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Abstract. Due to their optical absorption properties, metallic nano-
particles are excellent photoacoustic imaging contrast agents. A silver
nanosystem is presented here as a potential contrast agent for photoa-
coustic imaging and image-guided therapy. Currently, the nanosystem
consists of a porous silver layer deposited on the surface of spherical
silica cores ranging in diameter from 180 to 520 nm. The porous na-
ture of the silver layer will allow for release of drugs or other thera-
peutic agents encapsulated in the core in future applications. In their
current PEGylated form, the silver nanosystem is shown to be non-
toxic in vitro at concentrations of silver up to 2 mg/ml. Furthermore,
the near-infrared absorbance properties of the nanosystem are dem-
onstrated by measuring strong, concentration-dependent photoacous-
tic signal from the silver nanosystem embedded in an ex vivo tissue
sample. Our study suggests that silver nanosystems can be used as
multifunctional agents capable of augmenting image-guided therapy
techniques. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction

esearch on the design and delivery of nanoparticles for use
n biomedical applications has increased exponentially in re-
ent years.1,2 As custom-designed nanoparticles are built for
iomedical diagnostic and/or therapeutic purposes, research-
rs must invariably answer two fundamental questions: 1.
ere the nanoparticles delivered to the diseased tissue, and 2.
id the nanoparticles perform their intended function �i.e.,
rug delivery or imaging contrast, etc.� at that diseased site.
e present a custom-designed nanosystem combined with a

hotoacoustic imaging modality that can potentially answer
hese two vital questions.

Photoacoustic imaging is a promising technology because
t combines the benefits of optical imaging methods with the
linically available and cost-effective ultrasound imaging mo-
ality. The photoacoustic technique takes advantage of the
rincipal of sound generation based on light absorption first
ntroduced by Bell.3 Put simply, photoacoustic imaging works
y shining pulsed light onto tissue labeled with optical ab-
orbers �i.e., nanoparticles, dyes, etc.�. The subsequent light
bsorption generates small thermoelastic expansion events
urrounding the nanoparticles or native tissue constituents that
bsorb light strongly. These events produce pressure waves
hat can be detected by an ultrasound transducer and thus used
o spatially resolve the location of nanoparticles. In addition,
he same transducer can also obtain pulse-echo ultrasound im-

ddress all correspondence to: Stanislav Emelianov, The University of Texas at
ustin, Biomedical Engineering Department, 1 University Station C0800, Aus-

in, Texas 78712. Tel: 512-471-1733; Fax: 512-471-0616; E-mail:
melian@mail.utexas.edu
ournal of Biomedical Optics 021316-
ages. Therefore, the presence of nanoparticles inside tissue
can be coregistered with the general anatomical images pro-
vided by ultrasound.4,5

Photoacoustic imaging was introduced for use in biomedi-
cal applications by Oraevsky,6–9 and Kruger et al.,10–12 and
then further developed by Ku et al.,13 Wang et al.,14 and oth-
ers. Now, photoacoustic imaging applications range from mi-
croscopy to whole organ imaging.15 Furthermore, photoacous-
tic imaging is often combined with ultrasound imaging due to
the natural coregistration of the ultrasound and photoacoustic
imaging planes.5,16–18 Both imaging systems are complimen-
tary and capable of providing spatially and temporally coreg-
istered images of tissue morphology, composition, and
function.17–19

Photoacoustic contrast agent development has also grown
with the adoption of the photoacoustic imaging technique
over the last decade. The surge of research in the fields of
nanoscience and nanotechnology has yielded inorganic nano-
particles of various shapes and forms, including shells, rods,
and crescents, with tunable absorption properties.20–24 These
nanosystems absorb light strongly in the near-infrared �NIR�
spectrum, where absorption from native tissue is minimized.25

They are ideally suited as photoacoustic contrast agents, since
the absorption cross section of myriad nanostructures can be
multiples to orders of magnitude higher than the surrounding
native tissue at NIR wavelengths. Reviews of the basic theory
and principles of using nanotechnology in conjunction with
photoacoustics are available.26,27

1083-3668/2010/15�2�/021316/9/$25.00 © 2010 SPIE
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Most often, nanoparticles for photoacoustic imaging con-
rast are administered intravenously. They accumulate at a dis-
ased site via both “passive” and “active” mechanisms. In the
ase of using photoacoustic imaging to highlight cancerous
issue, passive accumulation of nanoparticles in a solid tumor
ccurs due to the enhanced permeability and retention �EPR�
ffect, where the nanoparticles get essentially trapped in the
eaky and disorganized nature of the tumor vasculature and
ventually extravasate through endothelial junctions into the
ancerous tissue.28,29 Active targeting is achieved by co-
alently attaching antibodies or other signaling molecules to
he nanoparticles.29–31 In this case, in addition to the passive
PR effect, the nanoparticles accumulate in diseased tissue
ue to the specific affinity of the antibody for its antigen: an
p-regulated cell-surface receptor on the diseased cells. Nano-
articles accumulated directly at the site of disease can pro-
ide the necessary photoacoustic contrast with healthy tissue
hat is critical for disease detection and diagnosis.

Photoacoustic contrast agents are naturally multifunc-
ional, since low NIR pulsed light can be used for detection
nd diagnosis, while continuous wave light delivery modes
an be used to create photothermal tissue damage from nano-
article heating.32,33 We propose that these nanosystems can
e functionalized further to expand their therapeutic capabil-
ty beyond photothermal mechanisms. For instance, core-shell
anoparticles34 with tunable optical absorption properties are
urrently in clinical trials for photothermal therapy. These
anoshells possess an inert silica core. A new multifunctional
anoplatform technology �Fig. 1� could result from replacing
hat inert silica with a core capable of carrying drugs or other
ontrast agents, and reshaping the traditionally confluent me-
allic outer shell with a porous outer layer that will allow for
iffusion of encapsulated agents out of the core. The platform
ould have a stealthing moiety such as poly�ethylene glycol�,
r targeting moieties such as antibodies attached to the periph-
ry of the particle for enhanced functionality. This nanoplat-
orm could have enhanced sensitivity to multimodal imaging
r treatment strategies.

The benefits of such a nanoplatform could be profound,
ut first a detailed analysis of the optical properties of a po-
ous layer versus the traditional confluent noble metal shell
ust be performed. In this work, a porous silver coating was

ig. 1 Multifunctional nanosystem platform capable of providing im-
ging contrast, drug delivery, and image-guided therapy.
ournal of Biomedical Optics 021316-
reduced onto a silica core, and the feasibility of using this
nanosystem as a photoacoustic imaging contrast agent was
evaluated. Furthermore, the biocompatibility of the silver
nanosystem was explored by performing cytotoxicity tests in
vitro.

2 Methods and Materials
2.1 Coating Silica with a Porous Silver Layer
Various sizes of the silver nanosystem were produced by re-
ducing silver onto silica spheres ranging in diameter from
180 to 520 nm. The procedures for coating the smallest
�180 nm� and largest �520 nm� spheres are presented along
with generalized rules for scaling the synthesis to any size in
between. The silica amine �-NH2 surface groups� was pur-
chased from two vendors: Corpuscular, Incorporated �Cold
Springs, New York� or Bangs Laboratories, Incorporated
�Fishers, Indiana�. A modified stoichiometrically controlled
method35 was used to reduce silver onto silica in a porous
fashion. The silica spheres �20 �l of 2.5 wt % 180-nm
spheres or 1.5 mg of the 520-nm spheres� were suspended via
sonication in polypropylene vials containing 30 ml of deion-
ized ultrafiltered �18.2 m �-cm� �DIUF� water �in all diam-
eters of silica attempted, the total surface area of all spheres in
solution was kept constant at 6.5�10−3 m2�. The 180-nm
spheres were placed in a 15 °C water bath, while the 520-nm
spheres were placed in a 11 °C bath, and both batches were
stirred continuously at 500 rpm �the temperature was varied
according to the diameter: 15 °C for spheres roughly in the
hundreds of nanometers, 14 °C for spheres in the two hun-
dreds of nanometers, and so on�. Silver was added to the
stirring spheres in the form of 0.4 ml for the 180-nm spheres
and 0.8 ml for the 520-nm spheres of 0.15-M silver nitrate.
Note that the amount �mmol� of silver to add based on silica
diameter, assuming a constant surface area of 6.5�10−3 m2,
can be calculated as:

y = 0.000176x + 0.02824, �1�

where y is the mmol of silver to add and x is the diameter of
silica in nanometers. Lastly, 50 �l of 36% glucose and 50 �l
of 3% NH4OH solutions were added. Visible color changes
from yellow to orange-brown, and finally gray-black were
evident between 2 and 13 min after adding NH4OH. The pH
of the solutions initially rose to 9 on addition of the NH4OH,
but then fell to 7 when the silver reduction was complete. To
suppress aggregation, 200 �l of 50 mM poly�ethylene gly-
col� �mPEG-SH of 5000 g /mol from Laysan Bio �Arab, Ala-
bama�� was added. The nanosystem was collected and cleaned
three times using DIUF water and a 100-kDa Millipore �Bil-
lerica, Massachusetts� centrifugal filter spun at 1500 g for
4 min. For storage, the nanosystem can be suspended in
DIUF water and stored in a plastic vial in the dark for several
weeks.

The silver nanosystem was analyzed using a LEO 1530
scanning electron microscope. The ultraviolet to visible �UV-
vis� extinction spectrum of the as-prepared nanosystem sus-
pended in DIUF water was captured using a Shimadzu
�Kyoto, Japan� UV-1201 spectrophotometer �the spectra ob-
tained represent either �2.0�109 180-nm core particles per
ml or �2.6�108 520-nm core particles per ml�.
March/April 2010 � Vol. 15�2�2
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.2 Photoacoustic and Ultrasound Imaging of the
Silver Nanosystem

o test the feasibility of using the silver nanosystem as a
ontrast agent for combined photoacoustic and ultrasound
PAUS� imaging, a custom-made imaging system was em-
loyed �Fig. 2�. This system inherently contained two parts: a
ulsed laser system with light delivery assembly interfaced
ith an ultrasound array-based transducer operated by an ul-

rasound system capable of capturing radio frequency �rf� sig-
als. Pulsed light was generated by an optical parametric os-
illator �OPO�, tunable within a 680 to 950 nm range. For all
tudies, a wavelength of 800 nm with 5-ns laser pulse dura-
ion at a 10-Hz pulse repetition rate was used. The maximum
aser energy per pulse was 15 mJ /cm2, which is well below
he maximum permissible exposure standard set by the
merican National Standards Institute.36 From the OPO sys-

em, light was directed into a fiber optic bundle containing
8 individual fibers. These fibers surrounded the ultrasound
ransducer �7.5-MHz center frequency, 14 mm wide,
28 element linear array�, and allowed light irradiation and
ound delivery to overlap within the imaging plane. The ul-
rasound transducer was interfaced with a Cortex ultrasound
maging engine �Winprobe Corporation, North Palm Beach,
lorida� capable of rf data acquisition. The pulsed laser sys-

em, integrated imaging probe, and ultrasound system with rf
ignal acquisition together made up the PAUS system that
ould capture spatially coregistered photoacoustic and ultra-
ound rf signals needed to form both photoacoustic and ultra-
ound images.

To evaluate the nanosystem as a contrast agent for photoa-
oustic imaging, the PAUS system was employed to image
he nanoparticles directly injected into an ex vivo canine pan-
reas. Specifically, the pancreas was set in a gelatin mold
only for structural stability and ease of imaging�. The
80-nm silica core, silver-coated particles �50 �l of
09 particles /ml suspended in a warm 8% gelatin solution�
ere injected via needle into the chilled pancreas, approxi-
ately 8 to 10 mm below the pancreas surface. The solution
ith nanoparticles quickly gelled inside the organ, mimicking

ccumulation of the nanosystem in a small tumor. Spatially
oregistered photoacoustic and ultrasound rf signals were cap-
ured using the PAUS system. All rf data were then beam-
ormed and the images were plotted using conventional loga-
ithmic �ultrasound� and linear �photoacoustic� scales.

ig. 2 Schematic of the combined photoacoustic and ultrasound
PAUS� imaging system incorporating the array-based ultrasound
ransducer integrated with the fiber optical light delivery system.
ournal of Biomedical Optics 021316-
2.3 Preparing Samples of Set Concentrations of the
Nanosystem for Imaging Studies

Samples of the nanosystem were created by incorporating the
180-nm silica core, silver-coated particles in poly�vinyl alco-
hol� �PVA� at concentrations of 2�107, 2�108, and
2�109 particles per ml. Specifically, under continuous stir-
ring, 8 wt % PVA �165 sf from Celvol �Celanese Corporation,
Dallas, Texas�� was dissolved in water at 70 °C containing a
colloidal suspension of nanoparticles. After 15 min, the solu-
tion was pulled into a 1-cc syringe. The syringes were put
through four freeze-thaw cycles where the syringes were held
at −20 °C for 12 h, followed by room temperature for 12 h.
During these cycles, the PVA formed physical cross-links with
itself, and at the conclusion of the four cycles, firm
5-mm-diam cylindrical samples of suspended nanoparticles
were removed from the syringes. Setting the nanoparticles in
these PVA samples provided a physical construct that held the
various concentrations of nanoparticles in place for imaging.

2.4 Cytotoxicity Testing of the Nanosystem
The breast cancer cell line MDA-MB-231 and the pancreatic
cancer cell line MPanc96 were both incubated with nanopar-
ticles and tested for cell viability. Both cell lines were cul-
tured in vitro using Dulbecco’s Modified Eagle Medium �with
4500-mg glucose/L, L-glutamine, NaHCO3, and pyridoxine
HCl� supplemented with 10% fetal bovine serum, and 1%
HEPES buffer and maintained at 37 °C and 5% CO2 in a
humidified incubator. All cell culture products were purchased
from Sigma �Saint Louis, Missouri�. For cell viability studies,
cells were seeded in a 96-well plate �each well had 5000 cells
per 100 �l of media�. The cells were allowed to attach and
grow in the 96-well plate for 24 h, after which the cell media
was removed and replaced with suspensions of PEGylated,
silver-coated 180-nm silica spheres at various concentrations
representing 2, 1, 0.5, 0.25, 0.125, and 0 mg /ml of silver in
media �at least five wells were seeded with each concentra-
tion�. Note that the highest silver concentration at 2 mg /ml
represented �2�1010 particles per ml, while the lowest sil-
ver concentration at 0.125 mg /ml represented �1�109 par-
ticles per ml. After 24 h of incubation, the media containing
the silver nanosystem was removed and replaced with fresh
media containing no nanoparticles. The absorbance of each
well in the plate was measured at 490 nm using a Synergy HT
Multimode Microplate Reader from BioTek �Winooski, Ver-
mont�. Then, 20 �l of a tetrazolium compound �3-�4,5-di-
methylthiazol-2-yl�-5-�3-carboxymethoxyphenyl�-2-�4-sulfo-
phenyl�-2H-tetrazolium �MTS� and an electron coupling re-
agent �phenazine methosulfate� PMS from the CellTiter 96®

AQueous Non-Radioactive Cell Proliferation Assay �a Promega
product, Madison, Wisconsin� was added to each well. Over a
period of 1.5 h 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 ac-
tive 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. Values for the absorbance of each well at 490 nm
taken before adding MTS were subtracted from the after MTS
incubation values. Cell viability was determined by compar-
ing the resulting absorbance of wells containing no nanopar-
March/April 2010 � Vol. 15�2�3
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icles to wells containing nanoparticles using an F test for a
ne-way analysis of variance �ANOVA�.

Results and Discussion
.1 Silver Nanosystem
orous silver coatings built around sizes of silica cores rang-

ng in diameter from 180 to 520 nm were produced. A scan-
ing electron micrograph of a typical batch of 180-nm par-
icles and its corresponding UV-vis spectrum are shown in
igs. 3�a� and 3�b�. The extinction spectrum is broad and
xtends into the near-infrared wavelength region; this ultimate
roadening is comparable to results from other researchers
ho created similar coatings with different methods.37,38 To

chieve this broad extinction, sufficient silver coverage of the
ilica core is required. Indeed, when only half of the recom-
ended moles of silver were reacted with 180-nm silica

ig. 3 �a� Scanning electron micrograph �SEM� of the silver nanosystem
V-vis spectrograph; �c� a batch of sparsely coated 180-nm nanoparti

ilica core batch, and �f� corresponding UV-vis spectrograph. All scal
ournal of Biomedical Optics 021316-
cores, this resulted in insufficient coating of the particles, as
shown in Fig. 3�c�. The corresponding extinction spectrum for
these sparsely coated particles is similar to solid silver spheres
in solution, as shown in Fig. 3�d�. These results suggest that
the rough, porous coatings of silver over silica must reach a
minimal confluency on the surface of silica for plasmonic
effects to be observed in near-infrared �NIR� wavelengths of
light. Previous research has suggested that particles on the
surface must be no more than three radii away from each
other for nanoparticle plasmonic coupling to happen, shifting
extinction to the NIR spectrum.39–41

Silica core sizes up to 520 nm were coated with silver as
shown in Fig. 3�e�. Interestingly, the corresponding extinction
spectrum �Fig. 3�f�� was similar to that of the coated 180-nm
particles �Fig. 3�b��, despite the large difference in silica core
size. Research from the Hirsch group has shown that by

silica core diameter of 180 nm, and �b� corresponding coated 180-nm
d �d� corresponding UV-vis spectrograph; �e� a silver-coated 520-nm

are 200 nm.
with
cles, an
e bars
March/April 2010 � Vol. 15�2�4
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hanging the thickness of a confluent layer of metal over a
ilica core, the absorption peak of the resulting nanoparticles
an be tuned.42 Since we created a rough layer of silver over
ilica, it follows that our nanosystem consists of particles with
arying silver coating thickness. Therefore, the nanosystem is
ade up of nanoparticles, each of which is resonating at a

lightly different wavelength. At a macroscopic level, this re-
ults in the ultimate broadening on the extinction spectra,
ince the spectra represents the contribution from all these
oughly coated nanoparticles. Adding to this resonance effect
s the action of single silver spheres in close proximity. On the
urface of many particles, the coating is semiconfluent, but on
thers there is evidence of single silver spheres all attached to
he silica and packed closely together. As mentioned previ-
usly, plasmon coupling effects take place when metal nano-
articles are within several radii of each other.39–41

The silver nanosystems described here are large with core
iameters ranging from 180 to 520 nm; Mie theory calcula-
ions show that the extinction spectra for traditional core-
hell, silica-silver particles are dominated by scattering. In
act, Jain et al.21 described that for core-shell particles of this
ize, the scattering cross section divided by the absorption
ross section is expected to be much greater than 6. However,
he principal requirement for an excellent photoacoustic con-
rast agent is high optical absorption, which is represented by
he absorption coefficient �a. The absorption coefficient is
efined as

�a = N · �abs, �2�

here N is the number concentration of particles and �abs is
he absorption cross section of one particle. Furthermore,

abs=Qabs ·�g, where Qabs is the absorption efficiency and �g
s the geometric cross section of one particle. The Qabs for a
0-nm gold sphere is 2 at 532 nm,43 and Qabs for a silica-
ilver core shell structure �180-nm core, 60-nm shell� at
00 nm �as calculated from publicly available Mie-coated
oftware developed by Matzler at the University of Bern44� is
2 orders of magnitude lower at 0.018. The geometric cross

ection, however, of the silver nanosystem is almost 2 orders
f magnitude greater than the gold spheres. Therefore, as it
ollows from Eq. �2�, for the same concentration of the two
anosystems, the absorption coefficient �a is on the same
rder of magnitude. This simple comparison elucidates why
arger nanosystems can enhance photoacoustic imaging con-
rast to the same degree as smaller nanosystems that inher-
ntly possess higher absorption efficiencies. Therefore, when
omparing nanosystems for enhancement of photoacoustic
ontrast, a critical parameter to consider is the absorption
ross section �abs. It is important to note that these Mie theory
alculations are limited to core-shell particles and do not ad-
quately describe the rough coatings purposefully built here,
ut these sample calculations were provided to convey the
ignificance of the �abs parameter in the design of photoa-
oustic contrast agents.

.2 Imaging of the Silver Nanosystem in Ex Vivo
Pancreatic Tissue

ne of the advantages of photoacoustic imaging is its ability
o detect nanoparticles deep in tissue. This capability was
ested by performing PAUS imaging ex vivo on a canine pan-
ournal of Biomedical Optics 021316-
creas after injecting 50 �l of 180-nm silica core, silver-
coated particles at a concentration of 109 particles /ml. The
ultrasound image �Fig. 4�a�� defines the pancreas area, the
photoacoustic image �Fig. 4�b�� shows the signal received pri-
marily from the nanosystem interrogated by the pulse of scat-
tered laser light, and the combined image �Fig. 4�c�� clearly
depicts the location of the nanosystem against the background
ultrasonic image of the organ. This series of images demon-
strates the ability of combined PAUS imaging to locate accu-
mulated nanoparticles inside tissue and spatially register their
location relative to the anatomical structures of the back-
ground tissue. In this case, strong photoacoustic signal from
nanoparticles located 1 cm deep in tissue was detected. By
translating the PAUS imaging probe across the tissue surface,
a 3-D rendering of the entire nanoparticle injection region in
the tissue could be generated �Fig. 5 and Video 1�. Thus, if the
silver nanosystem were injected in the bloodstream systemati-
cally and accumulated in a cancerous mass, then combined
PAUS imaging could be used to locate the nanoparticles in-
side tissue, helping clinicians to better define and characterize
diseased areas.

Fig. 4 �a� Ultrasound, �b� photoacoustic, and �c� combined images of
nanoparticles injected directly into an ex vivo canine pancreas. All
images were acquired from the same position as determined by the
location of the ultrasound transducer. The images are 20 mm deep �y
axis� and 10.5 mm wide �x axis�.

Fig. 5 Several views of a 3-D rendering of PAUS imaging from the
silver nanosystem injected directly into an ex vivo canine pancreas.
All images are 20�10.5�12 mm. For clarity, ultrasound signal from
gelatin above the tissue was suppressed in these images.
March/April 2010 � Vol. 15�2�5
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.3 Imaging the Nanosystem Samples of Set
Concentrations

n addition to the imaging performed on the pancreas, some
undamental properties of the photoacoustic signal from these
anoparticles were analyzed using samples of silver-coated
ilica suspended in poly�vinyl alcohol� �PVA�. Before describ-
ng the results of these studies in detail, the following rela-
ionships are provided for completeness. First, the photoa-
oustic pressure �P� generated from an absorbing source
mmediately following a laser pulse can be defined as
ollows,45

P �
�v2

Cp
�aF , �3�

here � is the thermal expansion coefficient, � is the acoustic
elocity in the medium, �a is the absorption coefficient �as
efined in Eq. �2��, F is the fluence of light reaching the
bsorber, and Cp is the specific heat at constant pressure. Note
hat absorption from native tissue and/or PVA was assumed to
e constant in our calculations, so changes in �a should solely
eflect changes in nanoparticle concentration. Given these re-
ationships and minimal temperature increases during PAUS
maging,32,33,46 a plot of P /F versus N should be linear. To
est this hypothesis, PVA samples with different concentra-
ions of nanoparticles were imaged and analyzed.

The PVA samples, set in a gelatin mold for structural sta-
ility during photoacoustic imaging trials, were imaged using
he PAUS imaging setup similar to that shown in Fig. 2, ex-
ept that samples were irradiated using a diffuse air beam
utputted directly from the OPO �i.e., no optical fibers were
sed�. Furthermore, the air beam and ultrasound imaging
lane were perpendicular to each other, not coaxial as shown
n Fig. 2. Specifically, an 800-nm, 4 mJ per pulse laser beam,
iffused over an �1-cm2 spot size, was directed at the circu-
ar end of the cylindrical nanoparticle samples. The 7.5-MHz,
28-element linear array transducer was set to image a
raverse plane about �2.5 mm away from the circular end of

ideo 1 A movie of the 3-D rendering of PAUS imaging from the
ilver nanosystem injected directly into an ex vivo canine pancreas.
he image covers a 20�10.5�12-mm volume. For clarity, ultra-
ound signal from gelatin above the tissue was suppressed �Quick-
ime, 1.97 MB�. �URL: http://dx.doi.org/10.1117/1.3365937.1�.
ournal of Biomedical Optics 021316-
the cylindrical samples. Such an imaging setup was needed to
ensure homogeneous irradiation of the samples with known
laser fluence �4 mJ /cm2�, thus allowing the analysis of the
photoacoustic pressure dependence on the concentration of
nanoparticles.

Photoacoustic imaging of the samples resulted in a visible
increase in signal as the concentration of nanoparticles in-
creased, as shown in Fig. 6. To measure the changes in pho-
toacoustic pressure quantitatively, areas inside the white cir-
cular regions of interest labeled in the inset images on Fig. 6
were set into grids of 60�50 pixels, inside which a box of
30�30 pixels was defined. The mean photoacoustic signal
value of the 30�30 pixel area was calculated for 21 different
positions inside the 60�50 grid. The average of those differ-
ent means was taken as the relative photoacoustic pressure for
each sample. The relative fluence-compensated pressure val-
ues �per Eq. �3�� versus concentration for each sample was
linear �R2=0.999�. This result confirms the fundamental rela-
tionship that for a reasonable range of concentration of ab-
sorbers �nanoparticles�, the photoacoustic signal from the
nanosystem increases linearly with the concentration of nano-
particles.

Imaging the silver nanosystem with set concentrations of
particles not only allowed for testing this linear relationship,
but also allowed for testing the sensitivity of our photoacous-
tic imaging system. Sensitivity was accessed by comparing
our lowest concentration sample at 2�107 particles per ml to
our control containing no particles. Using a balanced one-way
ANOVA test, the means of the signals gathered per the 21 box
positions were compared between the control sample �no par-
ticles� and the lowest concentration sample tested �2�107

particles per ml�. With a p value �0.000001, the means of
the two signal sets were statistically significantly different.
Therefore, our photoacoustic imaging system is sensitive to
concentrations at least as low as 2�107 particles per ml. This
detection limit is more than 1 order of magnitude lower than
that reported for gold nanorods �7.5�108 nanorods per ml as
reported by Eghtedari et al.47�. However, a direct comparison
of these two sensitivity figures is not fully meaningful, since
the experimental conditions �i.e., the medium and distance
traveled by light� were different in the two experimental set-

Fig. 6 Plot of fluence-normalized photoacoustic signal versus nano-
particle concentration for the four samples shown in the inset. Inset:
photoacoustic images of gelatin phantom with PVA samples contain-
ing 0, 2�107, 2�108, and 2�109 particles per ml from left to
right, where the white circle outlines the boundaries of the samples as
determined by ultrasound imaging. All inset images are
12.5�10.5 mm.
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ps. Nonetheless, the comparison does indicate that our silver
anosystem was able to enhance photoacoustic signal at low
oncentrations similar to a well-known standard such as gold
anorods.

In future in vivo experiments, the linear relationship be-
ween photoacoustic pressure and concentration of nanopar-
icles can be used to quantify the accumulation of the nano-
articles inside the tissue. If these nanoparticles were carrying
rugs or other molecules of interest, performing photoacoustic
maging over time could provide noninvasive, quantifiable,
mage-guided monitoring of delivery and therapy.

.4 Cytotoxicity Tests Using the Silver Nanosystem
here is much debate in the literature over the toxicity of
ilver.48 Its use in burn wound treatment and as an antimicro-
ial in general are well known and characterized, but ques-
ions over toxicity still remain.49–51 Due to these debates, it
as critical for cytotoxicity tests to be performed using our
roposed silver nanosystem. According to testing on two dif-
erent cell lines �MDA-MB-231 and MPanc96�, concentra-
ions of silver in the silver-coated silica particles up to

mg /ml ��2�1010 particles per ml in media� were not ex-
ibiting toxic effects. As shown in Fig. 7, cells exposed to no
anoparticles and cells exposed to concentrations of up to
-mg /ml silver content showed no statistically significant
ariation in cell viability. The ANOVA tests on these popula-
ions showed p-values of 0.6 and 0.4 with the MDA-MB-231
nd MPanc96 cells lines, respectively. These p-values suggest
hat there is no reason to reject the null hypothesis that the

eans of the populations �absorbance values� tested were dif-
erent. Thus, the cell viability of all the wells is the same, and
he silver nanosystem did not exhibit cytotoxic effects, even at
oncentrations as high as 2-mg /ml content of silver.

To our knowledge, this work represents the first demon-
tration of photoacoustic imaging using a contrast agent in-
orporating silver in biological tissue. Silver was chosen over
ts well-characterized partner, gold, for several reasons. Silver
s known to have better light absorption properties than gold,
o use of silver as a photoacoustic contrast agent should pro-

ig. 7 Cell viability data after 24-h exposure to the silver nanosystem
t different concentrations in �a� MDA-MB-231 cells and �b� MPanc96
ells.
ournal of Biomedical Optics 021316-
vide a stronger photoacoustic signal. For instance, a silver
nanoshell will have �10% stronger and sharper plasmon
resonance when compared with a gold nanoshell of the same
size.52 Secondly, gold is known to be biocompatible, but it
does not degrade in biological tissue, and removing it from
that body can be a concern. Silver, on the other hand, is
known to be biocompatible under certain concentrations,48,53

has well-characterized antimicrobial properties,50 and will
likely degrade in the body. Further biodistribution and bio-
compatibility studies should be performed to evaluate the use
of nanosilver in the body,54 but this work clearly demonstrates
its potential as a photoacoustic contrast agent.

The developed silver nanosystem also has potential in
image-guided therapy approaches. Once a diseased tissue or
tumor is identified with traditional imaging techniques and the
need for therapy is established, the delivery of these nanopar-
ticles to the diseased site of interest could be image-guided to
assist different therapy approaches. For example, photoacous-
tic imaging could be used to detect the presence and concen-
tration of the particles in the tumor while they are simulta-
neously used for photothermal therapy. Furthermore, different
types of therapy can be employed. Indeed, the particles could
be used for guidance and monitoring of cavitation therapy,
where nanoparticles are used to create nanobubbles. These
bubbles can act alone or they can be further exploited in ul-
trasound therapy. Moreover, when the particles contain che-
motherapeutic drugs in their core,55 then drug release could be
controlled or monitored using this nanosystem augmented by
PAUS imaging. By tailoring the silver coating and the prop-
erties of the polymeric core used to make the nanosystem,
light may be used to induce a shape change in the structure of
the nanosystem. This shape change should cause extensive
release of the drug only where light interrogates the tissue
with accumulated nanoparticles. Thus, this multifunctional
nanoplatform technology can serve simultaneously as an im-
aging contrast agent and therapeutic delivery and release de-
vice, enhancing our capabilities to effectively treat patients.

4 Conclusions
Rough silver coatings around silica nanospheres can be built,
and their optical extinction at near-infrared wavelengths is
high and broad. The broadness of the spectrum allows for a
multitude of near-infrared wavelengths to be used in photoa-
coustic imaging of these agents. Using 800-nm light, the sil-
ver nanosystem was detected at least 1 cm deep in ex vivo
pancreatic tissue using combined photoacoustic and ultra-
sound imaging. Furthermore, the photoacoustic signal from
the nanosystem was found to increase linearly with nanopar-
ticle concentration, as the theory suggests. Therefore, in future
designs where drugs or other therapeutic molecules are encap-
sulated in the silica or polymeric core, this new nanoplatform
could provide image-guided therapy monitoring, opening up a
host of applications where imaging and therapy are performed
simultaneously.
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