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Abstract

Silver nanoplates are introduced as a new photoacoustic contrast agent that can be easily
functionalized for molecular photoacoustic imaging in vivo. Methods are described for synthesis,
functionalization, and stabilization of silver nanoplates using biocompatible (“green”) reagents.
Directional antibody conjugation to the nanoplate surface is presented along with proof of
molecular sensitivity in vitro with pancreatic cancer cells. Cell viability tests show the antibody-
conjugated silver nanoplates to be nontoxic at concentrations up to 1 mg/ml. Furthermore, the
silver nanoplates' potential for in vivo application as a molecularly sensitive photoacoustic
contrast agent is demonstrated using an orthotopic mouse model of pancreatic cancer. Results of
these studies suggest that the synthesized silver nanoplates are well suited for a host of biomedical
imaging and sensing applications.
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Molecular imaging of cancer is an area of intense research. Many biomedical imaging
techniques are traditionally anatomical in nature but can be adapted, mostly through use of
targeted contrast agents, to detect cellular and molecular behavior.1 One such technique is
photoacoustic (PA) imaging.2 PA imaging is highly complimentary to traditional ultrasound
(US) imaging. In US imaging, sound is used to interrogate the body, and an image is
reconstructed from sound waves that are backscattered from the tissue's mechanical
inhomogeneities. In PA imaging, pulsed laser light is used to interrogate the body, and an
image is reconstructed from broadband sound waves generated by light absorption events in
various tissue components. US and PA modalities can use the same electronic components
for receiving ultrasonic waves, allowing data to be collected from both modalities in a
spatially co-registered way. As a result, complementary information about the tissue is
obtained: US imaging can visualize anatomy, while PA imaging can visualize functional
properties of the tissue based on optical absorption.3–5
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Contrast in PA imaging arises from the natural variation in the optical absorption of tissue
components. Tissue components that absorb light strongly include hemoglobin, fat, and
melanin.6 Of these endogenous components, the use of contrast in PA imaging coming from
hemoglobin in blood has been the most widely researched and demonstrated.7–12 For
example, PA imaging can be used to determine the blood oxygen saturation in regions of
particular interest, such as cancer, where hypoxia has been shown to be strongly associated
with malignancy.13 Combining US and PA imaging can reveal changes in blood vessel
count or oxygen saturation inside tumors as compared with surrounding healthy tissue since
anatomical references, such as tumor location, size and boundaries, can be visualized and
segmented using US imaging.

The use of endogenous contrast in PA imaging of cancer has made it a popular technique in
recent years.14 However, employing exogenous contrast in PA imaging enables its
molecular sensitivity and greatly expands the functionality of the modality.15–21 Exogenous
contrast agents designed for PA imaging usually consist of highly absorbing dyes or
nanoparticles that can be conjugated to a targeting moiety of interest.22–23 The targeting
moiety could be an antibody, aptamer, or ligand that will facilitate localization to cancer
cells and highlight their presence amongst healthy tissue. Design considerations and
requirements for a PA contrast agent include: (1) ease of synthesis with biocompatible
reagents, (2) an overall size on the nano-scale or smaller in order to navigate the blood
stream and interact with biological macromolecules, (3) a large absorption cross-section of
light in the near-infrared (NIR) wavelength region where light penetration into tissue is
maximized, (4) a surface chemistry that allows for simple bioconjugation of targeting
moieties, (5) low toxicity, (6) long shelf life, and (7) structural and molecular biostability in
biological fluids.

Several groups have shown that functionalized gold nanoparticles fulfill most of these
requirements and can be successfully employed as PA imaging contrast agents.17, 24–28

Here, we introduce the use of Ag nanoplates as a new PA contrast agent that meets all of the
requirements. The steps of the inherently “green” synthesis methods (i.e., a synthesis using
only biocompatible reagents) are described along with the process of functionalizing the
nanoplate surface to make it both biostable (structurally stable in physiological media) and
antibody-conjugated. The molecular specificity of the nanoplates is demonstrated in vitro
using pancreatic cancer cell lines and darkfield microscopy. The cytotoxicity of the
nanoplates is assessed using two pancreatic cancer cell lines and one non-cancerous
pancreatic cell line. Furthermore, the potential of using silver nanoplates for in vivo
applications is demonstrated through combined ultrasound and photoacoustic (USPA)
imaging of an orthotopic pancreatic tumor in a mouse model following systemic injection of
antibody-conjugated Ag nanoplates.

RESULTS AND DISCUSSION

“Green” Synthesis and Characterization of Ag Nanoplates

Researchers have designed numerous methods to synthesize Ag nanoplates. Most are
accomplished through seed-mediated growth mechanisms29–40 that can include reducing
agents such as hydrazine41, increases in temperature30, or even ingenious light mediated
methods.40, 42 Interestingly, even bacteria have been shown to produce silver nanoplates
upon incubation with Ag+ in solution.43–44 Since we intend to use silver nanoplates in a
biological context, we adopted a seed-mediated synthesis method that was particularly
“green,” where only biocompatible chemicals were employed. For instance, ascorbic acid
(vitamin C) was used as the reducing agent, and sodium citrate (a well-known preservative)
was used as a stabilizing and capping agent during synthesis. Using “green” reagents helped
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to facilitate the formation of less toxic nanoplates and speed their transition to biocompatible
contrast agents for in vivo applications.

After exploring several different methods of preparing Ag seeds38, 45, we found that the
seeds proposed by Xue et al.39 were most reproducible and provided the twinned plane and
stacking fault defects that help enable high-yield Ag nanoplates synthesis.46 To grow the Ag
nanoplates from these seeds, we modified procedures introduced by Zou et al.41 where the
plates were synthesized in a stepwise process from 4.2 nm seeds to large (> 200 nm edge
length) nanoplates. Figure 1 shows the progression of synthesis from seeds to large
nanoplates in four steps. First, the yellow seeds were grown into 25 nm nanoplates (B1) as
shown in Fig. 1a. Subsequent growth steps increased the edge length of the nanoplates
successively (Figs. 1b–1d, representing samples B2–B4, respectively). The colors of the
resulting solutions changed with variation of their optical extinction properties as depicted in
Figs. 1e and 1f. Our synthesis method produced nanoplates with edge lengths and
longitudinal surface plasmon resonances (LSPR) as shown in Table 1. The advantages of
this synthesis technique include: (1) only biocompatible reagents are used, (2) Ag nanoplates
can be tuned to absorb light throughout the entire visible to near infrared (NIR) light
spectrum, and (3) the Ag nanoplate surface is stabilized with sodium citrate, a molecule that
can be easily displaced by amine or thiol functional groups for subsequent bioconjugation
steps.

Using Ag nanoplates as a NIR beacon for any type of biological sensor or imaging contrast
agent application requires that they are stable in saline solutions. While Ag has excellent
optical properties for use as a sensor, its lack of structural stability in salt solutions has
largely limited its use in biomedical applications. As shown previously41, when Ag
nanoplates are built, the face of the nanoplate grows along the (111) plane, the lowest
possible energy surface. A high resolution transmission electron micrograph (TEM) of a
silver nanoplate face (from B4) is shown in Fig. S1a. The electron diffraction pattern from
that same nanoplate face is shown in Fig. S1b where the first ring of intense spots can be
attributed to the (220) Bragg reflections with a lattice spacing of 1.44 Å. This nanoplate
surface is most unstable at the tips, where its electromagnetic field enhancements are
greatest.47 Usually it is the loss of these tips that causes the nanoplates' LSPR peak48 to blue
shift, even during idle suspension in water. Therefore, the synthesis technique we chose for
silver nanoplates does not yield nanoplates with perfect tips, but instead allows for rounded,
more stable tips as shown in Figs. 1 and S1a to be produced.

Allowing for rounded nanoplate tips was only the first step to solving the stability issue.
Even Ag nanoplates with rounded tips will degrade and dissolve in salt solutions without
additional passivation. To make nanoplates suitable for a contrast agent application, they
must be biostable (i.e., structurally stable in a harsh salt or cell media environment) for a
minimum of the time period required to circulate in the bloodstream and interact with
diseased cells (for cancer applications this time period could be from several hours to a few
days). Therefore, we tested the biostability of the Ag nanoplates in Dulbecco's phosphate
buffered saline (DPBS) after conjugation of various amounts of thiol-terminated methoxy-
poly(ethylene glycol) (mPEG-SH, 5 kDa) to the nanoplate surface (note that PEG was
chosen for its well established potential to passivate nanostructures and limit
opsonization49). The initial conjugation of mPEG-SH to the nanoplates caused a red shift in
the LSPR peak of up to 60 nm in the cases where enough mPEG-SH was used to passivate
the entire surface. For the example shown in Fig. 2, a 30-fold excess of mPEG-SH was
reacted with Ag nanoplates. The nanoplates were washed with water via centrifugation and
subsequently resuspended in DPBS at day zero. As shown in this case, with correct
passivation (an optimal surface area coverage of PEG), the Ag nanoplates were biostable in
salt solutions. Their degradation in DPBS was very slow after passivation such that, even
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after 62 days, the shift in LSPR was less than 40 nm, there was no evident change in the
width of the LSPR peak over time, and only a 6% decrease in extinction was observed. As a
control, we created a sub-optimal coverage of mPEG-SH on Ag nanoplates (surface area
coverage of only 50%), and upon suspending in DPBS at day zero, a blue shift of over 250
nm was immediate (see Fig. S2). Note that with no passivation or surface modifications, as-
prepared Ag nanoplates will completely dissolve when suspended in DPBS. Therefore,
functionalizing the Ag nanoplate surface with mPEG-SH passivated the Ag nanoplates,
making them suitable for contrast agent applications.

Molecular Specificity and Cytotoxicity of Ag Nanoplates

Functionalizing the surface of noble metals with molecules containing thiols creates strong,
covalent thiolate bonds.50–51 These thiolate bonds are exploited here to not only create
biostabilized nanoplates, but also to bind antibodies to the nanoplate surface via directional
methods. The epidermal growth factor receptor (EGFR) is commonly overexpressed on the
surface of cancer cells and promotes tumor growth and proliferation.52–54 A monoclonal
antibody to EGFR (a-EGFR) was used here as a model to target Ag nanoplates to pancreatic
cancer cells. The directional conjugation method we used for binding a-EGFR to nanoplates
was previously described by Kumar et al.55 This directional method employs linker
molecules that bind the Fc portion of the antibody directly to the Ag surface, leaving the
entire variable region free to interact with cells. To confirm that the antibody-conjugated Ag
nanoplates would target pancreatic cancer cells, while PEGylated Ag nanoplates would have
limited interaction, we mixed both types of nanoplates with pancreatic cancer cells in vitro
for 4 hr. The resulting cells imaged using darkfield microscopy are shown in Fig. 3. The
control cells with no nanoplate incubation are seen as blue in darkfield microscopy (Fig. 3a).
The cells that were incubated with PEGylated Ag nanoplates have no significant
accumulation of silver (Fig. 3b), but the cells that were incubated with a-EGFR-conjugated
nanoplates show significant interaction (Fig. 3c). The accumulation of a-EGFR conjugated
nanoplates in cells is due to receptor-mediated endocytosis of the nanoplates, as has been
shown extensively with a-EGFR conjugated gold nanoparticles and quantum dots.52, 56–58

These in vitro results demonstrate the ability of a-EGFR conjugated nanoplates to
molecularly target pancreatic cancer cells.

Since the a-EGFR conjugated nanoplates were proven to target cancer cells, we decided next
to study if these interactions induce any cytotoxicity. Therefore, various amounts of a-EGFR
conjugated nanoplates were mixed with three different cell lines in vitro: MPanc96 and
L3.6pl (pancreatic cancer cell lines that overexpress EGFR), and HPNE (a non-cancerous
pancreatic cell line). The viability of the cells was tested after incubation with the a-EGFR
conjugated nanoplates for 24 hr using an MTS assay. As shown in Fig. 4, even up to
concentrations of 1 mg/ml Ag nanoplates, no statistically significant cytotoxicity was found
with any of the three cells lines. These results were surprising since the cytotoxicity of 5 nm
to 20 nm Ag nanostructures has been characterized at much lower concentrations (less than
0.4 mg/ml).59–60 Our results suggest that there is possibly a size- or coating-dependent
cytotoxicity of silver that deserves further study as recommended in a recent review.61

In Vivo Photoacoustic and Ultrasound Imaging with Ag Nanoplates

All in vivo imaging studies were conducted on Nu/Nu transgenic mice with xenograft
human pancreatic cancer grown orthotopically. Before injection of nanoplates, volumetric
PA and US images of the tumor, consisting of multiple 2-D transverse sections of the tumor,
were acquired by translating the mouse through the imaging plane. Then a-EGFR, PEG-
passivated Ag nanoplates (~1012 nanoplates in 200 μl of PBS with LSPR peak at ~800 nm)
were injected into the tail vein. Imaging was performed every hour after injection up to 6 hr
post injection. At 4 hr post injection, peak accumulation of nanoplates in the tumor was
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observed as determined by monitoring the photoacoustic signal intensity with time post
injection. US and combined USPA images are shown in Fig. 5. The tumor is outlined in the
ultrasound image as the hypoechoic region inside the dotted white line (Fig. 5a) and appears
under the spleen and adjacent to the kidney. PA signals captured in a range of wavelengths
(740 nm to 940 nm) were used to spectroscopically resolve the signal from blood in Fig. 5b.
Translating the mouse through the 2-D cross-sectional USPA imaging plane allowed for
reconstruction of a 3-D image of the orthotopic tumor (Fig. 6). To see further spatial
distribution of the contrast agent and blood within the tumor space, a video showing a
rotating 3-D view of the imaged tissue was created (Fig. S3). As has been shown with other
cancer models, a heterogeneous distribution of nanoparticle accumulation in the tumor was
observed.62–63 Furthermore, histological slices of the tumor stained with silver stain and
nuclear fast red (Fig. 7) confirmed the heterogeneous nanoplate distribution seen in USPA
imaging. These in vivo imaging results indicate that silver nanoplates have the ability to
accumulate in the tumor space and provide enhanced contrast of the tumor region using PA
signals that are easily differentiated from the endogenous tissue contrast (e.g., blood).
Employing molecularly targeted nanoplates in this way can be useful for studying the
molecular profile of tumors and monitoring molecular therapeutic approaches in future
applications.

CONCLUSIONS

Ag nanoplates were synthesized using only biocompatible, “green” methods that resulted in
a clean, non-toxic surface ready for thiol-mediated, directional conjugation of targeting and
passivating molecules, such as antibodies and PEG. Once conjugated to a-EGFR,
functionalized nanoplates underwent receptor-mediated endocytosis in pancreatic cancer
cells that overexpress EGFR, demonstrating their potential for molecular specificity in vitro.
Furthermore, once properly passivated with PEG, Ag nanoplates remained biostable in salt
solutions and cell media for over two months. For the concentrations tested up to 1 mg/ml,
Ag nanoplates did not inhibit proliferation of three different pancreatic cell lines, indicating
they had low cytotoxicity. Furthermore, spectroscopic PA imaging was able to visualize a-
EGFR conjugated nanoplates in a mouse model of orthotopic pancreatic cancer and
differentiate the Ag nanoplate PA signal from that of the endogenous blood. Overall, the
results of these studies suggest that Ag nanoplates are well suited as PA contrast agents and
have the potential for use in a host of biomedical imaging and sensing applications.

METHODS

Chemicals

All chemicals were used without further purification and were at a minimum of ACS grade.
Silver nitrate (>99%), trisodium citrate (TSC), sodium periodate, the antibody to Epidermal
Growth Factor Receptor (EGFR) clone C225, poly(ethylene glycol) bisphenol A
epichlorohydrin Mn = 14 kDa, and Bis (p-sulfonatophenyl) phenylphosphine dihydrate
dipotassium salt (BSPP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). ACS
grade L(+) ascorbic acid was a product of Acros (Morris Plains, NJ, USA). Dulbecco's
phosphate buffered saline (DPBS) came from Mediatech, Inc. (Herndon, VA, USA). The
methoxy-poly(ethylene glycol)-thiol (mPEG-SH of 5 kDa) was from Laysan Bio (Arab, AL,
USA). All cell culture products, including the MTS assay, were purchased from Invitrogen
(Carlsbad, CA, USA) unless otherwise specified. Slide mounting media, Vectashield with
DAPI stain, was from Vector Laboratories (Burlingame, CA, USA). The linker hydrazide-
polyethylene glycol-dithiol (SPT-014B) was a product of Sensopath (Bozeman, MT, USA).
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Ag nanoplate synthesis

Ag nanoplates were formed via a seed-mediated growth process. Ag seeds were synthesized
via procedures previously described by Xue et al.40 Specifically, a 250 ml flask was placed
in an ice bath and filled with 95 ml of deionized and ultrafiltered (18.2 MΩ-cm) (DIUF)
water. In an Ar environment, 1 ml of 30 mM trisodium citrate (TSC) and 0.5 ml of 20 mM
silver nitrate (AgNO3) were added. The mixture was stirred at 500 rpm for 20 min. To
reduce the silver ions from AgNO3, 1 ml of ice cold 50 mM sodium borohydride (NaBH4)
was added quickly, and the solution immediately turned bright yellow. One more ml of the
50 mM NaBH4 was then added dropwise over the following 15 min. In a separate ice cold
vial, a solution of 1 ml of 50 mM NaBH4 was added to 1 ml of 5 mM BSPP. That 2 ml
mixture of NaBH4 and BSPP was slowly dropped into the vigorously stirring Ag seed
solution over a period of 5 min. The Ag seeds were then stirred at 350 rpm and kept at 0°C
for 5 hr. Finally, the flask containing the seeds was transferred to 4°C and allowed to age
undisturbed overnight. Note that an argon environment was maintained throughout the entire
procedure and the flask was wrapped in foil to minimize light exposure.

The Ag seeds were used to grow Ag nanoplates up to 14 days after synthesis, with the peak
efficacy (largest translation to plates) occurring on the day after synthesis. The typical peak
resonance wavelength of the seeds as prepared was 395 nm at an optical density (OD) of 1
using a 1 cm path length cuvette. Growing nanoplates of sizes up to 250 nm in diameter
involved 4 separate growth steps where the product of one step was used as the starting
material for the subsequent step, as modified from that described by Zou et al.41 First, a 20
ml vial was filled with 8.0 ml of DIUF water, 50 μl of 40 mM TSC, 150 μl of 40 mM L
+ascorbic acid, and 1.8 ml of the as prepared Ag seeds at an OD of 0.65. The mixture was
vigorously stirred at room temperature while 5.05 ml of 584 μM AgNO3 was dripped in via
syringe pump over 10 min. After the 10 min, the solution turned color from bright yellow to
orange, red, and maroon. After the AgNO3 addition was complete, the solution was allowed
to stir for an additional 10 min and the light extinction spectrum was taken using a DU
Series 600 Spectrophotometer (Beckman Coulter). This first solution was called B1. Second,
for the next Ag nanoplate growth step, another 20 ml vial was filled with 4.8 ml of DIUF
water, 50 μl of 40 mM TSC, 150 μl of 40 mM L(+) ascorbic acid, and 5 ml of B1. Again,
the mixture was vigorously stirred at room temperature while 5.05 ml of 584 μM AgNO3
was dripped in via syringe pump over 10 min. After the 10 min, the solution turned color
from red to purple to blue to teal-green. After the AgNO3 addition was complete, the
solution was allowed to stir for an additional 10 min and the light extinction spectrum was
taken. This second solution was called B2. Third, for the next Ag nanoplate growth step,
another 20 ml vial was filled with 4.8 ml of DIUF water, 50 μl of 40 mM TSC, 150 μl of 40
mM L(+) ascorbic acid, and 5 ml of B2. Again, the mixture was vigorously stirred at room
temperature while 5.05 ml of 584 μM AgNO3 was dripped in via syringe pump over 10 min.
After the 10 min, the solution turned color from teal to forest green to light forest green with
a purple hue. After the AgNO3 addition was complete, the solution was allowed to stir for an
additional 10 min and the light extinction spectrum was taken. This third solution was called
B3. For the fourth and final growth step, another 20 ml vial was filled with 4.8 ml of DIUF
water, 50 μl of 40 mM TSC, 150 μl of 40 mM L+ascorbic acid, and 5 ml of B3. Again, the
mixture was vigorously stirred at room temperature while 5.05 ml of 584 μM AgNO3 was
dripped in via syringe pump over 10 min. After the 10 min, the solution turned color from
purple to pastel blue. After the AgNO3 addition was complete, the solution was allowed to
stir for an additional 10 min and the light extinction spectrum was taken. This fourth and
final solution was called B4. The ImageJ application64 was used to manually size
representative populations of the nanoplate and seed batches. Note that Ag nanoplate
batches did contain a subpopulation of silver spheres (~15% by particle number). All
nanoplate solutions were analyzed using electron microscopy with both a LEO S5500
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scanning transmission electron microscope (STEM) and a JEOL 2010F transmission
electron microscope (TEM).

Ag nanoplate antibody and poly(ethylene glycol) conjugation

A directional conjugation of the C225 anti-epidermal growth factor receptor antibody (a-
EGFR) from Sigma-Aldrich (product number E2156) to nanoplates was performed.
Directional procedures were adapted from those previously described for antibody
conjugation to gold nanoparticles by Kumar et al.55 A linker molecule was employed to
achieve directionality, meaning that only the Fc region, or nonbinding part of the antibody,
attached to the silver. The particular linker we used, a hydrazide-polyethylene glycol-dithiol
(Sensopath SPT-014B), covalently bound to the glycosylated portion of the antibody (found
in the Fc region) through its hydrazide group, while the dithiol groups bound to silver.

Before directional conjugation of a-EGFR to Ag nanoplates could be achieved, first the
linker molecule was attached to the antibody. As previously described55, the antibody was
prepped by changing the buffer to a mono/dibasic sodium phosphate buffer (pH = 7.5) using
two wash steps in a 50 kDa molecular weight cut off (MWCO) centrifugal filter from
Millipore (centrifuge at 3600 rpm for 15 min at 4°C). The antibody was reconstituted in 1.3
ml of the sodium phosphate buffer and placed in a sterile 2 ml tube. To create an aldehyde
group on the glycosylated portion of the antibody, 80 μl of fresh 100 mM NaIO4 was added
to the antibody and allowed to shake in the dark for 30 min at room temperature. The
reaction was quenched by the addition of 500 μl of 1× phosphate buffered saline. Then, 6 μl
of 427.4 mM linker in anhydrous ethanol (kept at −80°C prior to use) was added to the
antibody solution and allowed to react for 1 hr while shaking at room temperature. Finally,
the antibody-linker (AB-linker) conjugate was cleaned using HEPES buffer in the same 50
kDa MWCO Millipore filters described above and then reconstituted in 300 μl HEPES
buffer (pH = 8.0) for storage. The AB-linker conjugate can be stored at 4°C and will remain
viable for the life of the antibody. A 75% to 85% yield of the AB-linker conjugate can be
expected using this technique if strict and clean pipetting techniques are employed
throughout the process.

Once the AB-linker conjugate was built, further conjugation to the Ag nanoplates was facile.
Briefly, a B4 batch of nanoplates was placed in a 50 kDa MWCO Millipore centrifugal filter
directly after synthesis and spun at 1500 rcf for 5 min at 20°C. The nanoplates were then
resuspended in 1 ml of DIUF water and placed in a 2 ml tube. Then, enough of the AB-
linker solution was added to account for 0.05 mg of antibody-linker (the exact volume of the
AB-linker solution varied based on the final concentration of the AB-linker in HEPES as
determined by a Thermo Scientific Nanodrop read at a wavelength of 280 nm with an
assumed extinction coefficient of 210,000 M−1cm−1). The AB-linker and nanoplates were
allowed to shake at room temperature in the dark for 20 min. No shift in peak resonance of
the nanoplates was observed after conjugation of the AB-linker to the nanoplates.

To enhance biocompatibility and stability, the surface area of the silver not covered by
antibody was passivated by attachment of poly(ethylene glycol) (PEG). Specifically, after
allowing the AB-linker and Ag nanoplate solution to shake for 20 min, 50 μl of a 2 wt%
PEG (Mn = 14 kDa from Sigma-Aldrich) was added to prevent aggregation and 40 μl of 50
mM mPEG-SH (5 kDa from Laysan Bio) was also added to react with the Ag nanoplates.
After shaking in the dark for 20 min, the nanoplates were cleaned using 50 kDa MWCO
Millipore centrifugal filters spun at 1500 rcf for 5 min at 4°C. The nanoplates were then
resuspended in 500 μl of PBS and sent through a 0.22 μm filter into a sterile 2 ml tube for
future use. The antibody-conjugated Ag nanoplates can be stored at 4°C for the life of the
antibody. A 40 to 60 nm red shift in the peak resonance of the nanoplates was observed
directly after the mPEG-SH passivating step.
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Ag nanoplate biostability

Silver in nanoform is known to be a mesostable compound. Passivation of the reactive Ag
surface with polymers such as poly(ethylene glycol) (PEG MW = 5 kDa) is required to
maintain the shape and optical properties of Ag nanoplates. For instance, if Ag nanoplates
are left in growth solution overnight, their peak resonance will blue shift by up to 120 nm by
the next day. If Ag nanoplates are cleaned and resuspended in DIUF water, they will blue
shift by ~80 nm over the next 20 days. This blue shift in peak resonance is generally due to
loss of sharp triangular plate tips since they are the regions of highest surface energy on the
plate. Furthermore, without surface passivation, when Ag nanoplates are placed in PBS, they
dissolve. For biological applications, it is required that Ag nanoplates remain stable for days
in PBS and cell media. Therefore, we tested the stability of Ag nanoplates over time after
passivating the surface with mPEG-SH (5 kDa, Laysan Bio).

To test the passivating effect of mPEG-SH on Ag nanoplates, the nanoplates were reacted
with various amounts of mPEG-SH, washed, and then resuspended in DPBS. The extinction
spectrum of the nanoplates was then monitored over time. Briefly, the growth solution was
removed from a B3 after synthesis using a 50 kDa MWCO Millipore centrifugal filter spun
at 1500 rcf for 5 min at 20°C. The B3 nanoplates were then resuspended in 3 ml of DIUF
water. To one batch of nanoplates, 445 μl of 5 mM mPEG-SH was added, and to the other
batch, 445 μl of 0.083 mM mPEG-SH was added (representing a 30-fold excess of mPEG-
SH surface area coverage on the first nanoplate sample, and only 50% surface area coverage
on the second sample). Each sample was allowed to react at room temperature, in the dark,
while shaking for 15 min. Excess mPEG-SH was then removed from each sample using a 50
kDa MWCO Millipore centrifugal filter spun at 1500 rcf for 5 min at 20°C. Each sample
was resuspended to an optical density of ~1 (using a 1 cm path length) in Dulbecco's
Phosphate Buffered Saline (DPBS). The extinction spectrum of the nanoplates was captured
at various times over the next 60 days. Each sample was stored in a sealed plastic cuvette at
4°C for the duration of the experiment.

In vitro cell labeling with antibody and poly(ethylene glycol) conjugated Ag nanoplates

The human pancreatic cancer cell line, MPanc96, was mixed in media with two types of Ag
nanoplates: nanoplates conjugated to a-EGFR and PEG, and nanoplates conjugated only to
PEG. Briefly, approximately 300,000 MPanc96 cells were suspended in 500 μl of media in
two separate sterile 2 ml tubes. To each respective tube, 50 μl of the as prepared a-EGFR
and PEG conjugated nanoplates, and the PEG conjugated nanoplates were mixed. The tubes
were shaken every 30 min over a 4 hr period while in the incubator. After 4 hours, the cells
were spun down in their tubes at 125 rcf for 5 min at 4°C. They were resuspended in 2 wt%
formalin in DPBS, allowed to sit for 20 min, and then washed 2× with the 2 wt% formalin in
DPBS solution. The cells were fixed on a microscope slide using Vectashield with Dapi
mounting solution and imaged in fluorescence and darkfield modes of a Leica DMI3000 B
inverted microscope with a Leica DFC 290 kit and 3 mega pixel color camera.

In vitro cytotoxicity studies of Ag nanoplates

Two human pancreatic cancer cell lines, L3.6pl and MPanc96, and the non-cancerous
pancreatic line, HPNE, were incubated with Ag nanoplates and tested for cell viability. Both
cancer cell lines were cultured in vitro using Dulbecco's Modified Eagle Medium (DMEM)
(with 4500 mg glucose/L, L-glutamine, NaHCO3 and pyridoxine HCl) supplemented with
10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (Pen/Strep) while
maintained at 37°C and 5% CO2 in a humidified incubator. For the pancreatic cancer cell
lines, the DMEM and the FBS were purchased from Sigma, while the Pen/Strep was
purchased from Invitrogen. The non-cancerous pancreatic cell line, HPNE, was cultured in
vitro using Medium D that contained one volume of medium M3, three volumes of glucose-
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free DMEM (with L-glutamine, phenol red, and pyridoxine HCl from Invitrogen), 5% FBS,
5.5 mM glucose, 10 ng/ml EGF (Invitrogen), and 50 μg/ml gentamycin (Sigma). Medium
M3 is a proprietary formulation optimized for the growth of neuroendocrine cells (InCell
Corp., San Antonio, TX, USA). For cell viability studies, cells were seeded in a 96 well
plate (each well had 5,000 cells per 100 μl of media). The cells were allowed to attach and
grow in the 96 well plate for 48 hr, after which the cell media was removed and replaced
with 100 μl suspensions of a-EGFR- and PEG-conjugated Ag nanoplates at various
concentrations representing 1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml, 0.0625 mg/ml
and 0 mg/ml of silver (at least 5 wells were seeded with each concentration). Note that the
highest silver concentration at 1 mg/ml represented ~1.2×1012 nanoplates per ml, while the
lowest silver concentration at 0.0625 mg/ml represented ~7.3×1010 nanoplates per ml. After
24 hr of incubation, the media was removed and replaced with fresh media containing no
nanoplates. The absorbance of each well in the plate was measured at 490 nm using a
Synergy HT Multimode Microplate Reader from BioTek. To perform the assay, 20 μl of a
tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) and an electron coupling reagent (phenazine
methosulfate) PMS from the CellTiter 96® AQueous Non-Radioactive Cell Proliferation
Assay (a Promega product) was added to each well. Over a period of 1 hr in the incubator,
the MTS was bioreduced by cells into a formazan product that had an absorbance peak at
490 nm. Dehydrogenase enzymes found in metabolically active cells were responsible for
the conversion of MTS into the soluble formazan product. Therefore, the absorbance of each
well at 490 nm was directly proportional to the number of viable cells. The absorbance of
each well at 490 nm taken before adding MTS was subtracted from the after MTS
incubation value. Cell viability was determined by comparing the resulting absorbance of
wells containing no nanoplates to wells containing nanoplates using an F test for a one-way
ANOVA.

Animal models

Xenograft tumors were grown orthotopically in Nu/Nu mice to test the in vivo targeting and
imaging capabilities of the a-EGFR conjugated nanoplates (the nanoplates were also
passivated with mPEG-SH as described above). Specifically, after administering anesthesia
to the mouse (avertin), surgery was performed to expose the pancreas and inject 50 μl
containing 200,000 L3.6pl cells suspended in sterile DPBS. After approximately two weeks
of growth, the tumor was mature and the combined USPA imaging experiment was
conducted with the mouse situated on a heated electrocardiogram pad where temperature
and heart rate could be monitored while the animal was under anesthesia (isoflurane). After
collecting US and PA data on the tumor area in what we term “before” images, the mouse
was injected (via the tail vein) with ~1012 a-EGFR conjugated, PEG passivated Ag
nanoplates in 200 μl of PBS (LSPR peak of 800 nm). US and PA data was then collected
every hour for the first 6 hr after injection. All procedures were conducted in accordance
with the protocols approved by the Institutional Animal Care and Use Committee at The
University of Texas at Austin.

Combined ultrasound and photoacoustic (USPA) imaging system

To perform in vivo imaging experiments, a custom designed combined USPA imaging
system was used as previously described.6, 65–67 The setup for the combined USPA imaging
system consisted of pulsed light in the range of wavelengths between 740 nm and 940 nm
generated by an optical parametric oscillator (OPO) Spectraphysics laser system operating at
10 Hz with a 5–7 ns pulse duration. The pulsed light illuminated the side of the mouse,
encompassing the tumor region, at fluences ranging from 10 mJ/cm2 to 15 mJ/cm2. An array
transducer (9 MHz center frequency, 14 mm wide, 128 element linear array) collected the
ultrasound data from above. To collect radiofrequency (RF) data, the transducer was
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interfaced with a Cortex ultrasound imaging engine (Winprobe Corp) capable of RF data
acquisition for spatially co-registered US and PA RF signals. To form images, the RF data
was beamformed using a delay-and-sum approach. The PA spectrum measured at each pixel
was compared to known endogenous absorption spectra in the literature68 and the extinction
spectrum of Ag nanoplates. Each component was classified using a least squared errors
estimation method67, 69 to form a spectroscopic PA image. The US images (displayed using
dB scale) and fluence-compensated spectroscopic PA images (displayed using linear scale)
were plotted. Three-dimensional renderings were obtained by stacking 21 two-dimensional
slices spaced 400 μm apart.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Silver nanoplates directly after step-wise growth adding edge length from B1 to B4 (a–d)
with their corresponding extinction spectra (e) and color change in solution (f). Scale bars
are 100 nm.
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Figure 2.
Demonstration of the biostability of PEGylated Ag nanoplates suspended in saline solution
over a period of 62 days.
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Figure 3.
Darkfield microscopy of pancreatic cancer cells after incubation with no nanoplates (a),
PEGylated nanoplates (b), and a-EGFR conjugated nanoplates (c). All scale bars are 20 μm.
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Figure 4.
Results of the MTS assay for cell viability on three cell lines after incubation for 24 hr with
a-EGFR conjugated Ag nanoplates at various concentrations.
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Figure 5.
2-D cross sections of an orthotopic pancreatic tumor in a nude mouse model. US image (a)
shows the anatomical features, while the USPA image (b) shows molecular accumulation of
a-EGFR conjugated nanoplates (yellow), oxygenated blood (red), and deoxygenated blood
(blue). Image dimensions are 14.5 mm by 11.8 mm.
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Figure 6.
Reconstructed 3-D USPA image of an orthotopic pancreatic tumor in a mouse model. The
PA visualization of accumulated a-EGFR-conjugated nanoplates (yellow), oxygenated blood
(red), and deoxygenated blood (blue) is shown overlaid on the US image of the mouse
anatomy. Image dimensions are 8 mm by 17.5 mm by 11.8 mm.
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Figure 7.
Histological cross-section of the orthotopic pancreatic tumor imaged using USPA imaging.
The section is stained with nuclear fast red (pink areas) and silver stain (dark areas in the
slice that indicate the presence of Ag nanoplates). The distribution of the nanoplates is
heterogeneous and correlates with the distribution of nanoplates displayed in USPA
imaging.
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Table 1

Size chart of Ag nanoplate edge length and thickness for each growth step along with the LSPR peak for each
batch.

Nanoplate Edge Length (nm) Nanoplate Thickness (nm) LSPR peak (nm)

B1 25.3 ± 5.5 10.4 ± 1.6 550

B2 60.9 ± 10.1 12.5 ± 1.9 720

B3 128.0 ± 25.9 18.0 ± 2.7 900

B4 218.6 ± 35.6 25.6 ± 6.6 1080

ACS Nano. Author manuscript; available in PMC 2013 August 20.


