and the transducer surface was 5 cm. The recorded
signal intensity as a function of time is shown in figure 2.
The gold nanorod solution was injected from 400 s; before
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Figure 2. Photoacoustic signal from the gold nanorod solution with a
concentration of 1 pM.

that time, the signal was from the background (i.e. saline).
With concentration of the order of 1 pM, gold nanorods can be
detected by the PAT system with a signal-to-noise ratio (SNR)
up to 4.

2.4. ELISA experiment

An ELISA experiment was performed to prove the bioconjuga-
tion and to show that the anti-TNF-« drug conjugated with gold
nanorods was still biologically active. Human TNF-« screen-
ing set purchased from ENDOGEN® was used. All experi-
ments were performed in sterile conditions. The wells of the
ELISA plate were coated with coating antibody and incubated
overnight at room temperature. The coating antibody solution
was aspirated next morning and 300 ul of blocking buffer (4%
BSA, 5% sucrose in D-PBS buffer) was added to all the wells
and incubated for 1 h. The blocking buffer was then aspirated
and the plate was allowed to dry for 1 h. Using reagent diluent
(4% BSA in D-PBS buffer) lyophilized human TNF-« was re-
constituted to a concentration of 2000 pg ml~! and coated onto
the wells. After incubation for 1 h the wells were washed with
wash buffer three times. The conjugated nanorods were incu-
bated for 1 h followed by three washes. Control experiments
with unconjugated nanorods were also performed in parallel.
To check for reproducibility/deviations in data, gold nanorods
conjugated with Etanercept were placed in 18 wells, while the
control (unconjugated gold nanorods) was placed in 10 wells.
After three washes, absorbance of each well in the ELISA plate
was measured using a microplate reader (v max kinetic mi-
croplate reader, Molecular Devices).

2.5. Rat model

Rheumatic disease rat models, including those with inflam-
matory arthritis, have been researched extensively and provide
the opportunity to evaluate pathologic progression much more
quickly than in humans [47-49]. Rat tail joints, due to their
approximate size and morphological similarity to human fin-
ger and toe joints, provide reasonable examples for research
purposes. In total, four adult Sprague Dawley rats (~300 g,
Charles River Laboratory) were included in this study. Whole
tails were harvested from the rat bodies within 1 min after the



Nanotechnology 19 (2008) 095101

D L Chamberland et al

14

0 Measurement (control)
® Measurement (nanorod-Etanercept)
Linear fitting

w1

Y
N

—_
o
Il

PAT measurements (a.u.)
oo
1

2 T T T T T T T T T T T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

UV measurements of absorbance

Figure 3. Photoacoustic measurements of the optical absorbance of
ELISA wells in comparison with the UV/vis readouts.

(This figure is in colour only in the electronic version)

rats were sacrificed. An electrocautery device (SurgiStat, Val-
leylab) was then used to clot blood and seal vessels. The rat
tail was placed in the PAT system along the Z axis (see fig-
ure 1). The first proximal segment of the rat tail was fixed on
a rotational stage that, driven by a stepper motor, could rotate
the tail around its axis. The imaged joint was about 2.5 cm
from the rat trunk, where the diameter of the tail was ~8 mm
and the length of a segment was ~10 mm. Administration
of Etanercept-conjugated gold nanorods was conducted intra-
articularly through a needle.

To obtain histological photographs, rat tails were saved in
10% buffered formalin for 3 d. Tails were then decalcified with
formic acid for 4-7 d and monitored with a Faxitron MX-20
x-ray system. Once specimen decalcification was completed
they were dehydrated with graded alcohol (Hypercenter XP
by Shandon), embedded in paraffin (Paraplast Plus), cut into
blocks and sectioned to 7 wum thickness with a Reichert-
Jung 20/30 metal knife (paraffin microtome). Hematoxylin
and eosin staining of specimen sections on glass slides was
conducted. Finally, the histological photographs of specimen
sections were taken with a 10x magnification.

3. Results

3.1. Outcomes of ELISA experiment

The absorbance of all the wells, including 18 wells where
gold nanorods conjugated with Etanercept were incubated and
10 wells were unconjugated gold nanorods were incubated,
are shown in table 1. The average absorbance of gold
nanorod—Etanercept wells is 0.132 &£ 0.028, while the average
absorbance for control wells is 0.040 £ 0.016. The absorbance
by the conjugated nanorods is more than three times higher
compared to the control experiment. This result clearly
indicates that the nanorods are conjugated with Etanercept and
the nanorod—Etanercept conjugate is still active with a high
affinity for TNF-a.
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Figure 4. A-line photoacoustic signal from the imaged rat tail joint
with the contrast enhanced by the gold nanorods.

Table 1. Absorbance of each well in the ELISA plate.

Gold nanorod—Etanercept Control
1 2 3 4 5
A 0.149 0.106 0.093 0.048 0.038
B 0.16 0.118 0.086 0.026 0.024
C 0.164 0.111 0.072 0.033 0.059
D 0.138 0.16 0.153  0.022 0.053
E 0.149 0.16 0.138 0.068 0.032
F 0.13 0.148 0.144

After making the measurements with the microplate
reader, the wells in the ELISA plate were also put in the
PAT system working at 680 nm wavelength to examine the
sensitivity and accuracy of PAT in quantifying the optical
absorption from the conjugated gold nanorods. Considering
the possible inhomogeneity of the gold nanorod distribution in
each well, PAT measurement of each well was conducted four
times each at different locations. The average photoacoustic
signal intensity and the standard error for each well is shown
in figure 3, where photoacoustic (PA) measurements present a
good linear relationship with the readouts from UV/vis (p <
0.0001). The small discrepancy between PAT results and
UV/vis readouts may come from the fluctuation of laser energy
and the inhomogeneous distribution of gold nanorods in each
well. Besides the good correlation between PAT and UV/vis
outcomes, we can also see clearly the difference between the
PAT results from the gold nanorods—Etanercept conjugates and
those from the control.

3.2. Imaging on rat tail joints

2D photoacoustic cross-sectional imaging of rat joints in situ
was conducted with laser light at 680 nm. Figure 4 shows an
example A-line of the photoacoustic signal from the imaged rat
tail joint. The signal from the gold nanorods diffused in intra-
articular connective tissue can be recognized with an excellent
SNR of up to 17, where the amplitude of the noise was
measured from the background before the arrival of the signal
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Figure 5. 2D cross-sectional PAT of a rat tail joint. (A) Image based on intrinsic contrast, which was taken before the administration of the
contrast agent. Images taken after (B) the first and (C) the second administration of Etanercept-conjugated gold nanorods. For each
administration, 0.025 ml agent with a 10 pM concentration was injected intra-articularly through the arrows in the images. (D) Histological
photograph of a similar cross section in a rat tail joint showing the morphological features including intra-articular tissue, vessels and muscle.

from the tissue. The image in figure 5(A) was taken before the
administration of Etanercept-conjugated gold nanorods, while
the images in figures 5(B) and (C) were taken after the first
and the second administrations of the contrast agent. The
injections were conducted intra-articularly through a needle
via the direction indicated by the arrows in the images. For
both the first and the second injections, 0.025 ml agent with a
gold nanorod concentration of 10° nanorods ml~! (i.e. 10 pM)
was introduced. The total number of gold nanorods introduced
into the regional joint space for each injection was of the
order of 107. All the other experimental parameters for the
images in figures 5(A)-(C) were the same, except that the
specimen might be moved slightly during the administration
of the contrast agent.

With the optical contrast enhanced by the gold nanorods,
the contour of the intra-articular connective tissue is presented
much more clearly in the images in figures 5(B) and (C) in
comparison with the image in figure 5(A), which is based
on the intrinsic tissue contrast. The hexagon shaped contour
of the intra-articular connective tissue has been verified by
the histological photograph of a similar cross section in a
rat tail joint. The findings in figures 5(B) and (C) are also
consistent: with more gold nanorods injected and diffused
in the intra-articular connective tissue more areas of tissue
were ‘lightened’. This study has proved the capability of
photoacoustic technology in tracing and quantifying gold-
nanorod-based contrast agents in biological tissues. With our
current PAT system, the spatially distributed gold nanorod
contrast agent with a concentration down to 10 pM in
biological tissues can be imaged with very good signal-to-noise
ratio and high spatial resolution.

4. Discussion

In conclusion, this study demonstrates the feasibility of a
gold nanorod contrast agent to enhance joint imaging utilizing
novel PAT technology. PAT, by combining the merits of
both light and ultrasound, overcomes some limitations of

conventional optical and ultrasound imaging modalities. With
our current system, PAT presents a maximum sensitivity of
the order of 10 pM in imaging gold nanorods in conjugation
with an anti-TNF-o drug. This sensitivity is parallel to
conventional optical imaging in detection and quantifying a
gold nanoparticle contrast agent [S0-52]. Unlike conventional
optical technologies, the spatial resolution of PAT is excellent
(of the order of 250 pum, and may be improved further by
adjusting the detection bandwidth) in visualizing subsurface
joint tissues and the spatially distributed contrast agent. The
good resolution of PAT especially benefits the imaging of drug
delivery and treatment effects in peripheral joints which are
among the earliest to be affected by rheumatoid arthritis and
are widely accepted to be the best markers of overall joint
damage.

With further development of PAT technology, highly
sensitive imaging of drug delivery in combination with high
resolution high contrast anatomical imaging may be achieved
through a single exam without the need for image fusion.
PAT may enable investigators to follow the drug and/or the
delivery vehicle on its journey through the body to ascertain
whether successful drug uptake is occurring in the desired
organ, such as arthritic joint tissues. Moreover, the good
sensitivity of PAT to joint tissue morphological changes
and functional hemodynamic changes may also make this
technology promising in the evaluation of treatment efficacy.
Other advantages of PAT which will also benefit laboratory
research and future clinical practice involving molecular
imaging include being nonionizing and relatively cheap when
compared to other modalities such as magnetic resonance
imaging and nuclear imaging.

In future studies, PAT of drug delivery monitoring will
be conducted on arthritic animal models in vivo with systemic
administration of drug-conjugated gold nanorods. Efficacy and
toxicity of such applications will also be studied. Moreover, a
multi-channel ultrasound unit with a well-designed ultrasonic
array transducer will be employed to replace the single-element
transducer for image acquisition. With this more advanced
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imaging system, the sensitivity and resolution as well as
the speed of PAT for molecular imaging may be improved
significantly. We expect that PAT enhanced by a novel gold
nanoparticle contrast agent may contribute considerably to the
more efficient evaluation of drug effects in living laboratory
animals and to optimize therapeutic decisions in human clinical
practice in the future.
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