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Abstract

A biopsy of the first lymph node to which a tumor drains — the sentinel lymph node (SLN) - is
commonly performed to identify micrometastases. Image guidance of the SLN biopsy procedure
has the potential to improve its accuracy and decrease its morbidity. We have developed a hew
stable contrast agent for photoacoustic image-guided SLN biopsy: silica-coated gold nanoplates
(Si-AuNPs). The Si-AuNPs exhibit high photothermal stability when exposed to pulsed and
continuous wave laser irradiation. This makes them well-suited for in vivo photoacoustic imaging.
Furthermore, Si-AuNPs are shown to have low cytotoxicity. We tested the Si-AuNPs for SLN
mapping in a mouse model where they exhibited a strong, sustained photoacoustic signal. Real-
time ultrasound and photoacoustic imaging revealed that the Si-AuNPs quickly drain to the SLN
gradually spreading throughout a large portion of the node.

1. Introduction

Identifying the spread of cancer cells from the primary tumor is a critical factor for diagnosis
and treatment planning. The standard of care for detection of cancer cells in the lymphatic
system is a sentinel lymph node (SLN) biopsy.[1] In a typical SLN biopsy, a combination of
an optically absorbing dye and a radioactive tracer is injected peritumorally and allowed to
drain through the lymphatic vessels. The first lymph node to which the dye/tracer drains is
known as the SLN. Histology is performed on the entire or part of the SLN to detect the
presence of metastatic cancer cells. Although the procedure increases the survival of cancer
patients, it often results in nerve damage and lymphedema.[2, 3] A number of imaging
methods, including magnetic resonance imaging, fluorescence imaging, and ultrasound (US)
imaging, have been proposed to improve the accuracy and decrease the morbidity of SLN
mapping.[4—6] These methods, however, lack the resolution, imaging depth, or sensitivity
which is desired for SLN mapping.

Photoacoustic (PA) imaging is a promising solution in that it provides inexpensive, real-
time, non-ionizing screening capabilities with imaging depths of up to several centimeters.
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Furthermore, it has the capability to provide functional information (e.g., hemoglobin
oxygen saturation), or, with the addition of molecularly-targeted contrast agents, a mapping
of biomolecules of interest.[7-12] This unique versatility makes PA imaging well-suited for
imaging of the lymphatic system. Contrast in PA imaging is derived from variations of the
optical absorption in the tissue.[13] Strongly absorbing molecules, including hemoglobin,
melanin, dyes and plasmonic nanoparticles, generate a strong photoacoustic signal when
irradiated with a nanosecond pulsed laser.[14] This signal can be detected with a clinical
ultrasound transducer, and an image is formed via various image reconstruction algorithms.

The fluid in the lymphatic system is minimally absorbing and thus provides no intrinsic PA
contrast. Therefore, a contrast agent, such as a dye or nanoparticle, must be used to map the
SLN.[15, 16] Plasmonic nanoparticles are particularly promising for PA imaging because
they are easily synthesized with a tunable peak optical absorption wavelength, are easily
conjugated for molecular targeting, and have a molar optical absorption that is five orders of
magnitude greater than dyes.[17-19] Anisotropic nanoparticles are commonly used in PA
imaging applications because they absorb light in the red to near infrared range where the
optical attenuation of tissue and endogenous PA signal are at a minimum.[20] Previously,
both gold and silver nanoplates have been proposed for PA imaging because of their high
optical absorption, simple synthesis, and ability to be easily targeted to cellular receptors.
[18, 21, 22] Indeed, the large size of gold nanoplates means they have a higher per-particle
absorption than nanorods and are well suited for drainage through the lymphatic system.[23]
These nanoparticles can be differentiated from the background endogenous absorbers either
by observing a relative increase in signal or by performing spectroscopic PA imaging.[15,
20, 21] The methods of localizing contrast agents, however, have limitations which will
impede their eventual clinical translation. If the endogenous absorbers in the tissue produce
a large PA signal, then measuring signal changes can become unreliable. Conversely,
spectroscopic PA imaging requires significant increases in the complexity of the
instrumentation and longer image acquisition times.

Here we present a new contrast agent for improved PA SLN mapping: silica-coated gold
nanoplates (Si-AuNPs). These particles exhibit excellent PA contrast near their peak
plasmon resonance. Therefore, the Si-AuNPs can be easily localized using only a single
wavelength — 1064 nm — to acquire PA images. Thus, complicated imaging techniques are
avoided. Furthermore, the silica coating provides a protective shell that preserves the
thermodynamic stability of the particles during sustained PA imaging. By combining all of
these useful characteristics, Si-AuNPs enable accurate, real-time visualization of the SLN.

2. Results and Discussion

We synthesized the gold nanoplates (AuNPs) through a seed-mediated approach (Fig. 1a)
adapted from Ha, et al.[24] The peak absorption of the AuNPs was tuned to 945 nm. After
the removal of extraneous byproduct nanospheres and small AuNPs,[25] the peak shifted to
1035 nm (Fig. 1b). Transmission electron microscopy (TEM) images show an even
distribution of AuNPs with a mean edge length of 96 + 5 nm (Fig. 1c). This size of particle
has been shown to be well-suited for delivery to the SLN through the lymphatic system.[23]
After PEGylation, the AuNPs were coated with a thin (5 to 20 nm) layer of silica. The
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thickness of the silica layer was controlled by adjusting the duration of the reaction. The
addition of the silica layer is evidenced through a redshift in the absorption spectrum (Fig.
1b) and the TEM images before (Fig. 1c) and after (Fig. 1d) silica coating. Si-AuNPs were
stable with no signs of aggregation after several weeks when stored in an aqueous solution at
room temperature.

Prior to performing in vivo studies, we measured the cytotoxicity of the Si-AuNPs with a 3—
4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay. We incubated Si-AuNPs at various concentrations (peak optical extinction
coefficients of 0.2, 2, or 20 cm™1) with L3.6pl pancreatic cancer cells for 48 hours. Even the
highest concentration of Si-AuNPs shows no statistically significant changes in cell viability

(Fig. 2).

We tested the stability of the Si-AuNPs under pulsed and continuous wave laser irradiation.
PEGylated AuNPs and Si-AuNPs with a silica thickness of 20 nm (as measured in TEM
images) were irradiated with either a pulsed laser with a fluence of 10 mJ/cm? or a
continuous wave (CW) laser with a fluence rate of 5 W/cm2. The stability of the particles
depended on the presence of the silica layer and the duration of the laser exposure (Fig. 3).
The optical extinction of the PEGylated AuNPs at 1064 nm decayed by 45% under
irradiation of 1000 laser pulses (Fig. 3a). The peak absorption wavelength also blue-shifted
by 40 nm. The TEM image indicates that the decreases in the optical absorption can be
attributed to changes in morphology of the AuNPs (Fig. 3a, inset). The particles become
more spherical after irradiation while smaller AuNPs (whose plasmon resonance is likely
lower than 1064 nm) remain intact. This behavior suggests that sustained PA imaging of
PEGylated AuUNPs may not be feasible. In contrast, the Si-AuNPs show significantly better
stability under exposure to pulsed laser irradiation with only a 13% decrease in extinction at
1064 nm observed (Fig. 3b). After irradiation, the morphology of the Si-AuNPs was much
better preserved (Fig 3b, inset). Only minor changes of the shape of a small fraction of the
Si-AuNPs were identified. This drastic enhancement of stability clearly improves the utility
of Si-AuNPs for sustained PA imaging.

Similar improvements in particle stability were observed upon exposure to a CW laser. The
extinction of PEGylated AuNPs at 1064 nm degraded 49% after 3 minutes of CW laser
irradiation (Fig. 3c). Si-AuNPs, on the other hand, experienced very little change in their
absorption spectrum; the optical extinction decreased by only 6% (Fig. 3d). This indicates
that the addition of silica to AuNPs improves their efficacy for CW laser applications, such
as photothermal therapy.

These experiments show the silica shell helps to protect the Si-AuNPs against laser-induced
photothermal degradation. Indeed, the degree of improvement in stability is comparable to
previous studies with silica-coated gold nanorods. [26, 27] These studies have shown that
the increased stability is likely due to more efficient exchange of thermal energy from the
nanoparticle to the surrounding medium resulting from a lower interfacial heat resistance
resulting from the silica layer.[28] Because the bulk of the PA signal is generated in the
medium, rather than the AuNP, the lower interfacial heat resistance also has the benefit of
significantly improving the PA signal generated.[29]
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For SLN imaging, a model of squamous cell carcinoma of the oral cavity was adapted;
however, only normal (non-tumor-bearing mice) were used in this study.[30] Combined
ultrasound and photoacoustic (USPA) imaging was performed on the cervical lymph nodes
located near the salivary glands of the mice. The Si-AuNPs were injected into the tongue of
the mouse and were allowed to drain to the cervical lymph nodes while the mouse remained
immobilized under anesthesia.

The cervical lymph nodes are easily identified with US imaging as a dark, hypoechoic bean-
shaped region (Fig. 4a—b). Thus, US imaging provides an excellent method to guide and
provide an anatomical reference for subsequent PA imaging (which provides minimal
inherent signal at the chosen optical wavelength and fluence). Photoacoustic images
acquired before the injection of Si-AuNPs (Fig. 4a) show that the endogenous PA signal
(originating from the blood and skin in the mouse) is very small and not detectable with our
imaging system. This is due to the low absorption of these components at 1064 nm and the
magnitude of laser fluence used in this imaging experiment (10 mJ/cm?).[31] Because there
is no discernible PA signal before the injection of Si-AuNPs, any signal after the injection
can be attributed to the nanoparticles. As a result, the Si-AuNPs can be tracked with high
specificity. Figure 4c shows overlaid US and PA images 4 hours after the injection of Si-
AUNPs. The location of Si-AuNPs is mapped within the SLN, allowing for high contrast
identification of the SLN in the USPA image.

By scanning the transducer in the out-of-plane direction, a three-dimensional (3-D) USPA
image was acquired (Fig. 4d—e, Supplemental Fig. 1). The 3-D image shows the volumetric
distribution of the Si-AuNPs in the SLN as well as a lymphatic vessel feeding into the SLN
(Fig. 4e, arrow). Thus, this technology could be used to aid clinicians in identifying and
localizing the SLN and visualizing the afferent lymph vessels. The Si-AuNPs resisted major
degradation and the signal persisted even after exposure to five hours of pulsed laser light.
The strong PA signal indicates that Si-AuNPs are stable in a biological environment and
well-suited for in vivo applications.

In order to study the drainage kinetics of the Si-AuNPs, we acquired 3-D USPA images of
the region surrounding the SLN continuously for 165 minutes following their injection
(Supplemental Fig. 2). The results show that the Si-AuNPs are immediately delivered to a
localized portion near the top of the SLN, and then they continue to drain to and diffuse one
edge of the node (Fig. 5). After 2.5 hours following the injection, the Si-AuNPs are
distributed throughout approximately 20% of the SLN. The average PA signal in the SLN
was highly correlated with the volume of the node that contained detectable PA signal (Fig.
5e). This suggests that as new Si-AuNPs steadily flowed into the SLN, they also spread
throughout the node at a similar rate (i.e., there was no significant “pooling” of the
particles). Future work will focus on using the high-resolution images to observe flow
patterns and kinetics in normal and metastatic nodes.

There are many benefits of tuning the Si-AuNPs to 1064 nm. The endogenous absorption,
and thus the background PA signal, at 1064 nm is much lower than other common PA
imaging wavelengths (700-900 nm). Indeed, by simply choosing 1064 as the imaging
wavelength, a 38% improvement in contrast can be achieved.[31] The low endogenous
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absorption also removes the need for multi-wavelength imaging and spectral unmixing to
accurately differentiate endogenous and exogenous PA signal. In the case of our
experiments, the endogenous signal was below the noise level, so the entire PA image can
be attributed to Si-AuNPs. The decreased absorption and scattering also allow for higher
levels of laser exposure and better penetration in tissue. In fact, the safe level of human skin
exposure to a pulsed laser source as determined by the American National Standards
Institute is 100 mJ/cm? (versus 20 mJ/cm? in the visible range). Thus, Si-AuNPs could be
used for imaging at much greater depths than other particles or dyes commonly used for
SLN mapping. Finally, inexpensive, high-energy solid state lasers are available at 1064 nm.
This provides a cost-effective method for the eventual clinical translation of this technology.

3. Conclusion

We have developed a new contrast agent for PA imaging — Si-AuNPs — and have
demonstrated its ability to aid in PA image-guided SLN mapping. The Si-AuNPs have
proven to be more stable under laser irradiation than PEGylated AuNPs, making them better
suited for sustained PA imaging. In addition, the drainage kinetics of Si-AuNPs through the
lymphatic system makes them well-suited to act as a contrast agent for PA image-guided
SLN mapping. Furthermore, their long retention in the SLN suggests they may provide an
excellent alternative to small-molecule dyes, which quickly drain out of the SLN.

4. Materials and Methods

All chemicals were used as received: chloroauric acid (HAUCl4(aq), Sigma), trisodium citrate
(TSC, Sigma), sodium borohydride (NaBHg4, Acros), cetyltrimethyl-ammoniumbromide
(CTAB, Amresco), ascorbic acid (AA, Alpha Aesar), potassium iodide (KI, Fisher
Scientific), sodium hydroxide (NaOH, JT Baker), methyl poly(ethylene glycol) thiol
(mPEG-SH, MW 5000, Laysan Bio), isopropanol (IPA, Acros), tetraethyl orthosilicate
(TEOS, Aldrich), ammonium hydroxide (NH4OH, Fisher Scientific, 29% in water). Prior to
synthesis, all glassware and stir bars were cleaned with aqua regia.

The synthesis of AuNPs was adapted from Ha, et al.[24] To synthesize the gold seeds, 5 mL
of HAuCl4 (1 mM) and 5 mL of TSC (1 mM) were added to 10 mL of ultra-filtrated (18
MQ-cm, Thermo Scientific Barnstead Diamond water purification system) deionized water
(DIUF) under vigorous stirring (750 rpm) in a 20 mL glass scintillation vial. Then, 600 pL
of ice-cold NaBH, (100 mM) was quickly added to the solution which resulted in a reddish-
orange solution.

The second step involved preparation of the growth solution and the addition of a small
quantity of seed solution to the growth solution. The growth solution began with dissolving
396 mL of CTAB (102 mM) at 30 °C in a 500 mL glass beaker under medium stirring (300
rpm). Then 4 mL of HAuCl, (25 mM) was added, causing the solution to turn yellow-
orange. Then 400 pL of KI (10 mM) and 240 pL of NaOH (1 M) were added. Afterwards 8
mL of AA (100 mM) was added, which changed the solution from yellow-orange to
colorless. The solution was heated to 35 °C and 1 mL of the seed solution was added.[24]
After 15 seconds, the beaker was removed from the hot plate and left undisturbed for 1 hour.
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The solution slowly changed from transparent to a deep violet over the course of
approximately 5 minutes. After one hour, the solution was sealed with Parafilm (Pechiney
Plastic Packaging, Inc), placed on a hot plate set to 65 °C, and left overnight to allow for
separation of the nanoplates from byproduct nanospheres in the solution. The following day,
the solution was carefully aspirated without disturbing the sides and bottom of the glass
beaker. The nanoplates, which had adhered to the bottom of the flask, were immediately
resuspended in a relatively small volume (~5 mL) of DIUF and briefly sonicated.[25]
Because the vast majority of the byproduct spheres had been removed, the resuspended
solution exhibited a dark-green color.

PEGylation was performed immediately following resuspension of the particles. An equal
volume of nanoplates diluted to a peak optical extinction coefficient of 15 cm= and
mMPEGSH solution (.2 mM) were combined under vigorous stirring (750 rpm), sonicated for
thirty seconds, and allowed to react overnight. The particles were then centrifuged at 20,000
rcf for 12 minutes, resuspended in DIUF and then underwent centrifugation filtration (100
kDa Amicon ultra-15, Millipore) at 2,500 rcf for 5 minutes to remove excess mMPEG-SH.

Finally, a thin silica layer was added to the AuNPs using a modified Stéber method.[27, 32,
33] Under vigorous stirring (750 rpm), 1.2 mL of TEOS in IPA (3% by volume) and 1.2 mL
of 29% NH4OH in IPA (1.4% by volume) were added to 5 mL of nanoplates diluted to have
a peak optical extinction coefficient of 6 cm™1. The pH of the solution was measured to be
approximately 10.9. The mixture was left to react for 2-5 hours. Longer reaction times led
to thicker silica layers. Deposition of silica on the surface of the nanoplates could be
confirmed through a shift in the peak extinction wavelength towards the near-infrared. The
reaction was halted by combining the solution with an equal volume of DIUF and
performing centrifugation filtration (100 kDa Amicon ultra-15, Millipore) at 2,500 rcf for 5
minutes. The resulting Si-AuNPs were resuspended in DIUF or Dulbecco’s phosphate buffer
solution (DPBS).

The optical properties of the gold nanoplates were characterized through ultraviolet-
visiblenear-infrared (UV-Vis-NIR) spectrophotometry using a UV-VIS-NIR
Spectrophotometer (UV-3600, Shimadzu). Morphological properties of the gold nanoplates
were observed through transmission electron microscopy (TEM). To prepare the samples,
copper-Formvar-carbon TEM grids were submerged in a solution of concentrated gold
nanoplates for two minutes and allowed to dry in air. The grids were then imaged using the
TEM mode of a Hitachi S-5500 FESEM with a field emission electron source operating at
30 kV.

A human pancreatic cancer cell line, L3.6pl, was incubated with the Si-AuNPs to test for
cytotoxicity. The cell line was cultured using Dulbecco's modified eagle medium (DMEM,
Sigma) (with 4500 mg glucose/L, L-glutamine, NaHCO3, and pyridoxine HCI)
supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% penicillinstreptomycin
(Pen/Strep, Invitrogen) while being maintained at 37 °C and 5% CO, in a humidified
incubator. The cells were seeded in a 96 well plate (5000 cells in 100 pL of media). After
allowing the cells to grow for 48 hours and attach to the plate, the media was removed and
replaced with 100 uL of a combination of Si-AuNPs and media (with a peak optical
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extinction coefficient of 0, 0.2, 2, or 20 cm™1). The cells were incubated with the Si-AuNPs
for 48 hours. The media and Si-AuNPs were removed and 100 uL of fresh media was added.
The extinction of each well in the plate was measured at 490 nm using a Synergy HT
Multimode Microplate Reader (BioTek). Next, 20 pL of (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) phenazine methosulfate (PMS)
from the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (Promega) was
added to each well. After 75 minutes, the extinction at 490 nm was again measured. The
increase in extinction was proportional to the number of viable cells in each well. A series of
t-tests were used to identify statistically significant deviations in the proliferation with
respect to the control wells.

The thermal stability of Si-AuNPs and PEGylated AuNPs was studied through exposure to
pulsed and continuous laser irradiation to simulate PA imaging and photothermal therapy
(Fig. 6a). Silica coated and uncoated nanoplates were placed in a 96-well plate at a
concentration resulting in a peak optical extinction coefficient of 3 cm™L. All trials were
completed in triplicate. All of the wells were irradiated with a pulsed nanosecond laser
(Quanta-Ray Pro, Spectra Physics) that was coupled to a tunable OPO laser system
(Permiscan, GWU) set at 1064 nm with pulse repetition rate of 10 Hz and pulse duration of
5-7 ns. A control of 0 pulses was compared with both 300 and 1000 pulses at a fluence of
10 mJ/cm?. To study the stability of the particles under continuous wave irradiation, a
continuous wave diode-pumped solid state laser (Opto Engine) operating at 1064 nm, with a
fluence rate of 5 W/cm? was used. Each well was irradiated for between 0 and 3 minutes.
After irradiation, 250 pL were recovered from each well, diluted with DIUF to a final
volume of 2.5 mL, and characterized with UV-Vis-NIR spectrophotometry and TEM.

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) at The University of Texas at Austin. Homozygous Nu/Nu female mice, age 57—
70 days were purchased from Charles River Laboratories. The mice were imaged using a
Vevo 2100 high frequency ultrasound imaging system (VisualSonics) with an MS-550 40-
MHz, 256-element linear array transducer (Fig. 6b). A pulsed nanosecond laser (Quanta-Ray
Pro, Spectra Physics) was coupled to a tunable OPO laser system (Permiscan, GWU) to
provide the 1064-nm optical source for imaging. A laser fluence of 10 mJ/cm? was used for
all in-vivo imaging. During imaging, the mice were anesthetized with a mixture of isoflurane
and oxygen (1.5%). Clear ultrasound gel was used to couple the transducer to the neck of the
mouse. USPA images were acquired in a 3-D volume surrounding the cervical lymph nodes.
During imaging, the heart rate, respiration rate, and body temperature were monitored.

Following the initial imaging, the mice were injected with 40 pL of sterile Si-AuNPs (peak
optical extinction coefficient of 20 cm~ in PBS) submucosally in the tongue. USPA images
were continuously collected in the same 3-D imaging volume immediately following the
injection for up to 4 hours. Imaging was performed again at 24 and 48 hours after the Si-
AUNP injection. Immediately following the final imaging session, the mice were sacrificed
via an isoflurane overdose (5%) and cervical dislocation.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
a) Schematic showing the synthesis of Si-AuNPs. b) UV-Vis-NIS spectra of NPs before (green) and after silica coating (black).

¢) A TEM image of AuNPs shows an even size distribution (scale bar = 200 nm). d) A TEM image of Si-AuNPs (scale bar =
100nm).
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Figure 2.
An MTS assay shows no significant cytotoxicity of Si-AuNPs at concentrations with optical extinction coefficients up to 20

cm~1 in comparison to control.
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Figure 3.

UV-Vis-NIR spectra showing the degradation of PEGulated AuNPs and Si-AuNPs to a,b) pulsed laser irradiation at 10 mJ/cm?
and c,d) continuous wave laser irradiation at 1.3 W/cm?. The pulsed laser caused significant changes in the morphology of
PEGylated AuNPs (a, inset) while Si-NPs with 20-nm layer of silica showed few changes in shape (b, inset). Scale bars = 100
nm.
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Figure4.
a) Overlaid USPA images of a 2-D slice containing the SLN before the injection of Si-AuNPs. The endogenous PA signal is

below the noise floor of the system. b)AUS image 4 hours after the injection of Si-AuNPs with the SLN identified. ¢) The same
US image as in b) with the PA image overlaid shows a strong PA signal throughout the SLN. d) A 3-D US image with a
quadrant removed shows the anatomy surrounding the SLN. e) A 3-D PA image acquired 4 hours after the injection of Si-
AUNPs overlaid on the US image shows the distribution of Si-AuNPs in the SLN and reveals an afferent lymph vessel (arrow).
Scale bars =1 mm.
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Figure5.
a—d) Combined USPA image of a 2-D slice immediately following the injection of Si-AuNPs. After being quickly delivered to

the SLN, the signal slowly spreads throughout the node. e) the average PA signal (black) and volume of the lymph node that
contained PA signal above the noise floor (blue) in the SLN increase steadily over the cource of 3 hours after the injection. Scale
bars = 1mm.
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Figure6.
a) Experimental setup to study the stability of AuNPs and Si-AuNPs, and b) experimental setup for in vivo studies. The pulsed

laser induced localized heating near the Si-AuNPs which results in the generation of acoustic waves centered at the Si-AuNPs
(b, inset).
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