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Abstract: In this study, optical-triggered multifunctional theranostic agents for
photoacoustic/fluorescent imaging and cancer therapy have been developed. This system
consists of a perfluorohexane liquid and gold nanoparticles (GNPs) in the core, stabilized by a
Poly (lactide-co-glycolic acid) (PLGA) polymer shell. When cancer cells containing PLGA-
GNPs were exposed to laser pulses, cell viability decreased due to the vaporization of the
particles in and around the cells. The particle chemo drug loading and delivery capacity was
also investigated in vitro experiments. These particles show potential as photoacoustic
imaging and therapy agents for future clinical translation in cancer therapy.
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1. Introduction

Cancer remains as a deadly disease which affects millions of people around the world.
Conventional chemotherapy often results in severe side effects due to the non-targeted drug
delivery [1]. The outstanding progress in nanotechnology provides an alternative therapeutic
strategy for treating cancer [2]. Over the past few decades, there has been considerable
interest in developing biodegradable nanoparticles (NPs) as effective drug delivery devices
[3, 4] due to their enhanced drug loading capacity, biological stability and sustainable
circulation time in vivo [5,6]. These nano-particles have the ability of functional conjugation
to facilitate targeting [7-9], and are able to deliver drugs at intracellular locations, thereby
resulting in enhanced therapeutic action [3, 10, 11]. Although, many nano-systems have been
developed for cancer diagnosis and therapy, most of them are designed for single or dual
purposes. They lack of multifunctional capacities.

Tumor imaging plays a key role in clinical oncology by helping to identify solid tumors
and monitor therapeutic responses. Photoacoustic (PA) imaging is a new non-invasive
biomedical imaging modality combining the high contrast of optical imaging with the high
resolution of ultrasound (US) imaging [12, 13]. When illuminated by a laser source, optical
absorbing particles and structures emit a pressure wave with frequencies in the ultrasonic
range called PA waves. In PA imaging the contrast is based on tissue optical absorption
properties unlike an US image in which the contrast depends on tissue biomechanical
properties. PA imaging is ideally suited for detecting light-absorbing chromophores in the
tissue, typically providing greater specificity than conventional US imaging [14, 15].

Tumors can often be differentiated from normal tissues due to the increased angiogenesis
inside the tumors [16]; the increased blood content can be detected using PA imaging [17].
However, in the early stage of cancer development, tumor imaging resolution is limited due to
lack of contrast between cancer and surrounding normal tissues. Thus, exogenous chemical
agents that can enhance the contrast between cancerous and normal tissues for early cancer
diagnosis are widely used [18, 19]. Among them, plasmonic gold nanoparticles (GNPs) have
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been extensively investigated for imaging tumors [20, 21] due to their inert chemical
properties and excellent optical absorbing capabilities in the visible to near infrared
wavelength range where the absorption of tissues is a minimum [22].

In our previous study, we developed micro-particles as theranostic agents. They were
containing a perfluorohexane (PFH) liquid stabilized by Poly (lactide-co-glycolic acid)
(PLGA) shells, with GNPs incorporated in the shells as the optical absorbers for PA/US
imaging [23]. Perfluorocarbon (PFC) liquids have long been used as blood substitutes to carry
oxygen in patients due to their chemical and biological inert, and non-toxic properties [24].
Droplets made of low boiling temperature PFC undergo a phase transition when the liquid
core vaporize to gaseous states when perturbed through sufficient acoustic pressures [25, 26]
However, applications involving nano-sized droplet vaporization with relatively low
ultrasound frequencies may require pressures significantly higher than diagnostic US
machines currently provide, increasing the potential for unwanted bio-effects [27].
Vaporization can also be induced via laser irradiation with the facilitation of optical absorbers
incorporated inside the droplets [28, 29] to avoid the potential damage to the tissue caused by
high pressure US.

Nano-particles stabilized by biodegradable and biocompatible PLGA polymer shells have
the advantages over other types of nanoparticles. They slowly degrade in vivo into lactic and
glycolic acid. These can further degrade into carbon dioxide and water via the tricarboxylic
acid cycle [30]. They are stable due to good mechanical strength than monomolecular layers
of lipids or surfactants [30, 31]; they can also act as a good drug carrier or ligand for targeted
imaging or targeted drug delivery [32, 33].

Our in vivo experiments indicate that laser-stimulated PLGA particle vaporization caused
the disruption of the vasculature and decreased blood perfusion which caused necrosis of
tumor cells, thus limiting tumor growth [23]. The anti-cancer therapeutic effects could be
further enhanced by incorporating a chemotherapeutic into the particle. Paclitaxel (PAC) is a
mitotic inhibitor that has high therapeutic efficacy against a range of solid tumors including
breast cancer, advanced ovarian carcinoma, and lung cancer [34, 35]. However, its
therapeutic effect in clinical applications is restricted due to its low solubility in solvents for
intravascular injection. Many NPs carry drug through chemical covalent attachment to the NP
surfaces which either result in premature drug release in the circulation, or create technically
challenging and limiting their suitability for systemic drug delivery [36, 37].

Based on our previous work, in this study, we propose a method of combining an imaging
and therapeutic technique in a single procedure by developing multifunctional nano-carriers
(< 600 nm) for PA/fluorescent imaging and as drug delivery vehicles. In this design, GNPs
were loaded in the core, and the water insoluble drug PAC and fluorescent dye was
encapsulated into the PLGA shell. This formulation allows more GNPs encapsulated inside
the PLGA particles and leaves more space in the PLGA shell for drug encapsulation. We
tested the particle drug loading and delivery capacities in in vitro cell culture experiments,
and demonstrated the effects of laser-induced particle vaporization on cell viability.

2. Materials and methods
2.1 Materials

All chemicals were at ACS grade and used without additional purification. Hydroauric acid
(HAuCly - 3H,0) (99%), Trisodium Citrate (Na;CeHsO;) (99%), Tetraethyl orthosilicate
(TEOS), 1H,1H,2H,2H-perfluorodecyltriethoxysilane, Dichloromethane (CH,Cl,), PLGA
(LA:GA 50:50), Perfluorohexane (CgFy4), Paclitaxel, Fluorescent lipophilic carbocyanines
dye Dil, DiO, Hoechst, and tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide were purchased from Sigma Aldrich Inc., Canada. Acetone,
isopropanol, methanol, ammonia was purchased from Fisher Scientific Inc., Canada.
Deionized water (Millipore Milli-Q grade) with resistivity of 18.2 MQ was used in all
experiments.
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2.2 PLGA patrticle synthesis

Gold nanospheres were synthesized based on the single-phase aqueous reduction of
tetrachloauric acid by sodium citrate developed by Turkevich et al. [38] and Frens et al. [39],
modified by Bastus et al. [40], then coated with silica according to a modified method
described by Liu and Han [41], and fluorinated via 24 hour incubation at room temperature
with 1H,1H,2H,2H-perfluorodecyltriethoxysilane [42]. After the solvent was evaporated, the
fluorinated GNPs were dissolved into PFH liquid. PLGA particles containing PFH with and
without GNPs were prepared using a double emulsion solvent evaporation process [23, 43].
Briefly, PLGA polymer (25 mg) and DiD or Dil (100 pg) were dissolved in dichloromethane
(1 mL). GNPs in PFH solution (0.5 mL) was mixed with PLGA solution and was emulsified
for 45 seconds, with 2-second-on, 1-second-off, 10 W pulses, using a tip sonifier (BRANSO,
USA). Then the emulsion was homogenized with 6 mL, 4% polyvinyl alcohol solution for 30
seconds. The final emulsion was mixed with 2% isopropanol solution and stirred for 3 hours
at room temperature to evaporate organic solvents and washed several times by centrifugation
(5 minutes, 700 g). The final product were collected and stored at 4°C for future use. To load
the therapeutic drug PAC into the PLGA particles, PAC (5 mg) was dissolved in the PLGA in
dichloromethane solution, and then the double emulsion method was followed.

2.3 Paclitaxel drug loading efficiency

The amount of the encapsulated chemo drug in PLGA particles was determined using high-
performance liquid chromatography (HPLC, Agilent, USA), equipped with a reversed phase
Agilent Zorbax ODS C18 column (4.6 x 150 mm, particle size 5 pm). PLGA particles (2.5
mg) were dissolved in 1 mL acetonitrile to extract the encapsulated drug. The mobile phase
consisted of an acetonitrile and water in the volumetric ratio of 50:50. The liquid flowrate of
HPLC was 1 mL/min. The drug was detected using an UV detector. The absorbance of the
drug was measured at wavelength of 250 nm at 8 minutes. Drug loading efficiency (LE) was
determined as: LE% = (Mass_dect/Mass_theo)*100, where Mass_dect was the mass of drug
detected by HPLC and Mass_theo was mass of drug expected in 2.5 mg of PLGA particles if
the drug loading efficiency was 100%.

2.4 Photoacoustic measurements

The photoacoustic signals of PLGA-GNPs were measured using an acoustic/photoacoustic
microscope (SASAM, Kibero GmbH, Germany) [28] which consists of an inverted optical
microscope (IX81 Olympus, Japan), a 375 MHz transducer positioned above the sample stage
and a 532 nm focused laser (Teem Photonics, France) collimated through the side port onto
the sample. The laser had a 330 ps pulse width, 4 kHz repetition rate, and a maximum energy
of 580 nJ per pulse when focused to a 10 um spot. A drop of PLGA-GNPs water solution was
deposited on top of a glass coverslip on the sample stage. A 10x objective was used to guide
the alignment between laser and transducer foci. The PA signal amplitudes were measured
while the laser energy was gradually increased. The process was repeated until vaporization
occurred or the maximum laser energy level was reached. Three PLGA particle sizes (2, 5,
and 10 pm in diameter) containing 14, 35, and 55 nm GNPs were measured. An average of
ten measurements at each size was calculated for data analysis.

2.5 PLGA patticle internalization by cancer cells

The human breast cancer MCF7 cells were purchased from American Type Culture
Collection (ATCC) and maintained in a humidified cell incubator at 37 °C and 5% CO, with
Dulbecco’s Modified Eagle Media comprising 4500 mg glucose/L, L-glutamine, NaHCOs,
and sodium pyruvate with 10% fetal bovine serum, 1% HEPES buffer, and 1% penicillin-
streptomycin. MCF7 cells were seeded at a concentration of 5 x 10* on a glass cover slip in a
cell culture dish and incubated (37°C, 5% CO,) for 12 hours. Then Dil labeled PLGA
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particles (50 pL, 250 pg/mL) loaded with 35 nm GNPs were added to the dish. After 5- and
20-hour incubation, the cells were washed with PBS (pH 7.4) to remove loosely attached and
free particles in the medium. Next, the fluorescence dye DiO (40 pL, 8 pg/mL) was added in
the media and left for 30-minute incubation. The fluorescent dye Hoechst (20 pL, 10 pg/mL)
was added to the dish for 10 minutes. Finally, the cells were rinsed with PBS and fixed with
4% formaldehyde. After fixation, the cells were observed under a confocal laser scanning
microscopy (LSM700, ZEISS, Germany) using a 20x objective. The confocal optical sections
of cells at different depth were taken to investigate the PLGA-GNP internalization by cancer
cells.

2.6 Photoacoustic and fluorescent imaging in vitro

Twenty thousand MCF7 cells were seeded in a 35 mm in diameter glass-bottom cell culture
dish and incubated (37°C, 5% CO,) for 12 hours. Dil labeled PLGA particles (50 pL, 375
pug/mL) loaded with 55 nm GNPs were added into the dish and incubated for 20 hours. The
cells were washed with PBS (pH = 7.4) several times, and fluorescent dye Hoechst (40 pL, 10
pg/mL) and DiO (50 pL, 50 pg/mL) were added to the dish for 40 minutes. The cells were
fixed with 4% formaldehyde. Then the cell culture dish was placed in the
acoustic/photoacoustic microscope. PA c-scan images of MCF7 cells containing Dil labeled
PLGA-GNPs particles were obtained with a 375 MHz transducer and a 532 nm laser with 5
um spot size at fluence of 10 mJ/cm”. The fluorescent and optical images were recorded prior
to the PA imaging using a 20x objective. The fluorescent images were co-registered with the
PA images and optical images.

2.7 Laser induced vaporization and drug release on cell viability

Initially, MCF7 cells were seeded in a glass-bottom 96-well plate (8000 cells per well) and
left overnight in the incubator (37°C, 5% CO,). PLGA-GNPs (100 pL, 375 pg/mL) and
PLGA-PAC (100 pL, 75 pg PAC/mL) were added to each well according to the treatment
and incubated for 6, 12 and 24 hours. GNPs of 35 nm in diameter were used for the PLGA-
GNP synthesis. Then each well was rinsed with PBS (pH = 7.4). Cells treated with PLGA-
GNPs were irradiated with a 532 nm pulsed laser (Minilite, Continuum, Canada) with a 3 ns
pulse width, 10 Hz repetition rate, 100 mJ/cm® fluence, and 2 mm in diameter laser spot size
for 5 seconds at each spots and 9 spots in each well in total. After all the treatments were
completed, the cell viability was tested using MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.

3. Results and discussion
3.1 PLGA particle preparation and characterization

Three sizes of silica-coated GNPs were synthesized and encapsulated within the PLGA
particles. Transmission electron microscopy (TEM) images (Fig. 1) show good mono-
dispersity of silica-coated GNPs with gold core diameters of 13.9 £2.4,34.9 £ 2.5 and 54.5 +
4.2 nm with 20.0 + 5.0 nm thick silica shells in aqueous solutions. The overall concentrations
were 6.3x10'2, 1.6x10"", and 4.6x10"° GNPs/ml of solution for 14, 35, and 55 nm GNPs,
respectively, which were determined from atomic absorption spectroscopy (AAS)
measurement.

Gold nanospheres were selected as the optical absorbing materials due to their high
optical absorption, ease of synthesis, and small size permitting high-yield incorporation into
nanometer sized PLGA particles. We used silica as a GNP coating agent since silica is
chemically inert and optically transparent [44], and can enhances the PA signal strength and
stabilizes GNPs under laser irradiation [45]. The silica shell also facilitated miscibilization of
the GNPs into the hydrophobic and lipophobic PFH liquid using the ligand exchange
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technique [42]. PFH liquid has a boiling temperature around 56 °C. Particles made of PFH
liquids are stable at physiological temperature prior to external stimuli.

The optical absorption and scattering spectra were measured and recorded using a
Shimadzu spectrophotometer (Fig. 1). The absorption peaks of the 14, 35, and 55 nm GNPs
were at 518, 528, and 536 nm, respectively. As the particle size increased, the absorption
peaks demonstrates a red shift. The extinction coefficient amplitude is proportional to the
optical absorption cross section of GNPs. The spectrum of 55 nm GNPs has a largest peak
amplitude value comparing to the other two. For silica-coated GNPs, the spectral peaks are
red shifted about 2 nm for 14 nm and 35 nm GNPs, and about 9 nm for 55 nm GNPs.

14nm GNP 35nm GNF:‘ “ 55nm GNP
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Fig. 1. (Top) TEM images of silica-coated GNPs, 14 nm, 35 nm, and 55 nm in diameter (dark
areas) with silica shells (light gray areas). (Bottom) Optical extinction coefficients as function
of wavelength are shown here in dashed yellow, blue and red lines, respectively. The
extinction coefficient spectra of 14, 35 and 55 nm GNP solution are shown in solid yellow,
blue and red lines. The scale bar is 100 nm for all figures.

PLGA particles were prepared via a water-oil-water double emulsion technique and
characterized through several approaches. The structure of a single PLGA particle loaded
with PFH liquid and silica-coated GNPs is schematically presented (Fig. 2(a)). TEM images
of PLGA particles loaded with 14 nm, 35 nm and 55 nm GNPs are shown in Fig. 2(b)-2(d).
The black dots are the GNPs and the gray background is the PLGA shell. Since the
fluorinated silica-capped GNPs were well dispersed in the PFH liquid during the synthesis,
most of them were located in the core with the PFH liquid. The GNPs are not uniformly
distributed in the PLGA core, as shown in Fig. 2(c) and 2(d) due to the GNP aggregation.
However, PLGA particles (large collections of GNPs) dominate the absorption and scattering;
the small areas of the GNP aggregation did not affect the overall absorption spectra of PLGA-
GNP particles.

Scanning electron microscopy (SEM) confirmed the spherical morphology of the PLGA
particle (Fig. 2(e)). The PLGA shell thickness is about 10% of the particle diameter. The
particle size range is from 0.486 to 9.25 pm with a mean size of 562 = 91 nm (Fig. 2(f))
determined by laser diffraction technique using a Microtrac S3500 equipment (NIIKKISO
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Group, USA). In this study, the particle size distribution is rather large. For the future work,
we will use membrane filters to screen out the larger size particles and keep the smaller ones
(< 600 nm) for in vivo study since these size particles could pass through endothelial gaps in
tumor vasculature much easier than the larger size particles due to the enhanced permeability
and retention (EPR) effect [46, 47]. The absorption and scattering spectrum of a PLGA-GNP
particle solution has a broad peak located around 530 nm in comparison with a spectrum of
the GNP solution alone (Fig. 2(g)). This change is due to the scattering from the larger sizes
of PLGA particles which is indicated by the spectrum of PLGA without GNPs.
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Fig. 2. (a) Schematic demonstration of the composition of a PLGA particle containing silica-
coated gold nanoparticles and a PFH liquid. (b) — (d) TEM images of single PLGA particles
loaded with PFH liquids and silica-coated GNPs. The black dots are the GNPs, and the gray
pancake-shaped objects are the PLGA shells. (¢) A SEM image of PLGA-GNP particles shows
the spherical morphology. (f) The particle size distribution ranged from 0.486 to 9.25 pm with
a mean size of 562 + 91 nm. (g) Extinction coefficient as functions of laser wavelength for
GNPs, PLGA particles and PLGA-GNP particles loaded with 35 nm GNPs.

3.2 Photoacoustic experiments in phantom study

The PA signals of micro-meter size PLGA-GNP particles were measured using a combined
optical / acoustic microscope developed by Kibero, GmbH. The peak-to-peak photoacoustic
signal amplitudes were used for the calculation of the PA signal intensity as functions of laser
fluence and particle size. At low laser fluence level (<40 mJ/cm?), the PA signal amplitudes
increase linearly with the laser fluence (Fig. 3). The slope of each plot is also correlated with
the particle size, and it is proportional to the GNP absorption coefficient. The larger GNPs
with greater absorption cross section had a steeper slope than the smaller GNPs. Our results
show that the 2 um PLGA particles loaded with 55 nm, 35nm, and 14 nm GNPs produced
lines with slopes of 0.141, 0.064, and 0.055 cm™', respectively (Fig. 3(a)). Larger PLGA
particles encapsulating more GNPs result in stronger PA signals than the smaller particles. At
higher fluence (>160 ml/cm?), the signal intensity levels off, potentially due to the
deformation of the GNPs at high laser intensities [48]. Each dot in the graph is an average
value of 10 independent measurements of individual PLGA particles of a specific size (Fig.
3(b), 3(c) and 3(d)).
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Fig. 3. (b)(c)(d) The PA signal as function of the laser fluence for three particle sizes are
shown here. At the low energy level (<40mJ/cm?), the PA signal is linearly proportional to the
laser fluence for three types of PLGA particles (2, 5, and 10 pm). (a) The slope (0.141, 0.064,
and 0.055 cm™) obtained from 2 um PLGA-GNP particles is proportional to the GNP size, 55
nm, 35 nm, and 14 nm. In each graph, orange squares represent 55 nm GNPs, pink triangles
represent 35 nm GNPs, and blue diamonds represent 14 nm GNPs. Error bars represent the
standard deviation of ten measurements of one size of the PLGA particles.

The PLGA particle vaporization processes were recorded as video sequences (Fig. 4), in
which the bubbles were formed instantaneously after the laser pulse irradiation, then
expanded to approximately 10x the original particle size 2 seconds after vaporization. Then
the bubble diameters slowly increased over time. The vaporization thresholds as functions of
laser fluence were plotted in Fig. 4(b). Ten particles were measured for each type of PLGA-
GNP particle. The vaporization threshold was defined as the point at which 50% (5 out of 10)
or more of selected particles vaporized. The circles indicate the position where vaporization
occurred, which was 170, 142 and 84 mJ/cm? for 5 pm PLGA-GNP particles loaded with 14,
35, and 55 nm GNPs, respectively. A lower fluence level was required for PLGA particles
with larger GNPs and larger PLGA particles due to the larger absorption cross section of
GNPs and greater amount of GNPs encapsulated in the PLGA particles.

The vaporization fluence threshold was higher compared to the published results in the
literature, for example, fluence of 3.5 mJ/cm” demonstrated by Wei et al. [49]. There are a
couple of reasons which may cause the differences. Firstly, our experiment was conducted on
diluted samples. The vaporization threshold was based on the single particle vaporization
without the thermal coupling from neighboring particles. In Wei’s experiment, the
vaporization was occurring with high concentration of nano-emulsions in a tube. The thermal
coupling between closely packed gold nanospheres would reduce the laser fluence needed for
the vaporization to occur. Secondly, the solid PLGA polymer shell could also make the
vaporization more difficult to occur and therefore require more energy. The threshold fluence
can be optimized in the future work by adjusting the GNP concentration and shell properties.
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Fig. 4. (a) Optical images of PLGA-GNPs before and after vaporization. The initial particle
diameter was 2, 5 and 10 um (top row from left to right). The bubble diameter slowly
increased to 20, 35, and 50 um respectively after 2 seconds (bottom row from left to right).
The scale bar is 30 um for all images. (b) Photoacoustic signal amplitudes and vaporization
threshold as functions of laser fluence and GNP sizes. The circle positions indicate when more
than 50% of the particles vaporized.

During the vaporization threshold measurement, we observed that at the moment of the
bubble formation, there were sudden large increases of the PA signals from the particles due
to the vaporization event. This phenomenon was also reported in the literature [29, 49, 50].
After the bubbles formed, they grew about 10x of their original size in 2 seconds, then slowly
grew with time to about 20x of their original size and were then stable for a couple of hours.
The PA signals gradually decreased to the noise level as the bubbles gradually increased in
size. This is because of the change in spacing of the GNPs on, or close to, the bubble surface.
In previous experiments, we have determined that our focused transducer could not detect
signal generated by a single GNP. For the future in vivo experiments, the bubbles and the
GNPs would be confined in a tumor. Using an array transducer with a larger focus spot, the
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PA signals from the GNPs could be detected. In addition, any existing bubbles formed could
be potential US contrast agents.

3.3 Internalization of PLGA particles by cancer cells

The PLGA-GNP particle internalization by cancer cells through receptor-mediated
endocytosis [51] was investigated using the human breast cancer cell line MCF7. The TEM
image of an ultrathin section (Fig. 5) shows an adherent PLGA-GNP particle to the surface of
the cell and in the process of internalization into vesicles after 6 hour incubation with the cells
(Fig. 5(a)). PLGA-GNP particle internalization inside a cytoplasmic vesicle is displayed in
Fig. 5(b). The black dots are the GNPs (white arrows). The white areas are the hollow cores
of the PLGA particles formed during the fixation process (orange dotted arrows). In these two
TEM images, the GNPs are distributed along the inner surface of the PLGA shell. The reason
is that during the cell specimen preparation, the cells were fixed with alcohols and resins. The
PFH liquid was dried out and the GNPs were attached to the PLGA shell.

Fig. 5. (a)(b) TEM images of a single PLGA-GNP particle adherent to the surface of the cell
and internalized in a cytoplasmic vesicle. The black dots are the GNPs (solid white arrows).
The white areas are the hollow parts of the PLGA particles (dash yellow arrows). (c) Confocal
laser scanning fluorescence images of PLGA-GNP particles uptake by MCF7 cells after 5-hour
(top row) and 20-hour (bottom row) incubation. The images were cross sections at the centers
of the cells at xy-, yz-, and xz- plane. The PLGA-GNP particles are labeled by Dil dye in red
and are localized in the cell cytoplasm. The nuclei are stained blue by Hoechst. The
cytoplasmic membranes are stained green by DiD dye. The scale bar is the same for all images.

Fluorescent images of MCF7 cells loaded with fluorescent dye Dil-labeled PLGA
particles as a result of passive internalization are shown in Fig. 5(c). The images are the
optical sections obtained at xy-, yz-, and xz- plane from cell center using a confocal laser
scanning microscope. The cytoplasmic membranes are shown in green due to the fluorescent
dye DiO stain; nuclei emit blue due to the Hoechst fluorescence; and Dil labeled PLGA-GNP
particles are shown in red fluorescence. Top and bottom panels are MCF7 cells containing
PLGA particles with 5 and 20 hours incubation time, respectively. Most of the PLGA-GNP
particles are located in cellular endosomes after 5-hour incubation through a receptor-
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mediated endocytosis mechanism [51, 52], and are more dispersed in the cytoplasm after 20
hours incubation time.

3.4 PA/fluorescent imaging in vitro

The potential of PLGA particles as PA and fluorescent imaging contrast agents was
investigated. The representative images of fixed MCF7 cells loaded with PLGA-GNP-Dil
particles are shown in Fig. 6. The optical image was recorded using a 20x phase contrast
objective (Fig. 6(a) and 6(d)). In the superimposed fluorescence images (Fig. 6(b) and 6(e)),
the cell nuclei stained with Hoechst are shown in blue, the cytoplasmic membranes labeled
with DiO are shown in green and the PLGA-GNPs labeled by Dil are shown in red and are
located in the cytoplasm. In the PA images (Fig. 6(c) and 6(f)), a strong PA signal was
observed at the location of the PLGA-GNPs. There is no PA signal at other parts of the
cytoplasm, which is confirmed by the fluorescent image. These results confirm that the
PLGA-GNP particles are excellent contrast agents for PA and fluorescent imaging in vitro.
For the future in vivo experiments, since the fluorescence intensity decreases rapidly, the
fluorescent contrast capacity could be used as assistance to PA imaging for shallow tissue
imaging.

Optical Fluorescent Photoacoustic

Fig. 6. Images of MCF7 cells loaded with Dil labeled PLGA-GNPs. (a)(d) The optical images
were recorded using a 20x phase contrast objective. (b)(e) In the fluorescence images, the cell
nuclei are shown in blue due to the Hoechst stain, and the cell membranes are shown in green
by the DiO stain. (c)(f) The PA images were obtained using the 375 MHz transducer. The
PLGA-GNPs particles are shown in yellow-orange in the fluorescence image (b)(e), and bright
white in the PA image (c)(f). The scale bar is the same for all images.

3.5 PLGA patrticles as therapeutic agents

The effects of single PLGA-GNP particle vaporization inside the cells were investigated.
Upon laser irradiation at fluence level of 100 mJ/cm?, 1-2 um sized PLGA-GNP particles
vaporized within the cell as observed under optical microscopy. In some cases, the bubble
remained trapped within the cell, slowly expanding over time and eventually escaped from
the cell. Membrane integrity was lost upon bubble formation, and Propidium iodide (PI)
fluorescence was observed within 20 seconds, indicating the membrane is damaged and the
cell will die (Visualization | in the Supplementary Material). These results suggest that
vaporization inside the cancer cells can cause mechanical damage to the cell which further
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causes cell death. The vaporization alone can serve as therapeutic purpose without drug
assistance. This technique could be applied in an in vivo experiment. We are working on
making smaller particles (mean size < 200 nm) for more effective tumor targeting in vivo.
Even though the particles will be poly-dispersed, the larger size particles (< 500 nm) would
be more sufficient at disrupting the vasculature, while the smaller particles would be more
effective in penetrating deeper into the tumor upon successive treatments, and depositing
PAC for localized drug delivery.

The chemo drug PAC loading efficiency by the PLGA particles was investigated using
high performance liquid chromatography (HPLC) technique and it was quantified as 78.5%
based on the ratio of amount of drug measured from sample particles to total amount of drug
used for the synthesis. PLGA-GNP particle therapeutic capacities and PLGA particle drug
delivery potential on a bigger cell population were tested. Immediately after the laser
irradiation, the cell viability was tested using MTT assay, and test results are shown in Fig.
7(a). The exposure of PLGA-GNPs particles to the cells for 24 hours reduces the cell viability
to 80%. The statistical analysis using a Student t-test shows that at a 95% confidence level,
there is a significant difference between the control group and cell exposed to PLGA-GNP
particles (P < 0.05). This result indicates a base level of cytotoxicity of the PLGA-GNP
particle due to the large amount of PLGA-GNP particles used in the experiment. The
cytotoxicity can be minimized by reducing the amount of the PLGA-GNPs for each
treatment.
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Fig. 7. (Left) MCF7 cells were exposed to PLGA-GNPs for 6, 12 and 24 hours. Then cells
were irradiated with a 532 nm pulsed laser for 10 s/spot with a fluence of 100 mJ/cm?. The cell
viability was tested using MTT assay. (Right) MCF7 Cell viability after incubated with PLGA-
PAC for 6, 12 and 24 hours was tested using a MTT assay. Error bars represent the standard
deviation of 8 duplicates of each group.

After incubation PLGA-GNPs with MCF7 cell for 6, 12 and 24 hours, the laser induced
vaporization reduces the cell viability to 19%, 20% and 18%, respectively. For cells exposed
to PLGA-PAC particles for 6, 12 and 24 hours, the survival rates decreased to 30%, 28% and
27% respectively. The high cell survival rates induced by PAC might due to the insufficient
amount of drug used in the experiment. The t-test results show that there are significant
differences between the laser induced cell death and the paclitaxel induced cell death at a
95% confidence level (P < 0.05) for three incubation times. Overall, this result indicates that
PAC was delivered to the cell via the PLGA particle released through a diffusion or erosion
process. Laser induced vaporization demonstrates stronger therapeutic efficiency than using
PAC. The combination of utilizing laser activation and drug release could achieve a better
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therapeutic efficacy with lower drug doses and reduced side effect in patients. The
vaporization fluence used in this experiment was higher than the ANSI safety threshold. We
will reduce the vaporization fluence in the future experiments by increasing GNP
concentration and adjusting polymer composition (LA: GA ratio) in the shell to make the
shell less rigid.

4. Conclusion

The main goal of this work was to synthesize and characterize nano-scaled, multi-model
theranostic agents that worked simultaneously for combined PA and fluorescent imaging and
drug delivery. The synthesis method provided a simple way to create contrast agents that is
highly adaptable to specific applications in terms of particle size and types of GNPs
encapsulation. In addition, knowing the contrast physical and PA properties will help us to
optimize the experiment parameters for future studies. The phantom and in vitro studies
showed strong PA signals using minimal light energy within the ANSI standards (< 20
mJ/cm®) which indicates the potential of the PLGA-GNPs as PA contrast agents in clinical
applications for shallow tissue image. If the optical absorbers are replaced by other types such
as gold nanorods or gold nanoshells which absorb near infrared light, these agents primary
uses could be for relatively deep tissue imaging. Beyond its contrast enhancing abilities, the
agent therapeutic applications and drug delivery capacity to cancer cells were explored.
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