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Abstract

Here we present a new optical contrast agent, based on silver nanoplate clusters embedded inside a
polymer nano matrix. Unlike nanosphere clusters, which have been well studied, nanoplate
clusters have unique properties due to the different possible orientations of interaction between the
individual plates, resulting in a significant broadening of the absorption spectra. These
nanoclusters were immobilized inside a polymer cladding, so as to maintain their stability and
optical properties under in vivo conditions. The polymer coated silver nanoplate clusters show a
lower toxicity, compared to the uncoated nanoparticles. At high nanoparticle concentrations, cell
death occurs mostly due to apoptosis. These nanoparticles were used for targeted fluorescence
imaging in a rat glioma cell line by incorporating a fluorescent dye into the matrix, followed by
conjugation of a tumor targeting F3 peptide. We further used these nanoparticles as photoacoustic
contrast agents in vivo, to enhance the contrast of the vasculature structures in a rat ear model. We
observed a contrast enhancement of over 90%, following nanoparticle injection. It is also shown
that these NP’s can serve as efficient contrast agents, with specific targeting abilities, for
broadband multimodal imaging, usable for diagnostic applications and extendable into use as
therapeutic agents as well.
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INTRODUCTION

Noble Metal nano-clusters (NC’s) have attracted great interest due to their unique optical
properties, which arise due surface plasmon resonance (SPR)12:3. The phenomenon of SPR
arises from oscillations of surface electrons when irradiated with an appropriate wavelength
of light?. In addition to their unique optical properties, the point of contact between the
metal nanoparticles is generally characterized by a high electric field, due to the near field
coupling of surface plasmons, which has been exploited for enhancing fluorescence and
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Raman signals by several orders of magnitude®6.7:8, Other applications of the noble metal
NC’s include photoacoustic imaging, photoluminescence, photochemistry of molecules, and
improving the reaction kinetics®10:11,

Metal nano-clusters may involve ensembles of noble metal nanoparticles of various shapes
and sizes, such as gold or silver spheres, rods and pyramids23. It is usually difficult to
perform controlled aggregation so as to achieve the specifically desired optical properties;
however an even greater challenge is maintaining the stability and optical properties of these
aggregates under biological conditions. The latter is particularly difficult to achieve and has
limited the translation of these NC’s towards applications in vivo and in cells. The NC’s tend
to aggregate under in vivo conditions, or in the presence of ions and proteins, leading to
reduced stability and to an instantaneous change in their optical properties. In addition to the
issue of stability, other drawbacks include induced cytotoxicity and an inability to achieve
selectivity towards any specific cell line of interest.

Here we present a method for stabilizing clusters of silver nanoplates, towards in vivo
applications, by encapsulating them in a polyacrylamide matrix. Recently, clusters of gold
nanospheres, embedded in silica or polystyrene nanoparticles, were utilized for dual mode
tumor imaging, and for plasmonic applications, respectively3:14, We chose silver
nanoplates as they have recently gained considerable attention as optical contrast agents, due
to their unique optical properties that can be tuned by controlling the aspect ratio of the
particlesl® They have been used for photoacoustic imaging, plasmon resonance chemical
sensing, as well as for enhancing fluorescence and Raman signals16:17.18.19 However, most
of these utilities have been limited to in vitro applications. Only a few reports exist on the
application of silver nanoplates for in vivo applications. Embedding the NC’s inside a
polymer matrix provides excellent stability and preserves their optical properties, facilitating
their use in vivo, e.g. for test animals. Some of the advantages that the polyacrylamide
matrix confers to the nanoclusters and its contents are:

1. Protecting the metal surface and thus preventing changes in optical properties
caused by adsorbed molecules or proteins, which might modify the SPR properties
of the metal in vivo.

2. Maintaining the structural stability of these NC’s under biological conditions.

3. Enabling delivery of multiple agents to the same location without the need to
modify the metal’s surface.

4. Enabling specific targeting towards any particular cell line of interest.

5. Having the ability to prevent the NC’s from acting as catalytic agents in the body,
by preventing them from interacting with proteins and molecules; this potentially
reduces their toxicity.

In addition to the above advantages, coating silver nanoplates with silica, an inorganic
polymer, has been shown to prevent chemical etching by chloride ions abundantly present in
biological systems20. Recently it was also demonstrated that polymer coating of gold
nanoplates improves their photothermal stability when exposed to a pulsed or continuous
wave laser; this is an extremely desirable property for optical contrast agentsL.
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The composite NP’s presented here were prepared by first stabilizing the NC’s in aqueous
phase droplets containing monomers, followed by polymerization of the monomer. These
NP’s show good optical stability over time, as monitored over a week. In addition to
nanoplate clusters, this method can also be used to incorporate silver nanosphere clusters or
even single silver nanoplates into the PAA matrix. We also present a detailed toxicity study
involving the effects of these NP’s on the 9L cancer cell line; the study includes looking into
cell death mechanisms and comparing the toxicity of these NP’s with that of uncoated silver
nanoplates. These polymer coated NP’s were further conjugated with tumor targeting F3
peptides, so as to specifically target the NC’s to tumor cells. The feasibility of using these
NP’s for targeted fluorescence imaging was demonstrated by adding a fluorescent dye,
Rhodamine 6G, into the matrix and imaging a rat glioma cell line. The presence of the metal
core helps retain the fluorescent dye inside the matrix. These NP’s were further utilized for
in vivo photoacoustic microscopy as a method of improving optical contrast. We observe
better than 90% enhancement in optical contrast from blood vessels in a rat ear. Our results
show that this contrast agent can also be easily tailored for in vivo optical imaging
applications, and thus opens the possibility of exploiting various optical enhancement
mechanisms in vivo. In addition, these NP scan be used for X-Ray/CT imaging, as well as
for therapeutic applications, such as photothermal therapy.

MATERIALS AND METHODS

Materials

Acrylamide, methylene-bis-acrylamide (MBA), dioctylsulfouccinate (AOT), Brij 30,
hexane, ammonium persulfate (APS), N,N,N’,N’-tetramethylethylenediamine (TEMED),
bovine serum albumin (BSA) (30% w/v) and L-cysteine were all acquired from Sigma-
Aldrich (St. Louis, MO). 3-(aminopropyl)methacrylamide hydrochloride salt (APMA) was
obtained from Polysciences Inc. (Warrington, PA). Ethanol (95%) was acquired from Decon
labs, Inc (King of Prussia, PA). The silver nanoplates were obtained from Nanocomposix
Inc. (San Diego, CA). All solutions were prepared in 18-MQ water purified in a Barnstead 1
ThermolyneNanopure 11 system. All the chemicals and materials were used as received.

Preparation of the nanoparticles

The nanoparticles were prepared using a micro-emulsion and radical polymerization
technique?2 23, This involves creation of aqueous phase droplets, containing monomers
crosslinker and silver cluster, stabilized by surfactants in an oily (Hexane) solution. The
aqueous phase contained monomers—acrylamide(8.6 mmol), APMA (0.25mmol), MBA(1.2
mmol)and silver nanoplate cluster. The clustering of the silver nanoplates can be induced in
different ways such as exposure to light, repeated freeze thaw cycle or chemically. In this
case the clustering of the plates was induced by adding MBA to the nanoplates followed by
sonication at 40°C. This solution was then added to a 36 ml hexane solution containing 6.85
mmol Brij-30 and 2.88 mm dioctyl-sulfosuccinate. The two solutions were emulsified by
stirring them for 20 min under an inert (Ar) atmosphere. The reaction was initiated by using
0.54 mmol TEMED and 28 umol APS, freshly prepared 10% (Weight/\VVolume) in water.
The solution was further stirred for two hours, under an inert atmosphere so as to complete
the polymerization. Hexane was removed by rotary evaporation, using a Rotavapor-R
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(Brinkmann Instruments), and then suspended in ethanol. The surfactants and excess dye
were removed by washing the particles six times in ethanol and water, respectively, in an
Amicon ultra-filtration cell (Millipore Corp., Bedford, MA), using a 300 kDa filter, and then
freeze-dried with a 5L ModulyoD freeze dryer (ThermoFisher Scientific).

The Rhodamine containing nanoparticles were prepared by post-loading the Rhodamine-6G
dye into blank polyacrylamide nanoparticles, containing the silver core as described
before24. The nanoparticles are then washed thoroughly in water a few times, to get rid of
any extra dye, and then freeze dried.

The F3 peptide conjugation was performed by first attaching heterobifunctional PEG
crosslinkers (2 kDa) to the NP’s surfaces and then coupling the F3 peptides to the terminal
ends of the PEG crosslinkers, using a published protocol2°.

The particles were diluted in water at a concentration of 1 mg/ml, and the particle size
distribution in aqueous solution was measured by dynamic light scattering (DLS), using a
Beckman-Coulter Delsa Nano C submicron size analyzer.

ICP spectroscopy

TEM

The amount of silver encapsulated was determined by Inductively Coupled Plasma (ICP)-
Optical Emission Spectroscopy, using a Perkin-Elmer Optima 2000 DV machine. The
nanoparticle sample concentration was 2 mg/ml in water.

Transmission Electron Microscopy (TEM) was performed by using 0.01 mg/ml nanoparticle
solutions and the negative staining of the polyacrylamide was done with Uranyl Acetate.
The TEM was performed using a Philips CM-100 TEM microscope.

Fluorescence microscopy

The fluorescence images of the cells loaded with nanoparticles were taken using the Leica
confocal microscope (SP-5X), located at the Microscopy image analysis Lab of the
University of Michigan. The images were acquired using a 40X or 60X oil immersion
objective in the confocal mode. Photo multiplier tubes (PMT) were used to collect the
fluorescence in both cases.

Cell Culture Procedure

All cell viability assays were implemented with 9L cells, a rat brain gliosarcoma cell line, in
vitro. The cells were kept in an incubator at 37°C with 5% CO2. The cells were cultured
using Roswell Park Memorial Institute 1640 media (RPMI 1640-11875), augmented with
10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic (anti-anti). The RPMI 1640
media, FBS, and the anti-anti were all purchased from Gibco®,Life Technologies.
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The 9L cells were plated in a 96-well plate, with each well containing 2500 cells in 200 pL
of RPMI media. The cells were incubated with the nanoparticles for 24 or 48 hours.

After the incubation period, the media was removed and replaced with 120 uL of fresh
RPMI media, containing tetrazolium salt. Each of the wells received 100 pug of the
tetrazolium salt [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] (MTT).
The cells were incubated for four hours, during which the MTT was reduced by the
mitochondrial dehydrogenases, present in the live cells, into a formazan product with a
maximum optical absorption at 550 nm. After four hours of incubation, the colorless RPMI
media was removed and 100 uL of dimethyl sulfoxide (DMSO) was added to the wells, for
solubilizing the formazan product. The absorption of the resulting solution was measured at
550 nm, with a Microplate Reader (Anthos 2010, Biochrom). The cell viability was
calculated by comparing the relative absorption of the nanoparticle-incubated cells with
control cells into which no nanoparticles were added.

Monitoring Oxidative Stress

To measure the oxidative stress in cells, the molecule dichlorodihydrofluoresceindiacetate
(DCFH-DA) was used. DCFH-DA is oxidized into the fluorescent
dichlorofluoresceinediacetate (DCF-DA), in the presence of reactive oxygen species, which
allows for a quantitative measurement of ROS.

Cells were plated in 3.5 cm diameter glass bottom microwell dishes (2mL of cell suspension
solution per dish) and incubated with the NP’s (Omg/mL, 2mg/mL, 4mg/mL) for 24 hours.
Following the NP incubation, the cells were incubated with DCF-DA solution (9.2uM) for
30 min, before then in fresh media. The dye solution was prepared by first dissolving the
dye in ethanol and then in RPMI media. The fluorescence response of the DCF-DA in cells
was monitored using a confocal microscope with an excitation wavelength of 496 nm and an
emission wavelength range of 510-550nm.

Apoptosis and Necrosis

An AnnexinV-FITC/PI Assay was used to assess the mechanism of cell death. Cells were
plated in an 8 well chamber with 300 pL of cell suspension (10,000 cells per well) in RPMI
1640 media. The cells were incubated with the NP (4mg/mL) for 24 or 48 hours. Following
the NP incubation, the NP containing media was removed and replaced with media solution
containing AnnexinVV-FITC and PI. The solution was prepared with a concentration of 15
UM of PI and with 120 uL of FITC conjugated AnnexinV, solubilized in 800pL of
Dulbecco’s Modified Eagle Medium (DMEM). The media was supplemented with 10%
FBS and 1% anti-anti.

The fluorescence response of the AnnexinV-FITC was monitored using a confocal
microscope with an excitation wavelength of 488 nm and an emission wavelength range of
500-550 nm. The fluorescence response of the Pl was measured with an excitation
wavelength of 535 nm and an emission wavelength range of 615-630 nm.
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Photoacoustic imaging in vivo

The in vivo imaging of the vasculature in the ear of Sprague-Dawley rats was performed,
using a photoacoustic microscope as described before26: 27, An Nd:YAG laser
(Spot-10-200-532, Elforlight Ltd, UK) working at a 532 nm wavelength has a pulse duration
of 2 ns and a repetition rate (PRR) of 1 KHz. The laser light was spatially filtered by an iris
and then expanded into a parallel beam, which was rastered over the tissue object by 2D
Galvanometers. The intensity and the stability of the laser beam was monitored and
calibrated by a photodiode (DET10A, Thorlabs, NJ). An achromatic lens with a focal length
of 50 mm was used as the objective lens. Photoacoustic signals were detected by a
commercial calibrated needle hydrophone (HNC-1500, Onda, CA) with a10 dB bandwidth,
of 300 kHz-20 MHz. The detected photoacoustic signals, amplified by a low noise amplifier
(AH 2010, Onda, CA), were digitized by an A/D card (Razor CS14X2, GaGe, IL) for
reconstructing the image. The spatial resolution of this system was measured by imaging an
USAF resolution template (T-20-P-TM, Applied Image Inc, NY). Determined by the optical
focusing, the lateral resolution was 5um. Limited by the central frequency and bandwidth of
the hydrophone, the axial resolution of this system was 105 um. Before experiments, the
hairs on the right ear of a Sprague Dawley rat (Charles River Labs, body weight; 200g) were
gently removed, using a commercial human hair-removing lotion. During experiments, the
animal was placed on a homemade animal holder, and a mixture of 1% isoflurane, with
medical grade oxygen, was ventilated to the animal, through a commercial anesthesia
system (SURGIVET ISOTEC 4, Smiths Medical, WI) at a flow rate of 1 I/min, to keep the
animal motionless. The nanoparticle dose was varied between 100-120 mg/kg of rat weight.
The nanoparticles were injected into the vein and the imaging performed 10 minutes after
injection. The animal experiment has been approved by the UCUCA of the University of
Michigan.

RESULTS and DISCUSSION

Preparation and characterization of the nanoparticles

The composite NP’s were prepared using the technique of reverse micelle polymerization, as
shown in Figure 1. Using this method we were able to encapsulate clusters of silver
nanoplates, as shown in the TEM figure 2a. We observe that the nanoplates aggregate both
laterally and axially. We used nanoplates that were mainly 30-50nm in size and the peak
absorption wavelength is between 550 and 600 nm, as shown in figure S1. Following
clustering, the peak wavelength shifted to 510nm and we also observe a significant
broadening of the absorption spectra. The spectral width of the NP’s is more than twice that
of free nanoplates of similar dimensions. An absorption spectrum of the NP’s is shown in
Fig 2b. The spectral broadening at lower wavelengths (blue shift) is a result of the plates
stacking up on top of each other, axially, effectively decreasing the aspect ratio. The
broadening towards higher wavelengths (red shift) can be attributed to the lateral interaction
of the nanoplates, which effectively increases the aspect ratio. This may account for the
second peak observed at 740nm, in the absorption spectrum, with about 17% of the
maximum’s intensity. A comparison between the absorption spectra of the NP’s, individual
nanoplates and nanospheres, and the enhancement ratio in the visible region of the spectrum,
is shown in Fig S1. Compared to the nanoplates the pure silver nanospheres have an
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absorption maximum at 420 nm. The spectral properties can be tailored for a particular
application by controlled aggregation?3. In this study our aim was to demonstrate translation
of such NC’s towards applications to cells and animal models, so we have not attempted to
perform controlled aggregation of the silver nanoparticles. Although challenging, such
controlled aggregation has been achieved using methods such as viral scaffolds, polymer/
protein as crosslinkers,etc28:6:3,

The stability of the nanoparticles was tested, over a week, under biological conditions, as
shown in Figure 2c. We observe only a 20% reduction in absorbance, in the optical
spectrum. It has been previously shown that these types of PAA based nanoparticles
accumulate inside the tumor within a few hours and can be retained for several days. Using
this type of nanocluster contrast agent, which retains its optical properties for over a week,
will enable continuous monitoring of biological activity over long periods of time.

Toxicity from silver nanoparticles is generally attributed to two mechanisms: Ag* ion
shedding and/or toxicity solely attributed to the nanoparticles themselves2®. In solutions,
silver ions are continuously released from the nanoparticles and taken up by cells. These can
interact with the proteins containing thiol groups in the mitochondria, which would inhibit
respiratory function30:31 and create oxidative stress, by generating reactive oxygen species
(ROS). The increase of ROS has been reported to regulate cell death32. Similarly, silver
nanoparticles have been shown to damage the structure of cell membranes and of the
mitochondria, by mechanically disrupting membrane proteins and catalyzing oxidation-
reduction reactions on such proteins293L, In addition, silver ions and nanoparticles have both
been shown to react with DNA and RNA, binding to sulfur and phosphorus-containing
groups, causing cell death30:33,

It has been shown that the shape of the nanoparticle impacts its biological properties3L: 34,
and that silver nanoplates in particular are more toxic than nanoparticles with other shapes,
such as nanospheres and nanowires34. The cytotoxicity from our NP’s was evaluated using
an MTT assay and is shown in Fig 3.

We do not observe any significant cytotoxicity from the NP’s, up to a concentration of
almost 2mg/mL, which is a significantly high local concentration. However, at higher
concentrations, of 4mg/mL, considerable cytotoxicity was observed, for the 24 and 48-hour
incubation periods. For both the uncoated silver nanoplate and NP cases, there was a slight
increase in toxicity when going from the 24-hour incubation to the 48-hour incubation data.
Overall, at lower NP concentration, slightly lower cytotoxicity was observed, in comparison
to the uncoated silver nanoplates (Suppl. Section). The cytotoxicity of the nanoplates has
been attributed primarily to their physical properties, particularly the crystalline structure of
the nanoplates, in addition to Ag™ ion shedding31:34. The crystalline structure of silver
nanoplates, unlike that of nanospheres or nanowires, contains packing structures and defects
that lead to a higher surface reactivity31:34. The higher electrocatalytic activity caused by
these defects34 can result in an increased tendency for the silver nanoparticles to bind to
membrane and mitochondrial proteins, creating ROS, and thereby leading to cell death. The
polyacrylamide coating has the potential to reduce this reactivity, by acting as a barrier
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between the silver nanoplates and the cells, leading to a reduction in toxicity. This may be
the reason for the somewhat lower cytotoxicity of the NP.

Next we monitored the onset of oxidative stress by looking at the dose dependence of the
production of ROS in the cells, as shown in Fig 4. We observe a similar fluorescence signal
for the 2mg/mL concentration and the control, indicating the absence of significant ROS
production or oxidative stress. However, the fluorescence for the 4mg/ml concentration is
more than twice that of the control, indicating a high level of ROS production and a
significant oxidative stress in cells. Reactive oxygen species are produced when silver
nanoplates and silver ions interact with mitochondrial enzymes that are involved in cellular
respiration. Silver nanoplates and silver ions interact with the electron transport chain
(ETC), during the oxidative phosphorylation stage of cellular respiration, facilitating the
escape of electrons that are part of this chain, which then interact with oxygen to form
ROS20. We observe an onset of oxidative stress after 24 hours, for the 4mg/ml
concentration.

We also tested the cell death mechanism (apoptosis vs. necrosis) using the AnnexinV-
FITC/PI assay. Apoptosis is programmed cell death, and does not lead to uncontrolled
inflammation, while necrosis, i.e., cell death due to external factors, leads to an uncontrolled
inflammatory response34. Uncontrolled inflammatory response generally causes additional
problems; thus determining the cell death mechanism is vital for understanding the potential
toxic effects of silver nanoplates in vivo. Figure 5 shows the percentage of cells undergoing
apoptosis and necrosis, after 24 and 48 hours, when incubated with a 4 mg/ml NP
concentration. We used the concentration of 4 mg/ml, since we observed cytotoxicity and
oxidative stress at this concentration, based on the previous MTT assay and the ROS data.
While both the 24 and 48-hour incubation samples contained a majority of apoptotic cells,
the 24-hour sample contained 10% necrotic cells while the 48-hour sample contained 27%
necrotic cells, almost three times the percentage of the 24-hour sample, as well as fewer
apoptotic cells. This difference suggests that cells may initially undergo apoptosis and then
turn necrotic, due to ongoing exposure to the NP. This may be because low levels of ROS
trigger regulated cellular death while high levels can cause sudden disruption32. This
increased accumulation time may damage the cell’s ability to self-destruct in a controlled
fashion, leading to necrosis rather than apoptosis. Thus cells that may initially start off as
apoptotic may become necrotic after repeated ROS exposure32. However, we note that under
in vivo conditions such cells are most likely to be taken up by macrophages, within 2-4
hours; well before they turn necrotic3®.

Fluorescence imaging

Targeted fluorescence imaging was performed on rat glioma cells by incorporating a
fluorescent dye, Rhodamine 6G (Rh-6G), into the matrix. Rh-6G is highly soluble in both
water and alcohol and thus has a tendency to leach out of the matrix during the NP washing
steps. However, due to the presence of the silver NC’s, the dye can be easily retained inside
the matrix, making it feasible to perform fluorescence imaging in cells as well as in vivo. A
fluorescence image of the 9L cells containing the nanoparticles is shown in Fig 6.
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The presence of the metal cluster core can enhance the fluorescence of free dye molecules
due to the presence of surface plasmon resonance. However, this involves a delicate balance
that is dependent on the molecule’s distance from the metal surface, as well as on the
molecular orientation36:37:38_ |f the dye molecules are within 0-5nm of the metal surface,
their fluorescence can get quenched, due to non-radiative energy transfer from the
fluorophore to the metal, which is dissipated as heat36. For separations larger than 5nm, the
fluorescence has been shown to increase, either due to an enhancement of the incident light
field, especially around the edges of the nanoparticles, or due to an increase in the radiative
decay rate3: 38 j.e., the fluorescence quantum efficiency.

We have previously demonstrated the enhancement of two-photon fluorescence from a pH
sensitive dye, 8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS), encapsulated inside a
polyacrylamide nanoparticle containing a single silver nanosphere core24. The fluorescence
intensity was enhanced up to 20 times, which was attributed to a combination of resonance
energy transfer and the second harmonic generation by the silver core?4, Recently, gold
nanosphere clusters with a silica coating were shown to enhance the single photon
fluorescence of porphyrine molecules!4. Previously core shell nanoparticles with a single
metal nanoparticle core have been used to enhance the single-photon fluorescence signal of
Rhodamine 800 dye39 as well as the second harmonic signals?®.However, here we do not
observe any fluorescence enhancement from Rh-6G when incorporated inside the matrix. In
fact, we observe a slight reduction in the fluorescence signal. This quenching can be
attributed to the adsorption of the dye onto the metal surface (which on the other hand helps
retain the dye inside the polymer matrix). Nonetheless, this nanoparticle design can enable
simultaneous multimodal imaging contrast enhancement, such as fluorescence,
photoacoustics (see below) and CT4. Additionally, the polymer matrix prevents the dye
from interacting with plasma proteins, enzymes or macromolecules, thereby preserving its
optical properties in vivo?2.

Specific targeting is achieved by modifying the surface of the polymer matrix and attaching
the F3 peptide. The F3 peptide is a 31-amino acid fragment of the human high-mobility
group-2 protein, and is used for specifically targeting tumor and tumor endothelial cells,
which over-express the nucleolin receptor#!. This ability to specifically target the 9L glioma
cells, both in vivo and in vitro, has been previously investigated2>: 42 43. 23 The ability of
the F3 peptide to selectively deliver the PAA nanoparticles to the nucleolin over-expressing
tumor and tumor endothelial cells is shown in Figure S4. We observe a difference of about
300% between the accumulations of F3 targeted PAA NP and the non-targeted NP in the
nucleolin overexpressing 9L cells. To ascertain that this is due to the over-expression of the
nucleolin on the cell surface, we compare the results with the MCF7 cell line, which does
not have significant over-expression of nucleolin on the cell surface. We observe
significantly lower uptake for both the targeted and non targeted NP’s in the MCF7 cells.
Additionally, no difference between the uptake levels for the two types of NP is observed.

Photoacoustic Imaging

These nanoparticles can also act as good contrast agents for photoacoustic imaging, due to
the high optical absorption coefficient of the metal clusters, and their practically zero
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fluorescence quantum yield. The feasibility of these NP’s for photoacoustic imaging was
demonstrated by monitoring the optical contrast from blood vessels, with and without the
nanoparticles. The nanoparticles were PEGylated for prolonging the circulation time in the
blood stream. Previously it has been shown that the PEGylated polyacrylamide-based
nanoparticles have a long plasma circulation time, of days (t1/2=43 hours). A detailed study
of the pharmacokinetics and bio-distribution of the PAA NP’s has been presented
previously*4.

Figure 7 shows photoacoustic microscopic images of the vasculature in a rat ear, before and
after injecting the contrast agent. The NP’s were injected into the caudal vein of the rat. We
observe a 93% enhancement of contrast, at 10 minutes following NP injection. This looks
quite promising, since blood by itself has a significantly high photoacoustic signal when
irradiated at 532nm. Thus these nanoparticles have the potential to significantly improve the
photoacoustic contrast, from any type of background tissue. For the present in vivo studies
we used non-targeted NP’s.

However the F3-targted NP’s presented in the previous section, can specifically target
nucleolin, which is overexpressed on the surfaces of certain tumor endothelial cells and thus
can act as efficient markers for angiogenesis, as well as demarcate the tumor boundaries.
Our previous in vivo experiments with F3 targeted PAA NPs, containing Coomassie Blue
dye and iron oxide, have been used for delineating brain tumors visually*®, using
photoacoustics?® and MRI42 respectively.

CONCLUSION

We presented the application and some practical advantages of using nanoclusters of silver
nanoplates that are encapsulated in a polymeric matrix. The polymer matrix was utilised to
increase the optical stability of the clusters, which would enhance their application as
multimodal imaging contrast agents. Significant improvements were found for both
fluorescence and photoacoustic imaging. The encapsulating matrix also reduced the
cytotoxicity of the silver. Only at high concentrations were substantial ROS levels produced.
While the main mechanism of cell death was found to be apoptosis, as the concentration and
time of nanocluster incubation increased, so did the percentage of necrotic cells. These
polymer encapsulated NC’s have been modified for specific targeting, towards the 9L rat
glioma cell line, by conjugating the F3 targeting peptide to the NP surface. The polymer-
embedded nano-clusters also have the potential for use in X-Ray/CT Imaging applications,
as a tool for early disease diagnostics, as well as for therapeutic applications, such as
photothermal and photodynamic therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of composite nanoparticle synthesis
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(a) TEM image of the composite nanoparticles. (Scale 25 nm) (b) Absorbance spectra of the

nanoparticles. (¢) Changes in absorption (at 500nm), monitored over 7 days.
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9L cell Cytotoxicity of the polymer coated silver nanoparticles. The silver concentration is
shown in brackets.

Nanotechnology. Author manuscript; available in PMC 2015 November 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Ray et al.

25

1.5

Intensity of DCF-DA

1
05 e e
0
0 2

Ag-PAA Concentration {mg/mlL)

Fig 4.
Oxidative stress in 9L cells vs. concentration of NP’s.
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Fig 5.
Cell death mechanism with incubation by silver nanoplates after 24 and 48 hours.
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Fig 6.
Fluorescence image of the 9L rat glioma cells containing the Rh-6G embedded nanoparticles
(Scale 20um).
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Fig 7.
Photoacoustic image (700umx700um) of the vasculature in a rat ear, before (left) and after
(right) the injection of the nanoparticle contrast agent.

Nanotechnology. Author manuscript; available in PMC 2015 November 07.



