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Abstract
Gold nanoparticles targeting epidermal growth factor receptor via antibody conjugation undergo
molecular specific aggregation when they bind to receptors on cell surfaces, leading to a red shift in
their plasmon resonance frequency. Capitalizing on this effect, we demonstrate the efficacy of the
molecular specific photoacoustic imaging technique using subcutaneous tumor-mimicking gelatin
implants in ex-vivo mouse tissue. The results of our study suggest that highly selective and sensitive
detection of cancer cells is possible using multiwavelength photoacoustic imaging and molecular
specific gold nanoparticles.

The developments in the fields of nanotechnology and molecular biology provide a promising
platform for detection of cancer at an asymptomatic stage. Bioconjugated nano contrast agents
together with imaging techniques can satisfy the compelling need to reliably detect, diagnose
and characterize cancer at an early stage.1–7 Recently, gold nanoparticles (Au NPs) have gained
popularity as nano-sized contrast agents2,6,8–14 for their well-developed bioconjugation
protocols,11,15–17 biocompatibility18,19 and ease of tuning the optical properties.20–22

Immunotargeted gold nanoparticles have been used to enhance contrast in optical imaging
techniques.6,9,13,14 However, the penetration depth achievable with high resolution optical
imaging techniques is limited to a few millimeters. Optical techniques utilizing incoherent light
extend the penetration depth to several centimeters while spatial resolution is severely
sacrificed. Therefore, an in vivo imaging technique that is sensitive in detecting Au NPs and
capable of imaging deep lying structures is desired. Photoacoustic imaging23–25 is a technique
that can provide penetration depth on the order of centimeters if near-infrared (NIR) laser light
is used. In the photoacoustic phenomenon,26 electromagnetic energy in the form of light is
absorbed and subsequently an acoustic wave is emitted. Using a wideband ultrasound detector
the acoustic waves can be detected and spatially resolved to provide an image of the optical
absorption properties of the internal tissue structure.23–25

Gold nanoparticles have been used as contrast agents in photoacoustic imaging because of their
unique optical absorption properties.8,10,27–31 Using three-dimensional (3D) tissue models,
we previously demonstrated that highly selective detection of cancer could be achieved using
molecular targeted gold nanoparticles and combined photoacoustic and ultrasound imaging.
8,32 In particular, the contrast in the photoacoustic images was attributed to the epidermal
growth factor receptor (EGFR)33,34 mediated assembly of gold nanoparticles in cancerous cells
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leading to plasmon resonance coupling between adjacent gold particles and a red-shift in their
absorbance spectra6,8,9,14 while the nontargeted or isolated gold nanoparticles have absorbance
peak at around 520 nm.8,35,36

In this paper, we demonstrate the efficacy of multiwavelength photoacoustic imaging in
detecting and differentiating cancer cells labeled with anti-EGFR gold nanoparticles from the
endogenous chromophores using ex-vivo mouse model of cancer. Four subcutaneous gelatin
implants were embedded inside the abdominal region of the ex-vivo mouse tissue. The gelatin
implants contained (1) human epithelial carcinoma cells (A431 keratinocyte) labeled with anti-
EGFR gold nanoparticles (specifically targeted Au NPs), (2) A431 cells mixed with methoxy-
PEG-thiol (mPEG-SH) coated gold nanoparticles (nontargeted Au NPs), (3) untreated A431
cells (control) and (4) NIR absorbing dye (pseudo control for multiwavelength photoacoustic
image analysis). Furthermore, we also demonstrated the sensitivity of the molecular specific
photoacoustic imaging using 3D tissue models.

The gold nanoparticles used for the gel implants were prepared using citrate reduction of
tetrachloroauric (III) acid (HAuCl4) under reflux. The process resulted in 50 nm diameter
spherical gold particles. The protocol for antibody conjugation to gold nanoparticles has been
described elsewhere.17 Briefly, the carbohydrate moiety on the Fc region of the Ab was
oxidized to an aldehyde by addition of 100 mM NaIO4 to a 1 mg/mL Ab solution in HEPES
(1:10 by volume). The Ab was then allowed to react with a hydrazide PEG dithiol
heterobifunctional linker (Sensopath Technologies, Inc.), where the hydrazide portion of the
linker formed a covalent bond with the aldehyde portion of the Ab, yielding an exposed dithiol
moiety that could react strongly with the gold nanoparticles. The Ab-linker was centrifuged in
a 100 kD MWCO filter (Amicon) to remove an excess of linker molecules and was resuspended
in 40 mM HEPES at pH 8 (5 μg/mL). Then, the Ab-linker was mixed with gold nanoparticles
(12 mL, 4 × 1010 particles/mL) at a 1:1 volume ratio and the mixture was allowed to react on
a shaker for 30 min at room temperature. Any remaining bare gold surfaces were capped with
mPEG-SH (10−5 M, 5 kD, Creative PEGWorks) and the particles were washed via
centrifugation at 1500 g in the presence of PEG (15 kD, Sigma). The nontargeted gold
nanoparticles were prepared by reacting gold nanoparticles (12 mL, 4 × 1010 particles/mL)
with mPEG-SH (1.2 mL, 10−5 M). The resulting PEGylated particles were also washed in the
presence of PEG via centrifugation at 1500 g. The targeted and nontargeted gold nanoparticles
were sterile filtered (0.2 μm pore size, Corning) before being mixed with cells.

The targeted, nontargeted, and untreated samples contained 4.4 × 106 cells/mL each. After
centrifugation, targeted gold nanoparticles were resuspended in 12 mL of phenol-free DMEM
(Invitrogen) at a concentration of 4 × 1010 particles/mL. They were incubated with cells for
30 min at room temperature on a shaker. The cells and particles were then centrifuged at 110
g for 3 min and unbound particles in the supernatant were discarded. Cell samples containing
either PEGylated gold nanoparticles mixed with cells or cells alone were prepared in phenol-
free DMEM.

The specifically targeted, nontargeted, and control cells were resuspended in 500 μL of gelatin
(Sigma) solution (10% by weight). In addition, 20 μM NIR dye (ADS 740WS, American Dye
Source) solution was also prepared with gelatin (10% by weight). To achieve ultrasonic
scattering, 0.4% (by weight) 15 μm diameter silica particles (Sigma) were added to the dye
solution. The dye was used as a pseudo control for multiwavelength photoacoustic image
analysis. The four gelatin suspensions were maintained at about 37 °C. Approximately 400
μL of each gelatin solution was used for subcutaneous injections and the remaining 100 μL of
gelatin solutions were used to measure optical spectra (Figure 1) with a spectrophotometer
(BioTek Synergy HT microtiter plate reader). The extinction spectra of A431 cells labeled with
anti-EGFR Au NPs and A431 cells mixed with mPEG-SH coated Au NPs were normalized
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with respect to the extinction spectrum of untreated A431 cells (control). As expected, the cells
specifically targeted with gold nanoparticles (solid red line) have the peak red-shifted and
broadened due to EGFR-mediated aggregation of gold nanoparticles,6,8,9,14 while the
nontargeted gold nanoparticles have an absorbance peak near 520 nm (dotted green line). The
pseudo control ADS 740WS dye solution has an absorbance peak at 740 nm (dashed blue line)
in agreement with the manufacturer specifications.

A mouse euthanized for other research purposes was obtained from the Animal Resource
Center at the University of Texas at Austin. A commercially available depilatory solution was
used to remove hair from the abdominal region of the mouse. The gelatin suspensions were
injected under the skin of the mouse to mimic subcutaneous tumors. A 27-gauge needle syringe
was used for the subcutaneous implantation of 400 μL of gelatin suspensions. The colder
environment of the mouse carcass facilitated the hardening of the gelatin under the skin. In
Figure 2, the gelatin implants containing the cells with targeted Au NPs and the A431 cells
mixed with mPEG-SH coated Au NPs are shown in the red and green insets respectively. The
two control gelatin implants containing untreated A431 cells and ADS740WS dye are shown
in the white and blue insets respectively. The tumor mimicking gelatin implants in the mouse
ex-vivo tissue were approximately 6–8 mm in diameter.

The photoacoustic and ultrasound images from the same cross section of the abdomen region
of the mouse were obtained using the experimental setup shown in Figure 3. The imaging
system consists of a microprocessor unit with a custom built LabVIEW application that controls
the ultrasound pulser/receiver, pulsed laser, data acquisition unit, and all motion axes needed
for 3D mechanical scanning.25,37 A 25 MHz single element focused (focal depth = 25.4 mm,
f# = 4) ultrasound transducer was used to obtain both ultrasound and photoacoustic images.
Either a Q-switched Nd:YAG laser (5 ns pulses, 20 Hz pulse repetition frequency) or a tunable
OPO laser system (7 ns pulses, 10 Hz pulse repetition frequency) were used to generate
photoacoustic transients. The laser irradiation was delivered via optical fiber bundle consisting
of 600 μm diameter fibers. On the proximal end of the bundle, seven fibers arranged in a circular
configuration were coupled to a laser beam using appropriate focusing optics. On the distal
end, the fibers were attached to the transducer such that the foci of the ultrasound transducer
and the optical fiber bundle spatially coincide. This integrated probe consisting of the
ultrasound transducer and the optical fiber bundle was attached to the motion axis to facilitate
the scanning of the ex-vivo mouse tissue. The 2D photoacoustic and ultrasound images were
obtained by mechanically scanning over the desired region with 100 μm lateral steps to satisfy
Nyquist sampling criterion. At each step, the pulsed laser light irradiated the tissue and the
trigger signal from the laser source initiated the data acquisition performed by an 8-bit, 500
MS/s digitizer. The same trigger signal, delayed by several microseconds, was sent to the
pulser/receiver to initiate the pulse-echo ultrasound imaging. Therefore, a captured A-line
contained spatially coregistered photoacoustic signal and the conventional ultrasound radio
frequency (RF) data separated by the user defined delay.25,37 The combined ultrasound and
photoacoustic imaging was repeated for multiple laser wavelengths (532 nm, 680–860 nm in
steps of 20 nm) at the same imaging cross-section of the ex-vivo mouse tissue.

During the offline processing, the photoacoustic and ultrasound signals were extracted from
the A-line records obtained at each lateral step of the mechanical scan. A digital bandpass (5–
45 MHz) filter was applied to these raw RF signals to reduce noise. The ultrasound and
photoacoustic analytic signals were obtained by applying the Hilbert transform on the filtered
RF data. The absolute values of the photoacoustic analytic signals obtained at various
wavelengths were normalized to compensate for the wavelength dependent laser fluence
output. Further, the photoacoustic signals were also corrected for the depth dependent
attenuation of laser fluence using exponential compensation curves. The compensation curves
were calculated using Monte Carlo (MC) simulations38 for various laser illumination
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wavelengths. Since the gelatin implants were subcutaneous, a simple two layer model with
skin and scattering medium was considered for MC simulations as shown in Figure 4a. The
thickness of the skin layer, measured from the ultrasound image of the ex-vivo mouse tissue,
was about 0.8 mm. The thickness of the second layer used in the MC simulation was 20 mm.
The optical properties (absorption and scattering coefficients, anisotropy and index of
refraction) of skin39–41 and the cell suspension medium42 were obtained from literature. The
depth-resolved fluence obtained from the MC simulations for different wavelength
illuminations is shown in Figure 4b. The graphs in Figure 4b clearly indicate the wavelength-
dependent change in fluence with depth. The optical absorption coefficient for the second layer
was considered to be wavelength independent to enable relative comparison of the fluence
compensated photoacoustic signals and the optical absorption properties of the subcutaneous
gelatin implants from spectrophotometer. Finally, the compensated photoacoustic data was
spatially interpolated and displayed using the same dynamic range.

The ultrasound and photoacoustic images obtained at multiple wavelengths (532, 680, 740,
800, and 860 nm) are presented in Figure 5. The ultrasound image clearly shows the mouse
skin as the hyperechoic region and the subcutaneous gelatin implants as the hypoechoic regions.
The regions of gelatin implant with EGFR targeted Au NPs, PEGylated Au NPs, control A431
cells, and the ADS 740WS dye are encircled in red, green, white, and blue insets, respectively.
As expected, the gelatin implant with control A431 cells (white inset) does not produce any
photoacoustic signal while the cells mixed with PEGylated Au NPs (green inset) produce
photoacoustic signal only at 532 nm laser irradiation. The intensity of the photoacoustic
transients produced by the cells labeled with EGFR targeted Au NPs (red inset) decreases as
a function of wavelength in congruence with the optical absorption properties of these cells
shown in Figure 1. The photoacoustic image at 740 nm (Figure 5d) clearly has greater
photoacoustic signal intensity in the region of the gelatin implant with dye. Indeed, the
ADS740WS dye used as a pseudo control has an absorption peak at 740 nm. Therefore, the
multiwavelength photoacoustic images qualitatively indicate the spectral variations in the
optical absorption properties of the gelatin implants.

The optical absorption properties of tissue components can be quantitatively determined by
analysis of the spectral variation in the generated photoacoustic transients. For example, multi-
wavelength photoacoustic imaging was used to differentiate atherosclerotic plaques,43 to
determine blood oxygenation saturation,44 and the distribution of exogenous contrast agents.
45 In addition to the analysis of the characteristics of the generated photoacoustic transients to
gauge the spectral properties of the gelatin implants, we also performed intraclass correlation
analysis46–50 to measure the agreement between the optical properties of the gelatin implants
obtained from the spectrophotometer and the photoacoustic signals. This method aided in
quantitatively differentiating the specifically targeted Au NPs and nontargeted Au NPs.

Intraclass correlation is a method employed in assessing agreement between different observers
or different methods when used on the same set of subjects. A correlation coefficient value
greater than 0.75 indicates a good agreement between the two methods.46,50 To obtain the
optical absorption spectrum of a particular pixel in the multiwavelength photoacoustic image
stack, the sum of the photoacoustic signal amplitude in a kernel (500 μm laterally and 300 μm
axially) around the pixel was calculated and analyzed as a function of wavelength. The
dimensions of the kernel were chosen according to the lateral and axial resolution of the
photoacoustic image. The normalized spectrum of the pixel, obtained from the photoacoustic
signals, was then compared individually to the targeted, nontargeted, and dye optical spectra
obtained from the spectrophotometer using intraclass correlation analysis. The procedure was
repeated for every pixel in the photoacoustic image stack and the resulting correlation
coefficients were formed into an image with correlation values in the range of −1 (negative
agreement) to +1 (positive agreement). The ultrasound images overlaid with correlation
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coefficient images with a threshold value of 0.75 are shown in Figure 6. Clearly, the correlation
analysis between multiwavelength photoacoustic images and spectrum of the targeted Au NPs
produced a good correlation coefficient only in the region with the gelatin implant containing
cells with targeted Au NPs (Figure 5a). Similar trend can also be noticed with the gelatin
implant containing ADS740WS dye (Figure 5c). The spectrum of the nontargeted Au NPs also
well correlated with multiwavelength photoacoustic signals from the regions outside of the
gelatin implant with nontargeted Au NPs (Figure 5b). This is more likely due to chromophores,
such as hemoglobin in blood, having higher optical absorption at 532 nm and lower absorption
in the 680–860 nm wavelength range. However, the optical absorption spectrum of blood in
532–600 nm range is not monotonic compared to spectra of gold nanoparticles and, therefore,
additional measurement at intermediate (e.g., 575 nm) wavelength could discriminate the blood
from nontargeted Au NPs. In addition, multiwavelength photoacoustic images before and after
the injection of Au NPs can be performed to identify regions with blood.

The graphical comparison of the photoacoustic spectra and optical spectra from
spectrophotometer of the gelatin implants is shown in Figure 7. The photoacoustic spectra of
the gelatin implants were obtained by calculating the sum of the photoacoustic signal
amplitudes at pixels with correlation coefficient greater than 0.75. The normalized optical
spectra obtained from the spectrophotometer and the photoacoustic spectra are represented by
a solid black line and data points, respectively. The error bars in Figure 7 represent the standard
deviation in the photoacoustic signal amplitude in the region of interest. Clearly, the graphs
indicate a good agreement between the photoacoustic spectra and the optical spectra of the
specifically targeted Au NPs, nontargeted Au NPs and the ADS740WS NIR dye. The
multiwavelength photoacoustic images in Figure 5 (red and green insets) qualitatively show
the difference between the targeted Au NPs and nontargeted Au NPs whereas the graphs in
Figure 7a,b quantitatively represent the difference in optical absorption properties of the gelatin
implants. As expected, the quantitative analysis of photoacoustic signals obtained from the
gelatin implant with NIR absorbing ADS 740WS dye (pseudo control) shown in Figure 7c
depicts the dye has an absorption peak at 740 nm. Our results clearly indicate the feasibility of
applying multiwavelength photoacoustic imaging to qualitatively and quantitatively
differentiate EGFR targeted Au NPs and nontargeted Au NPs.

It is imperative to estimate the sensitivity of the molecular specific photoacoustic imaging
technique in tissue mimicking phantoms prior to conducting in vivo experiments; that is, the
minimum concentration of labeled cells or Au NPs required to observe photoacoustic transients
needs to be determined. For this study, tissue-mimicking models were used. The tissue models
were made with gelatin containing different concentrations of human epithelial carcinoma cells
(A431 keratinocyte) labeled with anti-EGFR Au NPs. Specifically, cells labeled with anti-
EGFR Au NPs were prepared at a 1 × 107 cells/mL concentration using the procedure described
previously for ex-vivo mouse tissue experiments. The cell suspension was mixed with different
volumes of gelatin solution (10% by weight) to obtain various concentrations of cells labeled
with Au NPs. The cell/gelatin solutions (100 μL) were pipetted into separate wells for imaging
experiments. The ultrasound and multiwavelength photoacoustic imaging of the cell/gelatin
solutions was performed using an integrated probe consisting of 25 MHz single element
transducer and optical fiber bundle as shown in Figure 3. After the imaging experiments, the
cell/gelatin samples were extracted from the wells and dissolved in 1% nitric acid for
quantitative determination of Au NPs concentration using inductively coupled plasma mass
spectroscopy (ICP-MS).

The ultrasound and photoacoustic images of the cell/gelatin samples with anti-EGFR Au NPs
labeled cells are shown in Figure 8. The photoacoustic images shown in Figure 8 were obtained
at 680 nm wavelength illumination. The concentration of cells and the Au NPs concentration
obtained from ICP-MS analysis of the respective gelatin samples are also shown in Figure 8.
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A decrease in the amplitude of the backscattered echo in ultrasound images (Figure 8a–e)
clearly indicates a decrease in the concentration of cells in the gelatin samples. It can also be
observed that the photoacoustic signal amplitude (Figure 8f–j) decreases as a function of cell/
Au NPs concentration.

The change in the photoacoustic signal amplitude in relation to the concentration of Au NPs
is quantitatively demonstrated in Figure 9. Specifically, a 2 mm × 1 mm region of interest
(ROI) was chosen for each cell/gelatin sample image (Figure 8f–j) and divided into subareas
measuring 0.5 mm × 0.5 mm. The mean and the standard deviation of the photoacoustic signal
amplitude in the subareas was calculated and plotted as a function of Au NPs concentration in
Figure 9. A linear regression fit of the data yielded an R2 value equal to 0.995. This result was
expected; given the constant laser input fluence, the amplitude of the photoacoustic signal is
proportional to absorber (Au NPs) concentration. From our experiments, the limit of detection
for the photoacoustic imaging technique was ~3.1 × 104 cells/mL or ~2.94 × 107 Au NPs/mL.
It is to be noted that the experiments were performed at fluence of 5 mJ/cm2; this value is less
than ANSI standard of the maximum allowable fluence (20 mJ/cm2) for pulsed lasers.24

Photoacoustic imaging provides functional information of subsurface structures with ultrasonic
resolution. The caveat in obtaining high resolution photoacoustic images with a single element,
high frequency ultrasound transducer is that the photoacoustic images cannot be obtained in
real time. The mechanical scanning of the single element transducer and the pulse repetition
rate of the laser affect the time taken to acquire the combined ultrasound and photoacoustic
images of the ex-vivo mouse tissue. The current experimental setup can be improved to obtain
real-time photoacoustic images with the use of array transducers or a high pulse repetition rate
laser. Moreover, the synergistic combination of ultrasound and photoacoustic imaging provides
functional information such as the distribution of nanoparticles in the context of structural
information. The combined ultrasound and photoacoustic imaging together with molecular
specific gold nanoparticles can be used to detect cancer at an asymptomatic stage and can also
be used to accurately plan and guide the photothermal therapeutic procedures and monitor the
outcome.51–53

In conclusion, we have demonstrated in ex-vivo mouse tissue that multiwavelength
photoacoustic imaging can detect cancer with high selectivity and sensitivity based on the
plasmon-resonance coupling effect of the EGFR targeted Au NPs. Intraclass correlation
analysis was performed to quantitatively differentiate the specifically targeted Au NPs and
nontargeted Au NPs. The agreement between the photoacoustic spectrum of the ADS740WS
dye and the spectrophotometer data further supported the results of the quantitative analysis
performed on the multiwave length photoacoustic images. We also determined sensitivity of
photoacoustic imaging technique in detecting Au NPs using tissue mimicking samples. Finally
based on our results presented in this paper, further investigations will be designed and
implemented on murine tumor models to determine minimum concentration of specifically
targeted gold nanoparticles required to obtain sufficient contrast in photoacoustic images from
the deeply embedded tumors.
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Figure 1.
Normalized absorbance spectra of A431 cells labeled with anti-EGFR Au NPs (solid red line),
A431 cells mixed with mPEG-SH coated Au NPs (dotted green line), and ADS740WS dye
(dashed blue line).
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Figure 2.
Photograph of the subcutaneous gelatin implants in mouse tissue ex-vivo. The gelatin implants
containing the cells with targeted Au NPs, control A431 cells, A431 cells mixed with mPEG-
SH coated Au NPs and NIR dye are shown in red, white, green, and blue insets respectively.

Mallidi et al. Page 10

Nano Lett. Author manuscript; available in PMC 2010 July 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Block diagram of the combined ultrasound and photoacoustic imaging system.
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Figure 4.
(a) Schematic representation of the two layer model used for MC simulations of mouse skin
and underlying tissue. (b) The depth resolved fluence obtained from the MC simulations for
different wavelength illumination.
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Figure 5.
Ultrasound (a) and photoacoustic (b–f) images of gelatin implants in mouse tissue ex-vivo at
laser illumination wavelength 532, 680, 740, 800, and 860 nm, respectively. The gelatin
implants containing the cells with targeted Au NPs, control A431 cells, the A431 cells mixed
with mPEG-SH coated Au NPs, and NIR dye are shown on the ultrasound image in red, white,
green, and blue insets, respectively. The images measure 44 mm laterally and 11 mm axially.
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Figure 6.
Correlation coefficient images overlaid on ultrasound image of the subcutaneous gelatin
implants in mouse tissue ex-vivo. The correlation coefficient images were obtained by
comparing multiwavelength photoacoustic images with optical spectra of (a) targeted Au NPs,
(b) nontargeted Au NPs and (c) ADS740WS dye. Only correlation coefficient values greater
than 0.75 are displayed in the images. The images measure 44 mm laterally and 9.1 mm axially.
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Figure 7.
Comparison of absorption spectrum of (a) targeted Au NPs, (b) nontargeted Au NPs, and (c)
ADS740WS dye obtained from multiwavelength photoacoustic images (data points) and
spectrophotometer (solid line).
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Figure 8.
The ultrasound and photoacoustic images of cell/gelatin samples at different cell concentration.
The photoacoustic images were obtained at 680 nm wavelength illumination. The images
represent a 2 mm × 2.5 mm field of view.
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Figure 9.
Graph depicting the change in photoacoustic signal amplitude with Au NPs concentration. The
solid line represents the linear regression fit of the data with R2 equal to 0.995.
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