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Abstract

This study reports on the development and application of theragnostic agents

targeting the HER2 receptors in breast tumors. The agent was constructed by

loading silica-coated gold nanorods (GNRs) and a perfluorohexane liquid into

PLGA-PEG nanoparticles, followed by surface conjugation with antibody

Herceptin. The particle uptake in human breast cancer MDA-MB-231 (HER2-

negative) and BT474 (HER2-positive) cell lines was tested. A proof of principle

in vivo study was also performed using a xenograft mouse bilateral tumor

model (16 mice, 32 tumors). Photoacoustic imaging was performed using a

VevoLAZR device at 720/750/850 nm illuminations and 21 MHz central fre-

quency. The relative concentrations of GNRs in the tumor were quantified

using a linear spectral unmixing technique. The therapeutic efficacy of these

nanoparticles was evaluated through optical droplet vaporization, and cell

damage was confirmed using tissue immunofluorescence and histology. Our

results demonstrate the potential of PLGA-GNRs as theragnostic agents for

anti-HER2 breast cancer therapy.
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1 | INTRODUCTION

Theragnostic agents integrate molecular imaging and thera-
peutic function into a single nanoparticle (NP), enabling
simultaneously monitoring and treating early-stage breast
cancer [1–5]. The NP can be made into nano-droplets by
encapsulation of perfluorocarbon liquid and optical

absorbers. Its therapeutic potential can be realized through
the optical droplet vaporization (ODV) approach [6, 7].
ODV can overcome the limitation of using traditional
acoustic droplet vaporization (ADV), which could cause
unwanted bioeffects due to the high acoustic pressures
required to achieve the vaporization [8, 9]. At lower energy
laser irradiation during ODV, the optical absorbers convert

Received: 25 March 2021 Revised: 22 June 2021 Accepted: 5 July 2021

DOI: 10.1002/jbio.202100099

J. Biophotonics. 2021;e202100099. www.biophotonics-journal.org © 2021 Wiley-VCH GmbH 1 of 13

https://doi.org/10.1002/jbio.202100099

https://orcid.org/0000-0001-7795-9533
https://orcid.org/0000-0002-8413-6313
mailto:mkolios@ryerson.ca
http://www.biophotonics-journal.org
https://doi.org/10.1002/jbio.202100099
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbio.202100099&domain=pdf&date_stamp=2021-07-16


the light energy to acoustic waves, producing photoacoustic
(PA) signals. When the laser energy exceeds a certain
threshold, the optical absorbers can cause a sufficient local
temperature rise, triggering a liquid–gas phase transition,
resulting in vaporization of the nanoparticle. The ODV
effect has been shown to induce proximal cell membrane
damage and cell death [10, 11] and tumor destruction via
vessel occlusion [12]. However, their nonselectivity and
nonspecificity currently limit their application in vivo.

Poly (lactide-co-glycolic acid)-Polyethylene glycol
(PLGA-PEG) copolymer NPs have been explored as ther-
agnostic agents for cancer diagnosis and therapy due to their
biocompatibility and biodegradability [13, 14]. These parti-
cles demonstrate prolonged circulation, allowing for extrava-
sation and accumulation in the interstitial tumor space
through either the enhanced permittivity and retention
effect [15] or the active trans-endothelial mechanisms [16].
Phase-change NPs made from PLGA-PEG have advantages
in terms of their shell elasticity, degradability, and resistance
to pressure waves over other materials such as protein or
lipid [7, 17, 18]. Approximately 20–30% of all human pri-
mary breast cancers overexpress the human epidermal
growth factor receptor 2 (HER2), contributing to tumorigen-
esis, tumor aggressiveness, high recurrence rate, and poor
prognosis [19, 20]. Therefore, fabricating HER2-targeted
PLGA-PEG based theragnostic agents could improve the
early detection and treatment of breast cancer.

Researchers have been working on laser-activatable
multifunctional theragnostic nanoagents for breast tumor
imaging and therapy utilizing ODV [12, 21, 22]. The particle
design includes gold nanospheres, silver NPs, or super-
paramagnetic iron oxide NPs encapsulated in a polymer or
lipid shell. However, magnetic resonance imaging is an
expensive imaging modality with limited sensitivity, thus
hindering widespread clinical adaptation. In addition, the
gold/silver nanosphere optical absorption peak is outside
the near-infrared region, making such constructs inefficient
as PA imaging contrast agents for deep tissues. Gold
nanorods (GNRs) have been utilized in PA spectroscopic
imaging [23–26] and were demonstrated effective for moni-
toring the delivery and spatial distribution of GNRs in vivo.
However, there are no published reports using GNR-based
ODV using active HER2 targeting for imaging and therapy.

We previously demonstrated that GNR-loaded PLGA
NPs can selectively detect cancer cells through molecular
targeting PA imaging in vitro. The cancer cells were more
effectively treated using ODV than using a therapeutic
drug. In this paper, we demonstrate the efficacy of multi-
wavelength PA imaging in detecting and differentiating
cancer cells labeled with anti-HER2 PLGA-GNRs from
the endogenous chromophores using in vitro and in vivo.
Silica-coated GNRs are selected as optical absorbers,
which can reduce the cytotoxicity of GNRs, stabilize the

GNRs under laser irradiation, and amplify the PA signals
[27]. Proof of principle experiments demonstrating the
targeting efficiency and the laser-induced tumor thera-
peutic effect via ODV are examined using a xenograft
mouse tumor model.

2 | MATERIALS AND METHODS

2.1 | Materials

Poly (lactic-co-glycolic acid)-Polyethylene glycol (PLGA-
PEG) (10 000:2000), perfluorohexane (PFH) (C6F14),
hydroauric acid (HAuCl4�3H2O) (99%), silver nitrate
(AgNO3), sodium borohydride (NaBH4), hexadecyltri-
methylammonium bromide (CTAB), ascorbic acid,
tetraethyl orthosilicate (TEOS), 4-arm-PEG5K-SH,
1H,1H,2H,2H-perfluorodecyltriethoxysilane, N-methyl
pyrrolidinone (NMP), 2-(N-morpholino)-ethane sulphonic
acid (MES), 1-ethyl-3-(3-dimethylaminopropyl)-carbo-
diimide (EDC), N-hydroxysuccinimide (NHS), propidium
iodide (PI), terminal deoxynucleotidyl transferase (TdT)
dUTP Nick-End Labeling (TUNEL), fluorescent lipophilic
carbocyanine dye DiI, DiD, and Hoechst were purchased
from Sigma Aldrich Inc., Canada. Acetone, isopropanol,
methanol, and ammonia were purchased from Fisher Scien-
tific Inc., Canada. Herceptin was donated by Genentech,
Inc., USA. All chemicals were at ACS grade and used as
received. Deionized water (Millipore Milli-Q grade,
18.2 MΩ) was used in all experiments.

2.2 | PLGA-GNR preparation

Gold nanorods were synthesized following a seed-medi-
ated growth method [28], then coated with silica
according to a modified method [27] and fluorinated with
1H,1H,2H,2H-perfluorodecyltriethoxysilane [29]. After
the solvent was evaporated, the fluorinated GNRs were
dissolved into PFH liquid. PLGA-GNR particles were pre-
pared using a double emulsion solvent evaporation pro-
cess [11]. Briefly, PEG-PLGA polymer (25 mg) and
fluorescence dye DiD, or DiI (100 μg) were dissolved in
NMP (1 ml). GNRs (~2.5 � 1012) in PFH solution (0.3 ml)
were added in PEG-PLGA solution and were emulsified
for 45 s using a tip sonifier (BRANSON, USA) with 2-sec-
ond-on, 1-second-off, 10 W pulses. Then, polyvinyl alco-
hol (6 ml, 4% v/v) was added to the emulsion and
homogenized for 30 s. The final emulsion was mixed
with isopropanol solution (10 ml, 2% v/v) and stirred for
2 h at room temperature to evaporate organic solvents.
The final product was collected by centrifugation (5 min,
700 g) and stored at 4�C for future use.
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2.3 | Particle characterization

The internal structure and morphology of silica-coated
GNRs and PLGA-GNRs were characterized by transmission
electron microscopy (TEM, FEI Tecnai 20, Philip, Japan) at
300 keV and emission scanning electron microscopy (SEM,
FEI XL30 ESEM, Philip, Japan) at 20 keV. The particle
absorption spectra were measured using a spectrophotome-
ter (Shimadzu UV-3600, Japan) with particles suspended in
an aqueous solution (3.5 ml) in a 1-cm thick plastic cuvette.
The NP concentration and size distribution were measured
using an Archimedes device (Malvern Panalytical, UK).
The PLGA-GNR phase-transition effect was tested using
laser pulses (720 nm, 20 mJ/cm2) (OPOTEK, RADIANT,
HE 355 LD). Particles were placed on a glass-bottom cell
culture dish and irradiated by a laser beam for 30 seconds.
The laser pulse had a 9 ns pulse width, 1 cm beam diame-
ter, and a pulse repetition frequency of 10 Hz. The vaporiza-
tion event was observed under a microscope (Olympus,
Japan) following laser irradiation.

2.4 | Herceptin conjugation to PLGA
particles

Conjugation of antibody Herceptin (HER) to the PLGA
particle surface was performed using a carbodiimide
technique [30]. Briefly, PLGA particles (5 mg) were
suspended in a MES buffer (0.5 ml, 0.1 M, pH = 5.5), and
incubated with EDC (0.2 ml, 0.4 mM) and NHS (0.2 ml,
0.1 mM) for a half-hour at room temperature with gentle
shaking. Next, the PLGA particles were incubated with
HER solution (2.5 mg, 0.5 ml) in an MES buffer (0.5 ml,
0.1 M, pH = 8.0) for 3 h. The resulting antibody-nanopar-
ticle conjugates were washed three times with the MES
buffer. The conjugation was verified using an AlexaFluor
488-conjugated anti-human IgG antibody (Thermo Fisher
Scientific, Canada).

2.5 | Cancer cell targeting

The human breast cancer BT474 cells (HER2-positive)
and MDA-MB-231 cells (HER2-negative) were purchased
from American Type Culture Collection (ATCC) and
maintained in a humidified cell incubator at 37�C and 5%
CO2 with Dulbecco's Modified Eagle Media comprising
4500 mg glucose/L, L-glutamine, NaHCO3, and sodium
pyruvate with 10% fetal bovine serum, 1% HEPES buffer,
and 1% penicillin–streptomycin.

To test the targeting of the particles onto cell surfaces,
individual samples of the cells (2 � 104) were seeded in a

35 mm cell culture dish overnight. Cells were then incu-
bated with PLGA-GNR-HER particles in an incubator
(37�C, 5% CO2) for 1 h. Cells were rinsed with PBS three
times. Hoechst was added to the cell culture dish, and
cell fluorescence images were taken. Next, cell samples
were collected and injected into a cylindrical cavity
(1 mm in diameter) in a gel phantom. The phantom was
imaged using the VevoLAZR device (VisualSonics Inc.,
Toronto, Canada) with the LZ-250 transducer (21 MHz
center frequency, 13–24 MHz bandwidth) at 720 nm laser
illuminations. The PA radio frequency signals were
recorded, and the PA images were reconstructed using an
in-house MATLAB code that implemented delay-and-
sum beamforming [31, 32].

2.6 | Verification of PA spectral
unmixing technique in vitro

Three types of gel phantoms (1) gel (10% w/v), (2) gel
(10%, w/v) + blood (1% v/v), and (3) gel (10% w/v)
+ blood (1% v/v) + GNRs (2.5 � 1012/ml) were prepared.
Healthy mouse whole blood was used for the experiment.
Blood was kept in hematology tubes containing
ethylenediaminetetraacetic acid (EDTA) to avoid blood
coagulation and was added to the gel solution at 37�C
before solidification. PA imaging was performed on phan-
toms using the VevoLAZR US/PA imaging device with the
LZ-250 transducer (21 MHz center frequency, 256 ele-
ments) coupled to an Nd:YAG laser operated through an
optical parametric oscillator with a 6 ns pulse length,
20 Hz pulse repetition frequency, and 680–970 nm output.
For this study, the phantoms were illuminated at 720, 750,
and 850 nm. These wavelengths were selected to improve
the quantification output of the linear spectral unmixing
algorithm applied to extract the relative content of oxy,
deoxy-hemoglobin, and GNRs in the phantoms [33].

A MATLAB-based linear spectral unmixing algorithm
was used to quantify the average GNR content of each
tumor [34, 35]. The unmixing algorithm is based on
assuming that the optical absorption in tumors originated
primarily from three endogenous optical absorbers: oxy-
hemoglobin (HbO2), deoxy-hemoglobin (Hb), and GNRs.
The total absorption coefficient (μa) can be considered
the sum of the three dominant individual absorption
coefficients for HbO2, Hb, and the GNRs. The wave-
length-dependent local absorption coefficient (μa[λ]) is
defined as the product of the molar extinction coefficient
(ε) and the molar concentration (C) of the optical
absorber as described in Equation (1) [34]:

μa λð Þ¼CHbO2 εHbO2 λð ÞþCHb εHb λð ÞþCGNR εGNR λð Þ ð1Þ
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The local PA pressure rise (p0 (λ)) can be directly related
to the local absorption spectrum (μa(λ)) [35]:

p0 λð Þ¼Γμa λð ÞF λð Þ, ð2Þ

where Γ is the Grüneisen parameter, and F is wave-
length-dependent local laser fluence.

To avoid nonphysical results, for example, negative
concentrations, the sum of all the chromophore concen-
trations at a selected location was set to be 1. Each extinc-
tion coefficient is normalized within the selected
wavelength range (λa < λ < λb) to improve chromophore
quantification. Thus, the Grüneisen parameter is elimi-
nated, and the fluence at different optical wavelengths is
assumed to be constant.

2.7 | In vivo study

All procedures involving the use of laboratory animals for
this study were approved by the Animal Care Committee
at St. Michael's Hospital and the Research Ethics Board at
Ryerson University (Protocol #724). Female BALB/c B17
SCID mice (4–6 weeks; 18–22 g) purchased from Jackson
Laboratory were used for the experiments. To establish a
bilateral tumor model, BT474 and MDA-MB-231 cancer
cells (2 million cells per type) in 100 μl of PBS and 100 μl
of matrigel solution were inoculated in the left and right
flanks in mice (16 mice, 28 tumors), respectively [36].
When the tumor size reached ~300 mm3 in approximately
4 weeks, all experiments were initiated. Twelve mice were
used in the tumor particle uptake study.

For testing laser-induced particle vaporization, four
mice were used: (1) control, (2) PLGA-GNR-HER, (3)
laser, and (4) PLGA-GNR-HER + laser. At 6-h post-
injection, tumors were irradiated with a CW laser
(ONDAX, USA) at 785 nm, 500 mW for 20 min. After the
laser treatment, mice were sacrificed, and tumors were
extracted to examine tissue damage.

2.8 | Photoacoustic imaging of tumor
particle uptake study

Prior to imaging, hair at the tumor region was removed
using hair removal products. For each imaging session,
mice were anesthetized with 2% isoflurane in oxygen at
2 L/min and kept on a heating platform to maintain the
mouse body temperature within 37 to 39�C. The internal
temperature of each mouse was monitored using a rectal
thermometer provided by VisualSonics. Clear US gel was
used to couple the transducer to each tumor. Co-registered
B-mode US and PA images (21 MHz, 74 μm axial resolu-
tion, and 165 μm lateral resolution) of all tumors were
recorded prior to injection and at 0.5-, 1-, 6-, 24-h, 3- and 7-
day postinjection using the VevoLAZR imaging system.
PLGA-GNR-HER particles (5 mg in 200 μl of saline) were
injected intravenously (n = 3 per group) (Table 1). PA
images were acquired at 720, 750, and 850 nm optical illu-
mination with an average fluence of 20 mJ/cm2. A sche-
matic of the experimental setup is shown in Figure 1A. The
transducer was attached to a motorized stand that moved
the transducer along the elevational plane so that a 3D
entire tumor scan with a 0.25 mm step size was recorded.

TABLE 1 Experimental plan for PLGA-GNR injection/imaging and laser treatment

PA Imaging Number of animals Number of tumors

Time point (pre-, 0.5-, 1-, 3-, 6-, 24-h,
3-, 7-day)

3 6

Histology

Control 3 6

Time point (6-h) 3 6

Time point (24-h) 3 6

Time point (7-day) 3 (same mice as in the PA imaging
group)

6 (same mice as in the PA imaging
group)

Laser treatment

Control 1 1

laser 1 1

PLGA-GNR 1 1

PLGA-GNR + laser 1 1

Total 16 28
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In total, for each time point, 15 US/PA, 2D B-mode
frames were acquired, covering the entire 3D volume of each
tumor. Each 2D US image was used to anatomically locate
the tumor region of interest (ROI) in each frame while
avoiding the skin, bone, and other artifacts (Figure 1B). The
same ROI that was determined in the US image was applied
to segment the PA images acquired at 720/750/850 nm for
all 15 frames. The energy of each pulse at the two wave-
lengths was measured in real time using an energy meter
(Ophir-Spiricon, North Logan, Utah, USA) that was coupled
to the image acquisition sequence. The PA images at each
wavelength were normalized by their respective real-time
energies to remove the wavelength-dependent laser energy
variations present within the system. Given that the tumors
were small and superficial, no optical fluence correction was
applied. The PA amplitudes were used to quantify the PA

strength. The raw PA data also were used as input to the lin-
ear spectral unmixing algorithm to extract GNR relative con-
tent in the tumor (Figure 1C).

2.9 | Tissue processing and histological
analysis

After PLGA-GNR-HER particle injection, three mice
were sacrificed at specific time points (6 h, 24 h, and 7d).
Tumors were extracted, and tissues were fixed in 4%
paraformaldehyde and embedded in optimal cutting tem-
perature (OCT) compound, then frozen on dry ice. Tissue
blocks were then cut into thin (30 micron thickness) sec-
tions using a microtome-cryostat. Multiple sections from
each tumor were sliced and were mounted on glass

FIGURE 1 A, Schematic representation of experimental plan and the imaging setup for animal study to examine PLGA-GNRs targeting

tumor and laser-induced vaporization as a treatment effect on the tumor. B, ROIs were drawn on the ultrasound images, while the raw PA

signal intensity measurements were analyzed. C, Co-registered transverse US and PA images at three wavelengths were collected in a single

plane at the center of the bilateral tumor. A linear least-squares regression was performed using known absorption spectra of tissue

chromophores in order to spectroscopically resolve the concentrations of individual chromophores (oxygenated and deoxygenated

hemoglobin and GNR) within the ROI. The spectrally processed images were then combined to provide maps of GNR content within the

tumors
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slides. Next, tumor tissue sections were stained with
Hoechst and covered with coverslips. Particle uptake by
tumor was estimated by fluorescence imaging using the
Halo analysis system. The slides were digitized using
the ZEISS Axio Scan. Z1 (Carl Zeiss Canada, Ltd.,
Toronto, Canada) fluorescence microscope (10x/0.45
Plan-Apochromat objective, 630 nm excitation) attached
to a Hitachi 3-chip color camera (Hitachi Kokusai Elec-
tric Camera, Ltd., Woodbury, NY, USA). All quantifica-
tion analysis was performed using the HALO® image
analysis platform (Indica Labs, Albuquerque, NM, USA).
The positive fluorescent DiD areas were calculated by
separating the stain signal from the background signal as
quantification of PLGA-GNRs uptake by tumors.

For testing the laser-induced particle vaporization, four
mice were chosen: (1) control, (2) laser, (3)PLGA-GNR-
HER, and (4) PLGA-GNR-HER + laser. Tumor #3 and
tumor #4 were injected with PLGA-GNR-HER particles.
Mouse #1 and mouse #2 were injected with saline. At 6-h

postinjection, Mouse #2 and mouse #4 (one tumor per
mouse) were irradiated with a CW laser (500 mW, 20 min)
with the laser beam (1 cm in diameter) covering the whole
tumor volume. After the laser treatment, mice were
sacrificed, and tumors were extracted to examine for tissue
damage. For each mouse, one-half of the tumor was fixed in
4% paraformaldehyde, embedded into paraffin, and sec-
tioned into thin slices (6 microns thickness). Hematoxylin
and eosin (H&E) staining was carried out to evaluate tissue
damage upon laser irradiation. The second half of the tumor
was fixed in 4% paraformaldehyde and embedded in OCT
compound, then frozen on dry ice. Tissue blocks were then
cut into thin (6 micron thick) sections using a microtome-
cryostat. Multiple sections from each tumor were sliced and
were mounted on microscopic slides. Next, tumor tissue sec-
tions were stained with TUNEL assay. Positive control
group tissue samples were treated with DNase to confirm
that the TUNEL assay was used properly. Then, tissue sec-
tions were covered with coverslips. Tumor cell proliferation

FIGURE 2 Physical and optical properties of GNRs, silica-coated GNRs and PLGA-GNRs. A–C, TEM images of GNRs, silica-coated

GNRs, and a PLGA-GNR, respectively. D,E, Optical absorption spectra of GNRs, silica-coated GNRs, and PLGA-GNRs. An inset of (D) is

shown in (E). F, Representative SEM image of PLGA-GNRs. G, PLGA-GNR concentration and size distribution. The NPs have a Gaussian

size distribution and a mean size of 285 ± 29 nm. (H) Bright field optical image of PLGA-GNRs prior to laser irradiation. I, Bright field

optical image of PLGA-GNRs at 30s postlaser irradiation
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and cell death were examined using an Olympus Upright
BX50 microscope (Olympus, Japan) using the �20 objec-
tive lens.

2.10 | Statistical analysis

All data are expressed as mean ± SD. Statistical analysis
was conducted with the two-tailed unpaired t-test for
two-group comparisons. A P-value of <.05 was consid-
ered to be statistically significant.

3 | RESULTS AND DISCUSSION

3.1 | Evaluation of the PLGA-GNR
particles

The PLGA-GNR nanoparticles were prepared using a
double emulsion evaporation process and characterized

using a spectrophotometer, TEM, SEM, and an Archime-
des device. Figure 2A–C shows the TEM images of GNRs,
silica-coated GNRs, and a PLGA-GNR. Figure 2D,E
shows the optical spectra of GNRs, silica-coated GNRs,
and PLGA-GNRs. The absorption peaks are at 780 nm
(GNRs), 791 nm (silica-coated GNR), and 720 nm
(PLGA-GNR). The red-shift of the peak for silica-coated
GNRs from 780 to 791 nm was due to more optical scat-
tering within the silica layer [37]. The broad peak and
blue shift of the PLGA-GNR spectrum from 791 to
720 nm are likely due to the coalescence of GNRs inside
PLGA NPs. Figure 2F is a representative SEM image of
PLGA-GNRs. It shows that the particles are spherical and
have varying sizes. Figure 2G shows a size distribution of
PLGA-GNPs measured using the Archimedes device. The
mean size is around 285 nm with a SD of 29 nm. The
vaporization of the PLGA-GNRs was examined under an
optical microscope, and the results are shown in
Figure 2H,I prior and 30s post-laser irradiation
(λ = 720 nm) with 20 mJ/cm2, respectively. These images

FIGURE 3 Fluorescence and PA images of BT474 and MDA-MB-231 cells. A, Schematic representation of a HER2-positive cancer cell

targeted by PLGA-GNR particles through a receptor/antibody interaction. B, Schematic representation of the PA experimental setup. C,D,

are the fluorescence images, E,F are PA images. G,H, are the PA signals from BT474 and MDA-MB-231 cells, respectively. Cell nuclei (in

blue) are conjugated by PLGA-GNR-HER2 (in red)
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demonstrate that within the laser beam spot (1 cm diam-
eter), PLGA-GNR particles were vaporized, and the bub-
ble size expanded over time.

3.2 | Cell targeting and photoacoustic
measurements in vitro

The PLGA-GNRs were conjugated with Herceptin using
a carbodiimide technique. Cancer cell targeting efficacy
was tested using PA imaging and validated using fluores-
cence microscopy. Figure 3A shows the schematic pre-
sentation of a PLGA-GNR targeting a cancer cell through
Herceptin/HER2 interaction. Figure 3B shows a sche-
matic PA experimental setup. An array transducer (image
width: 23 mm, image depth: 30 mm) is positioned on top
of a gel phantom (7 cm � 5 cm � 4 cm) parallel to the
cylindrical cavity (1 mm diameter, 7 cm long) inside the
phantom. The particle and cell mixtures are confined in
the cylindrical cavity. Figure 3C is a fluorescence image
of two BT474 cells targeted by PLGA-GNR particles.
PLGA-GNRs (shown in red) are attached to the BT474
cells (shown in blue). In comparison, none of the PLGA-
GNRs are attached to the MDA-MB-231 cells
(Figure 3D). The PA images of cancer cells containing
PLGA-GNRs in phantoms are shown in Figure 3E,F. The

figures demonstrate much stronger PA signals from the
BT474 cells targeted by PLGA-GNRs (Figure 3E) com-
pared with the near-zero PA signals obtained from the
MDA-MB-231 cells (Figure 3F). Two representative radio-
frequency (RF) signals are shown (Figure 3G,H) at the
location of the dashed blue lines in Figure 3E,F. The RF
signal intensities were quantified to be 19 times higher
for the BT474 cells relative to the MDA-MB-231 cells
when measuring the peak-to-peak amplitudes of RF sig-
nals shown in Figure 3G and Figure 3H. This is indicative
of the high binding efficacy of the PLGA-GNRs to the
HER2-positive BT474 cells.

3.3 | Validation of PA spectral unmixing
technique in phantom

GNR distribution in the phantom was evaluated using a
PA power spectral unmixing technique. The spatial distri-
bution of the three phantoms contains (1) gelatin, (2)
gelatin + blood, (3) gelatin + blood + GNRs, and the PA
signal and GNR unmixed signal are quantified as shown
in Figure 4. A flowchart of the linear spectral unmixing
algorithm of PA imaging data for the three wavelengths
(720, 750, and 850 nm) and the data analysis performed
in phantoms are shown in Figure 4A. The spectrally

FIGURE 4 Results for evaluation of GNR distribution in phantom using a PA spectral unmixing technique. A, Flowchart of spectral PA

imaging data set acquisition on three wavelengths and data analysis in phantoms. The spectrally processed images were then combined to

provide maps of hemoglobin and GNR content within the phantoms. B, PA images and GNR maps of 10% gel phantom, GNR, and 1% blood

+ 10% gel phantom. C, Quantitative demonstration of PA and GNR signals of three types of phantom imaging in (B). Error bars are based

on three repeated experiments
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processed images were then combined to provide maps of
hemoglobin and GNR content within the phantoms. In
Figures 4B, the spectroscopic PA imaging analysis and spec-
tral unmixing show the GNR contributions to the PA signal
(acquired at 720 nm). For the gel alone phantom, there is
no PA and GNR signals/contrast. For the 1% blood phan-
tom, there are signals in the PA images corresponding to
blood absorption, but there is a negligible signal in the
GNR image. For the 1% blood + GNR phantom, there is a
significant increase in the GNR signal in the phantom com-
pared with the 1% blood phantom without GNRs. These
results demonstrate that spectroscopic PA unmixing can be
used to separate the GNR signal from the blood signal in
the imaged phantom.

3.4 | PA imaging and spectroscopic
unmixing on mouse tumors

Photoacoustic imaging is used to assess the efficacy of
PLGA-GNR targeting of tumors. The PA spectroscopic
unmixing technique was applied to PA data to map GNR
content in tumors. The representative single-wavelength PA
images from one mouse obtained at 720 nm and related

GNR distribution in the two types of tumors imaged at dif-
ferent time points are shown in Figures 5A (MDA-MB231
tumor) and 5B (BT474 tumor). By examination of the PA
images, it is difficult to distinguish between MDA-MB231
and BT474 tumors at different time points due to the pres-
ence of hemoglobin within tumors in addition to PLGA-
GNRs. However, using the spectral unmixing method, the
differences of GNR distribution at different time points
become distinguishable. The PA and GNR signal intensities
were averaged based on 15 frames per tumor, 20 RF lines
per frame, and three tumors per time point. The PA and
GNR signal intensities were normalized by dividing the
preinjection signal intensity and are plotted in Figure 5C,D,
respectively. There are no significant PA signal variations as
a function of time for both tumor types in the longitudinal
measurements (Figure 5C). For the HER2-negative tumors
(MDA-MB-231), GNR uptake in the tumors is through pas-
sive targeting. The GNR accumulation peaks appear at 1-h
postinjection with a 1.2-fold increase but washes out over
time. In the HER2-positive tumors (BT474), GNRs start to
accumulate as early as 0.5 h with a 1.8-fold increase
(*P < .05), and the accumulation level is kept significantly
higher than the baseline up to 6-h postinjection (2-fold
increase, *P < .05). These kinetics are consistent with other

FIGURE 5 Tumor uptake study. Representative images of A, MDA-MB-231 (HER2-). B, BT474 (HER2+) of one-wavelength PA images

at 720 nm of bilateral tumors and GNR spatial distribution maps over several time points. C, Quantitative comparison of average PA signals

of tumors at the same imaged time points. D, Quantitative comparison of average GNR signals of tumors at the same imaged time points

(*P < .05). The error bars represent the SD of data from three tumors per type and 15 frames per tumor
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research findings using active targeting [12, 21]. The peak
intensities drop significantly at 24-h postinjection (1.4-fold
increase, *P < .05) and return to background levels at 7-day
post-injection. At this time point, most of the particles were
either washed out of tumors or digested/excreted by cancer
cells [38, 39]. In comparison, MDA-MB231 tumors show
the GNR uptake peak at 1-h post-injection (1.3-fold
increase, *P < .05). But the signal intensities drop down to
baseline level quickly.

The average PA signal profiles for both tumor types
show a similar trend because they share the same back-
ground signal from hemoglobin in the blood. However, the
average GNR signal profile shows a different trend between
the two tumor types due to the separation of GNR signal
from hemoglobin. These results indicate that the active
targeting for the HER2-positive tumors result in increased
localized GNR accumulation and retention compared with

the HER2-negative tumors. The spectroscopic PA imaging
analysis can spatially locate and, in principle, quantify GNR
delivery in vivo. This introduces the capability of PA imag-
ing in monitoring the delivery of GNRs and the temporal
and spatial interactions of GNR with tissue.

3.5 | Fluorescence imaging of GNR
distribution in tumor tissues

Mice were sacrificed and tumors were harvested at 6 h,
24 h, and 7d (n = 3 per time point). Fluorescence DiD
dye labeled PLGA-GNRs distribution in tumors was
examined to quantify the positive area of DiD in the tis-
sue using fluorescence imaging and the Halo analysis sys-
tem. Figure 6A shows representative images of tumor
tissue slices. The yellow/red dots are the location of the

FIGURE 6 A, Fluorescence images of tumor tissues. B, Fluorescent dye DiD quantification in tissues indicating PLGA-GNRs tumor

uptake (three tumors per time points, eight slices per tumor), (*P < .05). The error bars represent the SD of data from three tumors per type

and eight slices per tumor
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PLGA-GNR-DiD particles. For the BT474 tumors, at 6 h,
the particle uptake is higher compared with tissue sam-
ples from other time points. This was quantified by mea-
suring the average DiD positive area of eight tissue slices
from each tumor, three mice for each time point, and plot-
ted in Figure 6B. The plot shows that the particle uptake is
the highest at 6 h for both tumor types, and the BT474
tumor has about 5-fold higher uptake than the MDA-MB-
231 tumor (*P < .05). At 24-h postinjection, the particle
uptake of MDA-MB-231 tumors drops to the background
level. In comparison, BT474 tumors still contain about a
half of the PLGA-GNR compared with the 6-h post-injec-
tion time point (*P < .05). At the 7-day time point, only a
few NPs are left in all tumors. The error bars are the SD of
24 slices. These results are in general agreement with the
GNR signal plot obtained using the PA spectroscopic
unmixing algorithm in Figure 5D. The particle uptake
depends on many factors, including particle size and con-
centration, tumor heterogeneity and complexity, and deliv-
ery method. Our active targeting strategy improves particle
uptake and may play an effective role in the delivery of
imaging agents.

3.6 | Tissue damage evaluation using
TUNEL and H&E histology analysis

To examine whether ODV could induce tissue damage, at
the 6-h postinjection time point, and as described in the
methods section, four tumors were examined, two of
which were irradiated with a CW laser for 20 min based

on a previous study [12]. Mice were then sacrificed, and
tumors were harvested. The PLGA-GNR vaporization
effect on tumor tissues was evaluated at the cellular level
using TUNEL assays (a commonly used apoptosis stain)
and H&E histology. Representative images are shown in
Figure 7. TUNEL staining demonstrates an increase in
the fluorescence signal for the PLGA-GNRs+Laser
treated tumor tissue when compared with the untreated
tumor (Figure 7A), which is an indication of cell death.
We speculate that this is likely due to the bubble disrup-
tion to the cell membrane, causing cell death [11].

Treatment effectiveness was also evaluated using
H&E-stained tumor sections (Figure 7B). The H&E his-
tology slides confirmed that there is no obvious damage
to the untreated tumor lesions. However, for the PLGA-
GNRs+Laser tumor, there are considerable markers
indicative of tissue damage, including tumor nuclei
deformation. The TUNEL and H&E staining are consis-
tent with the hypothesis that the high uptake by the
HER2-positive receptor cells occurs at 6 h after adminis-
tration. These results also demonstrate that targeted
PLGA-GNRs come in close proximity to cancer cells.
Once activated through laser irradiation, particle vapori-
zation contributes to tumor necrosis. The results suggest
that these particles have the potential to be a promising
noninvasive therapy strategy against breast cancers.

Other researchers have been working on nan-
oplatforms for cancer therapy using light energy, such as
PTT. However, our developed PLGA-GNRs have a few
advantages over other published PTT methods [21,
40, 41]. Firstly, the laser fluence used in our experiment

FIGURE 7 Tumor tissue images from A, TUNEL assay on cancer cell death, and B, H&E histology on tissue damage test. Control (+)

represents tissue treated with DNase. The scale bars are 50 μm
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is within the safety standard and is unlikely to cause any
damage to the surrounding tissue. Secondly, researchers
have demonstrated that therapeutic immune responses
against cancer antigens by membrane disruption were
stronger than those with tumor thermal ablation [42] and
could enhance cancer cytotoxicity. Lastly, the formed
bubbles can generate an additional signal for US con-
trast-enhanced ultrasound imaging [43, 44]. We plan to
further test dual-modal PA/US imaging efficacy upon
particle vaporization and the bio-safety effect of ODV
using our developed nanoparticles.

4 | CONCLUSION

In this study, biocompatible and biodegradable targeted
PLGA-PEG polymer-based, GNR-loaded phase-change
theragnostic agents were developed to target HER2-posi-
tive breast cancer. Our results suggest that such constructs
not only sufficiently deliver imaging agents such as GNRs
to HER2-positive tumors but also are capable of treating
tumors using laser-stimulated ODV. The in vitro experi-
ment demonstrates the capacity of particles to target
HER2-positive cells using PA and fluorescence imaging.
The in vivo PA spectral unmixing method shows the
advantage over conventional one-wavelength PA imaging
for the localization of the GNR signal. Preliminary experi-
ments also indicated that the targeted particles can be used
for effective anti-HER2 tumor therapy upon laser irradia-
tion, which could be an alternative and less invasive treat-
ment method to chemotherapy or radiation therapy. More
robust and larger size studies are needed to confirm the
therapeutic efficacy of the approach. Overall, the work
shows the potential of PLGA-GNRs as theragnostic agents
for breast cancer detection and therapy in biomedical
research.

ACKNOWLEDGMENTS
The authors thank Dr. Agata Exner from Case Western
Reserve University for our tumor model design,
Dr. Wenkun Bai from Shanghai Jiaotong University for
the tumor implant, Elizabeth Berndl from Dr. Kolios
lab for cell culture related technical support, The
authors would also like to acknowledge Danielle
Gifford, Dr. Caterina Di Ciano-Oliveira, and Xiaofeng
Lu from the Keenan Research Centre for Biomedical
Science Core Facilities at St. Michael's Hospital for
technical expertise and training on animal handling,
microscopic imaging, and histology. The research was
funded by Canadian Institutes of Health Research
(CCI-249368), Natural Sciences and Engineering
Research Council of Canada, Canada Foundation for
Innovation and Ryerson University.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID
Yanjie Wang https://orcid.org/0000-0001-7795-9533
Muhannad N. Fadhel https://orcid.org/0000-0002-
8413-6313

REFERENCES
[1] S. M. Janib, A. S. Moses, J. A. MacKay, Adv. Drug Deliv. Rev

2010, 62(11), 1052.
[2] F. Chen, E. B. Ehlerding, W. Cai, J. Nucl. Med. Off. Publ. Soc.

Nucl. Med 2014, 55(12), 1919.
[3] S. S. Kelkar, T. M. Reineke, Bioconjug. Chem 2011, 22(10), 1879.
[4] P. I. Siafaka, N. Ü. Okur, I. D. Karantas, M. E. Okur, E. A.

Gündo�gdu, Asian J. Pharm. Sci. 2021, 16(1), 24.
[5] Y. Liu, P. Bhattarai, Z. Dai, X. Chen, Chem. Soc. Rev. 2019,

48(7), 2053.
[6] E. Strohm, M. Rui, I. Gorelikov, N. Matsuura, M. Kolios,

Biomed. Opt. Express 2011, 2(6), 1432.
[7] K. Wilson, K. Homan, S. Emelianov, “,” Nat. Commun. 2012,

3(1), 1.
[8] M. L. Fabiilli, I. E. Sebastian, K. J. Haworth, O. D. Kripfgans,

Paul L. Carson, J. B. Fowlkes, Proc. of 2009 IEEE Int. Ultrason-
ics Symp, IEEE, 2009, 101–103.

[9] P. S. Sheeran, S. Luois, P. A. Dayton, T. O. Matsunaga, Lang-
muir ACS J. Surf. Colloids 2011, 27(17), 10412.

[10] Y. Wang, E. M. Strohm, Y. Sun, C. Niu, Y. Zheng, Z. Wang,
M. C. Kolios, Proc. of SPIE - The Int. Soc. for Optical Eng 2014,
89433M.

[11] Y. Wang, E. M. Strohm, Y. Sun, Z. Wang, Y. Zheng, Z. Wang,
M. C. Kolios, Biomed. Opt. Express 2016, 7(10), 4125.

[12] Y. Sun, Y. Wang, C. Niu, E. M. Strohm, Y. Zheng, H. Ran, R.
Huang, D. Zhou, Y. Gong, Z. Wang, D. Wang, M. C. Kolios,
Adv. Funct. Mater. 2014, 24(48), 7674.

[13] E. Calzoni, A. Cesaretti, A. Polchi, A. Di Michele, B. Tancini,
C. Emiliani, J. Funct. Biomater. 2019, 10(1), 1.

[14] R. Gref, Y. Minamitake, M. T. Peracchia, V. Trubetskoy, V.
Torchilin, R. Langer, Science 1994, 263(5153), 1600.

[15] V. P. Torchilin, AAPS J. 2007, 9(2), E128.
[16] S. Sindhwani, A. M. Syed, J. Ngai, B. R. Kingston, L. Maiorino,

J. Rothschild, P. MacMillan, Y. Zhang, N. U. Rajesh, T.
Hoang, J. L. Y. Wu, S. Wilhelm, A. Zilman, S. Gadde, A.
Sulaiman, B. Ouyang, Z. Lin, L. Wang, M. Egeblad, W. C. W.
Chan, Nat. Mater 2020, 19(5), 5.

[17] M. A. Borden, D. E. Kruse, C. F. Caskey, S. Zhao, P. A.
Dayton, K. W. Ferrara, IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 2005, 52(11), 1992.

[18] E. Pisani, N. Tsapis, J. Paris, V. Nicolas, L. Cattel, E. Fattal,
Langmuir 2006, 22(9), 4397.

[19] K. L. Knutson, R. Clynes, B. Shreeder, P. Yeramian, K. P.
Kemp, K. Ballman, K. S. Tenner, C. L. Erskine, N. Norton, D.

12 of 13 WANG ET AL.

https://orcid.org/0000-0001-7795-9533
https://orcid.org/0000-0001-7795-9533
https://orcid.org/0000-0002-8413-6313
https://orcid.org/0000-0002-8413-6313
https://orcid.org/0000-0002-8413-6313


Northfelt, W. Tan, C. Calfa, M. Pegram, E. A. Mittendorf, E. A.
Perez, Cancer Res. 2016, 76(13), 3702.

[20] E. Paplomata, R. Nahta, and R. M. O'Regan, Cancer 2015,
121(4), 517–526.

[21] L. Deng, X. Cai, D. Sheng, Y. Yang, E. M. Strohm, Z. Wang, H.
Ran, D. Wang, Y. Zheng, P. Li, T. Shang, Y. Ling, F. Wang, Y.
Sun, Theranostics 2017, 7(18), 4410.

[22] T. Si, G. Li, Q. Wu, Z. Zhu, X. Luo, R. X. Xu, Appl. Phys. Lett
2016, 108(11), 111109.

[23] S. Kim, Y.-S. Chen, G. P. Luke, S. Y. Emelianov, Biomed. Opt.
Express 2011, 2(9), 2540.

[24] C. L. Bayer, Y.-S. Chen, S. Kim, S. Mallidi, K. Sokolov, S.
Emelianov, Biomed. Opt. Express 2011, 2(7), 1828.

[25] K. H. Song, C. Kim, K. Maslov, L. V. Wang, Eur. J. Radiol.
2009, 70(2), 227.

[26] S. Mallidi, T. Larson, J. Tam, P. P. Joshi, A. Karpiouk, K.
Sokolov, S. Emelianov, Nano Lett. 2009, 9(8), 2825.

[27] Y.-S. Chen, W. Frey, S. Kim, P. Kruizinga, K. Homan, S.
Emelianov, Nano Lett. 2011, 11(2), 348.

[28] B. Nikoobakht, M. A. El-Sayed, Chem. Mater. 2003, 15(10), 1957.
[29] I. Gorelikov, A. L. Martin, M. Seo, N. Matsuura, Langmuir

2011, 27(24), 15024.
[30] J. Liu, J. Li, T. J. Rosol, X. Pan, J. L. Voorhees, Phys. Med. Biol.

2007, 52(16), 4739.
[31] J. P. May, E. Hysi, L. A. Wirtzfeld, E. Undzys, S.-D. Li, M. C.

Kolios, PloS One 2016, 11(10), e0165345.
[32] E. Hysi, X. He, M. N. Fadhel, T. Zhang, A. Krizova, M. Ordon,

M. Farcas, K. T. Pace, V. Mintsopoulos, W. L. Lee, M. C.
Kolios, D. A. Yuen, JCI Insight 2020, 5(10), 1.

[33] M. N. Fadhel, E. Hysi, E. M. Strohm, M. C. Kolios,
J. Biophotonics 2019, 12(9), e201800431.

[34] M. N. Fadhel, S. A. Baskoy, Y. Wang, E. Hysi, M. C. Kolios,
J. Biophotonics 2020, e202000209.

[35] G. P. Luke, S. Y. Nam, S. Y. Emelianov, Photoacoustics 2013,
1(2), 36.

[36] R. H. Perera, A. de Leon, X. Wang, Y. Wang, G. Ramamurthy,
P. Peiris, E. Abenojar, J. P. Basilion, A. A. Exner, Nanomed.
Nanotechnol. Biol. Med 2020, 28, 102213.

[37] Q. Zhan, J. Qian, X. Li, S. He, Nanotechnology 2010, 21(5), 1.
[38] J. Wang, M. Sui, W. Fan, Curr. Drug Metab. 2010, 11(2), 129.
[39] S. Behzadi, V. Serpooshan, W. Tao, M. A. Hamaly, M. Y.

Alkawareek, E. C. Dreaden, D. Brown, A. M. Alkilany, O. C.
Farokhzad, M. Mahmoudi, Chem. Soc. Rev. 2017, 46(14), 4218.

[40] Q. Dong, H. Yang, C. Wan, D. Zheng, Z. Zhou, S. Xie, L. Xu, J.
Du, F. Li, Nanoscale Res. Lett 2019, 14(1), 235.

[41] G. Feng, Y. Fang, J. Liu, J. Geng, D. Ding, B. Liu, Small 2017,
13(3), 1602807.

[42] S. Qu, T. Worlikar, A. E. Felsted, A. Ganguly, M. V. Beems, R.
Hubbard, A. L. Pepple, A. A. Kevelin, H. Garavaglia, J. Dib,
M. Toma, H. Huang, A. Tsung, Z. Xu, C. S. Cho,
J. Immunother. Cancer 2020, 8(1), e000200.

[43] D. A. Fernandes, S. Appak-Baskoy, E. Berndl, M. C. Kolios,
RSC Adv. 2021, 11(9), 4906.

[44] Z. Teng, R. Wang, Y. Zhou, M. Kolios, Y. Wang, N. Zhang, Z.
Wang, Y. Zheng, G. Lu, Biomaterials 2017, 134, 43.

How to cite this article: Y. Wang, M. N. Fadhel,
E. Hysi, M. Pastenak, K. Sathiyamoorthy, M.
C. Kolios, J. Biophotonics 2021, e202100099.
https://doi.org/10.1002/jbio.202100099

WANG ET AL. 13 of 13

https://doi.org/10.1002/jbio.202100099

	In vivo spectroscopic photoacoustic imaging and laser-induced nanoparticle vaporization for anti-HER2 breast cancer
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Materials
	2.2  PLGA-GNR preparation
	2.3  Particle characterization
	2.4  Herceptin conjugation to PLGA particles
	2.5  Cancer cell targeting
	2.6  Verification of PA spectral unmixing technique in vitro
	2.7  In vivo study
	2.8  Photoacoustic imaging of tumor particle uptake study
	2.9  Tissue processing and histological analysis
	2.10  Statistical analysis

	3  RESULTS AND DISCUSSION
	3.1  Evaluation of the PLGA-GNR particles
	3.2  Cell targeting and photoacoustic measurements in vitro
	3.3  Validation of PA spectral unmixing technique in phantom
	3.4  PA imaging and spectroscopic unmixing on mouse tumors
	3.5  Fluorescence imaging of GNR distribution in tumor tissues
	3.6  Tissue damage evaluation using TUNEL and H&E histology analysis

	4  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICTS OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


