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Abstract of the Thesis

Engineering Gold-Silica Nanoparticle for Enhanced Photoacoustic Imaging

by

Tianyi Lu

Master of Science in Bioengineering

University of California San Diego, 2019

Professor Ratneshwar Lal, Chair

Plasmonic properties of gold nanoparticles have been studied intensively
in recent years for various applications including catalysis and imaging. [1,2] In
the field of Photoacoustic Imaging (PAI), plasmonic gold is particularly
interesting since localized resonance of gold plasmon could cause a red-shift in its
absorption spectrum that is possible to fit the near-infrared range of commonly

used excitation laser in PALI. [3] In this thesis, we report on using a controllable

viii



bottom-up method to develop clustered plasmonic gold nanoparticles localized on
silica nanoparticle, that serves as an effective contrast agent in PAI. The results of
photoacoustic imaging and spectroscopy show a significant higher contrast in

these plasmonic gold nanoparticles compared to non-clustered gold nanoparticles.



1. Introduction
1.1. Photoacoustic Imaging
1.1.1. Principles of Photoacoustic Imaging

Photoacoustic (PA) effect was first discovered by Alexander Bell and his
colleagues in the late 19™ century. [4] The essence of this phenomenon is that
molecules absorb energy from incident light and converts into collisional energy,
which causes thermoelastic expansion and thus emission of sound waves. [5]
Based on this phenomenon, laser can be used to generate ultrasound in locations
of interest. Compared to traditional ultrasound imaging techniques, this new
technique has much higher resolution due to the high selectivity and accuracy of
laser, while preserving the high penetration of ultrasound.

To generate sound waves effectively in PAI, pulsed laser excitation is
commonly used. [6] Pulsed laser has the advantage of high signal-to-noise ratio
compared to continuous-wave. The duration of pulsed laser excitation should be
much less than stress confinement time and thermal confinement time so that
during excitation, volume expansion and thermal diffusion can be neglected.
Consequently, the absorbed laser energy transits into pressure gradient near the
illuminated molecule. The pressure change can be expressed as

P=BA/pCx,
where B is thermal coefficient of volume expansion, A is intensity of absorption, p
is the density of the material, Cy is specific heat capacity at constant volume and «

is isothermal compressibility. [7]



In the past few decades, benefitting from rapid development of
computational technology, image reconstruction based on PA signal has also made
progress, which makes it possible to acquire high-quality images using PA effects.
Using spherical detector aperture and rectilinear-scanning detector arrays, Kruger
et al were able to image human breasts by PAI at depth of 53 mm and with
0.42mm spatial resolution, which is much higher than traditional ultrasound
imaging under similar depth of field. [8] Highly tissue-specific light absorption
allows researchers to acquire images of lipids and hemoglobin that show
significant contrast compared to neighboring soft tissues, which is not very likely
in pure ultrasound imaging. [9] Doppler effect, which is a common modality in
traditional ultrasound imaging, can also be utilized in PAI to study subtle
circulation phenomena such as they blood flow study of microvasculature in
mouse ear and chicken embryo by Yao et al. [10] As more modalities are added
and computational methods are improved for higher resolution and contrast, PAI
would become a more comprehensive and powerful tool in biomedical imaging.
1.1.2. Contrast Agent of Photoacoustic Imaging

A critical limitation of PAI is that exogenous contrast agent is often
required in this modality since biological tissues do not possess good PA response.
[11] Organic dyes such as Indocyanine-green (ICG) and Methylene-blue (MB) are
commonly used. However, due to their vulnerable photolytic stability, the
effectiveness of these organic molecules decreases significantly during long-time
imaging process. This drawback is especially concerning in Photoacoustic

Tomography, which could take more than ten minutes in large animals.



To overcome this problem, plasmonic noble metal nanoparticles of
different sizes and structures are studied for their PA response. Commonly noble
metals such as gold and silver have much higher absorption than organic dyes,
which consequently leads to higher intensity of PA response in noble metals. [11]
In addition, localized surface plasmon resonance (LSPR) allows modification in
terms of size and morphology that further mediates the optical absorption of noble
metal to serve as contrast agent in PAIL [12] Due to the low transmission of visible
light in biological tissues, modified nanoparticles that possess high absorption in
the near-infrared (NIR) range are more applicable for PAI than in the visible
range. Gold nanoshells [13], gold nanorods [14] and embedded gold nanospheres
[15] are common plasmon structures whose absorption peak can be tuned into
NIR range.

1.1.3. PAI Combined with Theranostics

One imaging modality is often not adequate for comprehensive
understanding of biological and physiological conditions and most researchers
hope to combine different probing techniques together. Similarly, PAI can be
fitted with other modalities of imaging and therapeutics. Cheng et al developed
PEGylated WSz nanosheets that are functional in CT, PAI and photothermal
therapy. [16] Ge et al developed carbon dots that are compatible with
fluorescence, PAI and tumor diagnosis. [17] The mesoporous copper sulfide
nanoparticles developed by Feng et al are capable of receptor-specific targeting,
light-induced chemo-phototherapy and PA tomography, which is a good example

in theranostics that combines diagnosis and therapy. [18] These nanomaterials all



possess high PA responses and their functionality in diagnosis or therapeutics
greatly expands their applications in medicine. In this thesis, we aim to develop a
nanomaterial based on an existing drug delivery system and this material is
modified to provide high contrast in PAI.

1.2. Silica Nanobowl Template

1.2.1. Structure of Silica Nanobowl

Theranostic nanomedicine has been developing rapidly and provides
researchers with plenty of different templates to perform drug delivery, imaging
and therapeutics. [19] Due its biocompatibility, relative ease of fabrication and
physical stability, systems of silica nanoparticles are widely explored in
theranostics. [20] Therefore, we choose the drug delivery system of silica
nanoparticles as our platform based on which a contrast agent for PAI is
developed.

One silica nanoparticle, referred to as Nanobowl, is a versatile platform
for catalysis and controlled theranostic delivery. [21] Nanobowl consists of one
100nm polystyrene core that is removable for specific purposes and one silica half
shell that is chemically grown around the polystyrene core. The reason that this
structure is called Nanobowl is that silica growth is controlled so that the
polystyrene core is not fully covered, making it possible to create one cavity at the
site of polystyrene core after polystyrene is dissolved or incinerated. The first two
steps in Figure 1 demonstrate the synthesis of silica Nanobowl from polystyrene

core.
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Figure 1. Schematics for Silica Nanobowl! and Gold Plasmon

1.2.2. Applications of Silica Nanobowl

The rapidly developing technology in surface chemistry and bio-
conjugation has enabled researchers to modify Nanobowl for various applications.
According to the works of Mo et al, gold and magnetic iron oxide nanoparticles
can be attached to the surface of Nanobowl, producing magnetically-responsive
particles that enhance Surface-Enhanced Raman Spectroscopy (SERS). [22] A
gold shell is grown on silica surface of Nanobowl and plasmon resonance of the
gold shell provides distinct spectrum in NIR range. [22] However, the physical
stability of this surface is impaired by the relatively weak electro-static interaction
between gold and silica. In our project, we improve the method reported by Mo et
al, by embedding small gold nanoparticles (3~5nm in diameter) on the surface of
silica carrier using covalent conjugation and subsequently growing gold in a

controlled manner to optimize the gold surface for PAI. Compared to gold



nanoparticles synthesized via sodium citrate method [22], THPC method [23]
provides smaller gold nanoparticles and gold growth is more controllable for
these nanoparticles. As the last three steps in Figure 1 demonstrate, the 3~5nm
gold nanoparticles serve as seeds and reduced free gold atoms are deposited on
these seeds, leading to gold growth on the surface of silica Nanobowl. Depending
on the size of seeding gold nanoparticles and the amount of gold growth solution,
the morphology of gold plasma can become either clusters of gold nanoparticles
(lower left step in Figure 1) or a gold shell as neighboring gold nanoparticles are

all interconnected (lower right step in Figure 1).



2. Materials & Methods
2.1. Synthesis of Gold-Silica Nanoparticle

Nanobowl Preparation

Clean a magnetic stir bar in a 20mL glass vial (Fisher Scientific) with
fresh aqua Regia, DI water, soap, DI water and IPA. Dry the vial in vacuum oven
under 60 °C. Add 1.4mL H20, 2.6mL 30% ammonia (Fisher Scientific) and 8mL
MP — methanol (Fisher Scientific) and 1-propanol (Acros Organics) mixture with
ratio 3:2 —to a cleaned vial and place the vial on magnetic mixer. Take 0.5mL
100nm carboxyl-polystyrene bead (PS-COOH)(Polysciences) and perform vortex
mixing for 10s. Simultaneously add 200pL PS-COOH and 110uL tetraethyl
orthosilicate (TEOS)(Sigma-Aldrich) to the glass vial while stirring, in 10s. Let
the reaction proceed for 1h with stirring at room temperature. Collect the solution
from the vial into a 15mL centrifuge tube. Centrifuge at SO0RCF for Smin and
collect supernatant. Centrifuge and wash the supernatant 3 times — centrifuge
supernatant from S00RCF centrifugation at 3200RCF for 6min; discard new
supernatant, add 3mL MP and disperse pellet with sonication for roughly 1min;
repeat the whole process twice more. After purifying the sample for 3 times,
disperse the pellet in 2mL MP and store the colloid at 4 °C.

Nanobowl Surface Modification

Prepare a cleaned tube with one magnetic stir bar. Disperse the sample
from previous step with sonication for 10s to reverse possible reversible
aggregation during storage. Transfer the 2mL sample to the tube and dilute it with

2mL MP. Place the tube in silicon oil bath at 60 °C with continuous magnetic



stirring. After S5min, add 10.6pL 3-aminopropyltriethoxysilane (APTES)(Fisher
Scientific) to the reaction vessel in 3s. Let the reaction proceed for 2h at 60 °C.
After completion of reaction, collect the mixture and purify the product with 3
times of centrifugation and wash — same as the purification method utilized in the
previous step.

Complete buffer change from MP to PBS 1x (Thermo Fisher Scientific) by
3 times of centrifugation and redispersion. Disperse all purified Nanobowl in 6mL
PBS. Prepare ImL of EDC/PBS solution with 15mg EDC powder (Thermo Fisher
Scientific). Prepare 1mL of NHS/PBS solution with 27mg NHS powder (Sigma-
Aldrich). Prepare 6mL 3MPA/PBS solution with 13.8uL 3MPA. Prepare 3
cleaned glass vials each with one magnetic stir bar. In each vial, mix 2mL
3MPA/PBS solution and 40uL EDC/PBS solution; put glass vials on stirring; after
2min, add 42uL. NHS/PBS solution to each vial; after 1min, add 2mL
Nanobowl/PBS solution to each vial in 15s. Let the reaction proceed for 2h at
room temperature. Collect all the solutions from 3 vials into one 15mL centrifuge
tube and perform purification — centrifuge the initial solution at 3200RCF for
10min; discard supernatant, wash pellet with 2mL H20 and disperse it with
sonication for 2-4min; repeat the process except centrifuging the colloid at
3200RCF for Smin. Disperse final pellet in 4mL PBS with sonication.

Gold Nanoparticle Preparation

Prepare a fresh stock solution of 10M NaOH(aq) using NaOH pellets
(Sigma-Aldrich). In a 50mL centrifuge tube, mix 30.58mL DI H20, 27.3uL 10M

NaOH(aq) and 6.5uL Tetrakis(hydroxymethyl)phosphonium chloride



(THPC)(Sigma-Aldrich). Put the mixture on slow vortex for Smin. Add 237uL
100mM HAuCl4(aq) to the reaction vessel slowly. Let the reaction proceed for 1h
at room temperature while stirring. Then store the solution at 4 °C. HAuCl4(aq) is
prepared by dissolving gold chloride trihydrate (Sigma-Aldrich) in DI H20 at
room temperature.

Gold Seeding on Nanobowl

Disperse the 4mL Nanobowl/PBS acquired from surface modification with
20s sonication. Prepare 4 cleaned glass vials with magnetic stir bars. Add 1mL
Nanobowl/PBS and 2mL H2O to each vial. Put all vials on magnetic stirring plate.
To each vial, add 2.25mL gold nanoparticle solution in 10s. Let the mixtures be
stirred for 30min and then incubate at 4 °C overnight. Centrifuge and wash the
reactants 4 times with H20 — set centrifugation at 3200RCF for Smin for each
step; wash the initial pellet with 2mL H2O per tube; mix all dispersed Nanobowls
into one centrifuge tube and proceed with standard purification process. Final
pellet is dispersed in 6mL H2O.

Gold Nanoparticle Growth

In a cleaned glass vial with stir bar, mix 0.25mL seeded Nanobowl
solution with 4mL H20 and put the solution on magnetic stirring plate. Prepare
gold growth solution (GS) of 13mM HAuCls and 53.7mM K2COs (Fisher
Scientific). Prepare reducing solution (RS) of 11mM NH20OH-HCI (S A Chemical
Products). While stirring the Nanobowl solution, simultaneously add GS and RS
to the glass vial at 0.025mL/min using syringe pump. Let the reaction proceed for

20min. After reaction is complete, transfer all solution to a centrifuge tube and



perform purification procedure four times as described in previous sections —
centrifugation is set at 3200RCF for Smin; wash pellet with 2mL H2O; disperse
final pellet in 2mL H20.
2.2. Characterizations
2.2.1. SEM

Morphology characterization of anobowl and its surface-modified
products is performed via Scanning Electron Microscopy (SEM) (Zeiss Sigma
500). Samples are prepared by depositing 5 uL aliquots on aluminum SEM post.
In imaging, 3-5kV voltage is commonly applied to the post. The images are
analyzed for size of Nanobowl, number of pores, number of gold nanoparticles
per Nanobowl, size of gold nanoparticles, percentage of aggregated Nanobowl.
2.2.2. DLS & Zeta Potential

Dynamic Light Scattering (DLS) apparatus (Malvern Instruments
Zetasizer Nano) is used to determinate size distribution of Nanobowls in aqueous
solution. On the same instrument, multi-purpose titrator for zeta potential is used
to determine zeta potential of the samples. These measurements aim to
characterize stability of the nanoparticles in aqueous environment.
2.2.3. Absorbance Spectrum

Absorbance spectrum of all samples is acquired via absorbance scan in a
UV-VIS plate reader (Tecan Infinite 200 PRO). 100 uL of each sample is
transferred to one well in a 96-well transparent round-bottom plate (Corning) and
scanned using absorbance scan mode. All sample are purified and dispersed in DI

H20. A control of DI H20 only is present for all measurements. Absorbance

10



spectrum is calculated by subtracting absorption of DI H20 from absorption of
dispersed samples. All spectra are normalized to analyze position and distribution
of peaks in the spectra.
2.2.4. Photoacoustic Imaging

PAI is performed on a Vevo 2100 commercial photoacoustic scanner
(Visualsonics). This system [24] consists of one flashlamp-pumped laser that
operates around 20 Hz and scans between 680 and 970nm wavelength. This laser
is coupled with 21 to 30 MHz ultrasound transducers (LZ250 and LZ400). All
aqueous samples are filled in polyethylene tubing that is submerged in water. Six
to seven tubing are measured simultaneously in each trial. The ultrasound
transducers are placed about 1 cm above the tubing. Signal amplification is
adjusted by changing gain parameters before each measurement, to achieve good
signal-to-noise ratio and avoid over-exposure. A common range of gain is 10-40
dB for this project. Spectrum is acquired in 680-970nm range with step size of

1nm.
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3. Results & Discussion
3.1. Morphology Analysis

The number of pores per Nanobowl is improved by changing solvents and
reaction time. In Mo’s paper, only ~30% silica Nanobowls contain one single pore
and the rest contain more than one single pore. [21] By changing solvent from
isopropanol (IPA) into a mixture of methanol and 1-propanol with 3:2 ratio and
adjusting reaction time to 1 hour, we obtain silica Nanobowls in which ~50%
(n=80) contain only one single pore, counted in Figure 2.A. This improvement in
pore number would greatly enhance the physical and chemical stability of
Nanobowls’ surface. The diameter of silica Nanobowl is 296+13 nm (n=8),

counted in Figure 2.B.

v
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Figure 2. SEM Images of Silica Nanobowl
The gold nanoparticles synthesized by THPC method are characterized by
TEM images after conjugation to silica Nanobowls. Since the actual resolution of
SEM is limited, to characterize size and morphology of small gold nanoparticles,
TEM is used. As shown in Figure 3, gold nanoparticles are visible in the TEM

image of 3.A but only larger gold nanoparticles at certain angles to incident

12



electron beam are visible with blurry boundaries in the SEM image of 3.B. The
diameter of embedded gold nanoparticles is measured from Figure 3.A as 5.0+1.2
nm (n=18). The advantage of using these smaller gold seeds, compared to gold
nanoparticles with a typical diameter around 15 nm, is that growth of gold is more
controllable. In Mo’s paper, gold growth occurs relatively fast and a full shell is
produced in this process. Using smaller gold seeds, we are able to control the size
of gold nanoparticles so that they form multiple clusters on the silica surface

instead of a full gold shell wrapping the silica surface.

Figure 3. TEM & SEM Image of Gold Nanoparticle Seeded on Nanobowl

After storing gold nanoparticles synthesized by THPC method at 4 °C for
one week, we obtain gold seeds that are much larger in size, which we refer to as
aged seeds while newly synthesized gold nanoparticles by THPC method that are
~5nm in diameter are referred to as new seeds. Using these two different seeds for
embedment, we observe difference in their structures after gold growth process. In
Figure 4, six different kinds of gold clusters are investigated. The gold seeds used
in A, B and C are new seeds and those used in D, E and F are aged seeds. Gold

growth solution (GS) is added into aqueously dispersed seeded Nanobowls with a

13



molar ratio of 6:1 for B and E. 80% GS is used for A and E; 120% GS is used for
C and F. The structures illustrated in Figure 4 show that gold cluster tends to be

more like a shell for larger seeds and higher amount of GS.

Figure 4. SEM Images of Six Different Gold Nanoclusters & Photos of Aqueously

Dispersed Gold Nanoclusters

14



To verify how these nanoparticles exist in aqueous environment,
specifically their hydrodynamic size and zeta potential, we measure Dynamic
Light Scattering (DLS) and zeta potential profiles. As the DLS profiles in Figure 5
shows, the hydrodynamic size of Nanobowls after gold growth is highly centered
near 400 nm for all six kinds. The evidence for this statement is that, the number
distribution, which demonstrates the population distribution of nanoparticles, is a
sharp peak in all six samples. For intensity distribution profiles, a small peak near
5000 nm is present for sample B to E. Considering the relatively small proportion
of these peaks (<2.5%) and the sharp single peak in each number distribution
profile, we can conclude that even though a very small portion of aggregates may
exist in our samples, the quantity of aggregation is quite low. Since the majority
has hydrodynamic size around 400nm, which matches the size measurement from
SEM image analysis, these gold nanoclusters can be considered as highly pure
samples. Thus, the impact of particle aggregation on absorption spectrum and

photoacoustic response can be neglected.
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Figure 5. DLS Profiles of Gold Nanoclusters

15



The zeta potential profiles of sample B and E are investigated in Figure 6.
The measured zeta potentials are relatively low, indicating that the nanoparticles
in aqueous environment are not highly stable over time. The relatively unstable
colloidal properties revealed by the zeta potential profiles explain the presence of
very small amount of aggregation in DLS characterization. For this reason, in
order to minimize effects of silica Nanobowl aggregation on optical and
photoacoustic properties of gold nanoclusters on Nanobowl surface, SEM images
are investigated for all samples analyzed for light spectroscopy and photoacoustic

imaging.
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Figure 6. Zeta Potential Profiles of Gold Nanoclusters

Another method of using different cations to control gold growth and tune
the gold nanoclusters for PAI is investigated. A set of experiments comparing
sodium ion in GS with potassium ion is done. All conditions are maintained the
same as conditions for sample B except for cations in GS. The SEM images
comparing the gold nanoclusters formed in potassium GS and sodium GS are
shown in Figure 7. The diameter of gold nanoclusters in Figure 7.A is measured to
be 17.5£1.8 nm (n=20) and the diameter of gold nanoclusters in Figure 7.B is

measured to be 17.2+2.7 nm (n=20). The p-value calculated for these two data

16



sets 1s 0.68 and thus, the null hypothesis is not rejected. Since no significant
distinction is observed in terms of morphology of the nanoparticles, the endeavor

to modify LSPR of gold nanoclusters by varying cations in GS fails.

A. GS with Potassiumlon
B. GS with Sodium lon

Figure 7. SEM Images of Gold Nanoclusters Using Potassium and Sodium GS

3.2. Spectrum of Gold Plasmon
Optical absorption is an important factor in PAI since acoustic energy is

converted from absorbed photon energy. A comparison of six different gold
nanoclusters along with silica Nanobowls embedded with the gold seeds before
gold growth is shown in the normalized absorbance spectra in Figure 8. The goal
of this analysis is to find the peaks in the spectra. The range 500-970 nm is
selected for the spectra in Figure 8. The absorbance spectra for the two gold seeds
are measured as a control group. The two gold seeds both have a peak around
520nm; this characteristic peak is shifted to ~550nm for gold nanoclusters after
gold growth. This observation proves enhanced localized surface plasmon

resonance (LSPR) in all six gold nanoclusters. In addition, a second peak appears

17



in the spectra of sample C, E and F: ~660 nm for C, ~700 nm for E and 670 nm
for F. The appearance of a second peak is another evidence for plasmon resonance
in the nanoclusters. This range of enhanced photon absorption matches the
common 680-970 nm range of PAI.

However, it should be noted that the spectra do not show any information
regarding absorption per unit mass. The most important information the spectra
reveals is shift in peaks and supports our hypothesis that gold growth of seeding
gold nanoparticles embedded on silica Nanobowl enhances photon absorption. To
further verify if the gold nanoclusters are effective in PAIL, spectrum of PA
response is investigated in the next section.

Another problem that should be noted is that the measured spectra are
noisier in the range between 850 nm to 970 nm. This phenomenon is caused by
the limited operation range of our UV-VIS spectroscopy. Due to diffraction and
much higher absorption of water and plates in infrared range, the measurement in
this range via this instrument is less reliable. These effects are much less
significant near 700 nm range and the conclusion of red-shift and enhanced

absorption in near infrared range can be considered valid.
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Figure 8. Absorbance Spectrum of Gold Plasmon
3.3. Photoacoustic Imaging
The six different kinds of gold nanoclusters are tested for their PA
response. The left part of Figure 9 shows the spectrum of all six samples and the
two different gold nanoparticles seeded on Nanobowl before gold growth. A
distinct broad peak of 720-760 nm appears in the spectra of gold nanoclusters
after gold growth, and seeded Nanobowls before gold growth show very weak PA

response, compared to the other 5 samples. As Li et al points out, purely spherical

19



gold nanoparticles less than 100 nm do not have high absorption in NIR range and
therefore could not contribute to a high PA response in this range. [25] This
conclusion can explain the low PA response of seeding gold nanoparticles
conjugated to silica Nanobowls since the gold nanoparticles are individual
particles that are not clustered together. As the presence of gold nanoparticles
does not contribute to the significantly enhanced PA response of A, B, C, E and F,
this improvement can only be explained by LSPR of gold nanoclusters. It has
been shown that similarly structured gold nanoshells and gold nanoclusters could
be active PA contrast agent due to their high absorption property in NIR range.
[26, 27] However, absorption is not the only factoring affecting PA response. The
absorbance spectrum of sample D shows a similar absorption in 720-760 nm
range compared to the other samples but its PA response in this range is
significantly lower than the others. Comparing the PA response of sample A, B
and C, we find that the highest PA response occurs in sample B; similarly the
highest PA response among sample D, E and F occurs in sample E. Therefore, the
amount of gold growth with molar ratio 6:1 relative to seeded Nanobowl is
optimal for PA enhancement. The clustered gold nanoparticles of B and the shell-
like gold nanoparticles of E have better PA response than the other gold
nanoclusters. Compared to pure gold nanospheres that are around 20 nm in
diameter which do not show distinctive peak in PA spectrum at NIR range, [28]
the gold nanoclusters B and E possess one distinctive broad peak (720-760 nm) in
NIR range on their PA spectra, indicating that these materials are better contrast

agents for PAI than regular gold nanospheres.
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The right part of Figure 9 shows a PA imaging of these samples loaded in
tubing with probing laser at 700 nm. The black-and-white color bar is regular
ultrasound imaging at B mode and the depth of the samples is 1cm below the
ultrasound transducer. The cylindrical shapes of the tubing are shown in these
images. The red color bar is imaging constructed from photoacoustic response.
These PA images more directly show how PA responses are visualized. The redder
the pixels are, the higher PA response the luminated area has. The seeded
Nanobowls have barely no PA responses while the nanoclusters except sample D
show distinctive red color in PAIL To quantitatively compare the PA responses, we
calculate the PA response per mole gold for the eight samples, relative to new
seed, in Table 1. PA response per quantity of material is a common parameter used
to represent efficiency of contrast agent. From this table we find that PA
efficiency of gold nanoclusters is over 10 times to that of seeding gold
nanoparticles, proving that gold growth method is effective in producing gold
colloidal that can be used in PAI. The samples with highest PA efficiency are B
and E. Because PA response of free ICG (common organic dye) is about 4 orders
of magnitude less than that of gold nanospheres less than 50 nm, [29] and the PA
responses of sample B and sample E are 50 times stronger than that of small gold
nanospheres, we can infer that PA efficiency of gold nanoclusters B and E would
be significantly higher than the PA efficiency of free ICG. Combining with the
conclusion from PA spectrum analysis, we can reach the conclusion that clustered
gold nanoparticles in sample B and shell-like gold nanoparticles in sample E are

optimized for the modality of photoacoustic imaging.
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Figure 9. Photoacoustic Response: spectrum (left) and PA images (right)

Table 1. Relative PA Response per Mole Gold at 700 nm

Sample new | aged A C E F
seed | seed
PA Average

per mole 1.0 0.9 35.1 523 313 142 650 43.1
gold
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4. Conclusion

The two gold nanoparticles that are optimized for their PA responses
(clustered gold nanoparticles and shell-like gold nanoparticles) show great
performance in the operational NIR range of photoacoustic imaging, compared to
common spherical gold nanoparticles. These properties make the materials a good
candidate for contrast agent in PAI. In addition, the drug delivery capacity of the
Nanobowl system on which the gold nanoclusters are built makes it a promising

system that combines imaging, diagnosis and therapy.
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