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Abstract: Triple-negative breast cancer (TNBC) accounts for
15–25% of breast cancer cases and lacks expression of the three
most common receptors seen on other subtypes of breast cancer. This lack of expression makes TNBC unsusceptible to
currently available targeted or hormonal therapies, so new treatment strategies are desperately needed. Photothermal therapy
(PTT), which utilizes nanoparticles (NPs) embedded in tumors as
exogenous energy absorbers to convert externally applied nearinfrared (NIR) light into heat to ablate cancer cells, has shown
promise as an alternative strategy. However, it typically uses
gold-based NPs that will remain in the body for extended period
of time with unknown long-term health effects. To enable PTT

with biodegradable, polymeric NPs, we encapsulated the NIRabsorbing dye IR820 in poly(lactic-co-glycolic acid) (PLGA) NPs.
We characterized the physicochemical properties of these
IR820-loaded PLGA NPs and evaluated their performance as PTT
agents using both in vitro and in vivo models of TNBC. The
results demonstrate that these NPs are potent mediators of PTT
that induce cell death primarily through apoptosis to effectively
hinder the growth of TNBC tumors. © 2019 Wiley Periodicals, Inc. J
Biomed Mater Res Part A: 00A: 000–000, 2019.
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INTRODUCTION

Triple-negative breast cancer (TNBC) accounts for 15–25% of
all breast cancer cases and it lacks expression of the three
most common receptors found on other subtypes of breast
cancer: estrogen receptor, progesterone receptor, and human
epidermal growth factor receptor 2.1,2 This lack of expression
makes TNBC unsusceptible to current targeted or hormonal
therapies and results in high recurrence and mortality
rates.1–3 Several alternative treatment strategies have shown
promise against TNBC, including photothermal therapy
(PTT),4–7 which utilizes nanoparticles (NPs) embedded in
tumors as exogenous energy absorbers to convert externally
applied near-infrared (NIR) light into heat to ablate cancer
cells.8–10 In NP-mediated PTT, NPs delivered systemically
accumulate in tumors through their leaky vasculature,11,12
and are then irradiated with NIR light, which causes them to
produce heat sufﬁcient to induce tumor cell death.10,13 The
use of NIR light is important for PTT because NIR light can
penetrate deeper into tissue than visible wavelengths since it
is minimally absorbed by the major components of tissue it
will encounter prior to reaching the diseased site.9,10,14–16
The key advantages of PTT are that it is simple to perform, it

enables high precision since heat is generated only where
NPs and light are combined, and it is less susceptible to cellular resistance because it induces cell death through physical
mechanisms such as membrane rupture and protein denaturation.10 Additionally, the mechanism of cell death can be
tuned between apoptosis and necrosis by controlling treatment parameters such as the type of NP used and the irradiation conditions.8 This is elaborated upon below, and is
important since the mechanism of cell death can inﬂuence
overall treatment success when PTT is applied alone or in
combination settings. Here, we aimed to develop biodegradable, polymeric NPs to mediate proapoptotic PTT of TNBC as
a standalone therapy.
As just introduced, the mechanism of cell death induced by
PTT plays a critical role in treatment success. Typically, PTT
has been applied in a manner that yields rapid and very high
heating that causes cellular necrosis. However, when cells
undergo necrosis, there is a pro-inﬂammatory response that
can elicit a negative immune reaction, which may actually
promote tumor recurrence.8,17,18 It is critical to produce
immunogenic cell death, which is largely temperature dependent, to achieve long-term survival.19 Thus, applying mild
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hyperthermia to induce apoptosis rather than necrosis may be
preferable when PTT is applied as a standalone therapy
because apoptosis is anti-inﬂammatory and can promote a
positive immune response that enhances tumor regression
and long-term remission.8,20 However, there are instances
where necrosis may be the preferred mechanism of cell death,
such as when PTT is combined with immunotherapy. This is
because PTT that induces necrosis can release damageassociated molecular patterns and tumor-associated antigens
that may engage a tumor-speciﬁc immune response to potentiate immunotherapy.21,22 Bear et al. demonstrated that the
pro-inﬂammatory cytokines and chemokines released during
PTT-induced necrosis could promote the maturation of dendritic cells in tumor-draining lymph nodes.18 However, they
found this does not contribute to overall antitumor immunity
and may even promote the growth of distant metastases unless
combined with a form of immunotherapy, in this case adoptive
T cell transfer.18 Chen et al. similarly found that combining
indocyanine green-mediated PTT with an immune adjuvant
Imiquimod R837 could generate a vaccine-like function in mice
bearing 4T1 TNBC tumors.21 These examples demonstrate the
importance of understanding the fundamental mechanism of
cell death induced by PTT, and the need to tailor the mechanism based on the speciﬁc application and whether PTT is
applied as a standalone or combination therapy.
Since the mechanism of cell death is inﬂuenced by the
level of tumor heating achieved during treatment, it is
important to note that there are several parameters that
inﬂuence heat production in NP-mediated PTT, including the
photothermal conversion efﬁciency of the NPs, the energy of
irradiation applied, the density of the surrounding tissue,
and even the localization of the NPs within the target cells
and tissue.23,24 For example, apoptosis can be achieved as
the primary mechanism of cell death by using lower energy
irradiation.8,25–27 To control NP localization in the tumor
microenvironment, targeting agents could be incorporated
into the NP design, but there is currently substantial debate
surrounding the beneﬁt provided by this strategy, as
targeted NPs may not offer a dramatic beneﬁt compared to
NPs that rely on strictly passive tumor accumulation.28
Finally, heat production during PTT could be altered by
using NPs with different photothermal conversion efﬁciencies. Historically, photothermally active NPs used for PTT
have been gold-based because they offer high photothermal
conversion efﬁciencies as well as ease of synthesis and surface modiﬁcation.10,29–32 Nanoshells, in particular, are currently being investigated in clinical trials to mediate PTT of
head and neck tumors and prostate tumors.33–35 However,
gold-based NPs will remain in the body for extended period of
time with unknown long-term health effects.10 To prevent possible long-term health effects associated with nondegradable
NPs, researchers have begun to develop organic, nongold-based
photothermal agents.36 By incorporating NIR-absorbing dyes
into biodegradable platforms, these nanocarriers can facilitate
photothermal ablation of tumors, while also providing dualimaging capabilities.37–45
Some examples of organic PTT agents reported in the literature include micelles46 and lipid-based bilayers,47 as well
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as more complex polymer blends48 and conjugates.37 Peng
et al. have loaded micelles with IR780 dye and labeled these
NPs with radionuclide rhenium-188 to further enhance their
imaging capabilities.46 Lovell et al. have developed unique
NPs designated as porphysomes, which are a self-assembled
bilayer of porphyrin that can provide PTT following irradiation with 660 nm light without loading any additional
photothermal agents.47 In addition, Yue et al. have created
IR780-loaded heparin–folic acid conjugates for targeted
imaging and photothermal ablation of MCF-7 xenograft
tumors.37 While these and other organic NP platforms show
great promise in treating primary tumors, few studies have
examined the mechanism of cell death induced by PTT with
these agents, which is critical to maximize treatment success.
One such study, conducted by Li et al., used a terminal
deoxynucleotidyl transferase dUTP nick end labeling assay
on tumors excised after treatment to show that their full
NP formulation (docetaxel and IR820 coloaded micelles
functionalized with Lyp-1 peptides) could induce apoptosis
in tumors in mice leading to remission.49 This was an exciting ﬁnding, but the complexity of this NP formulation may
pose a signiﬁcant barrier to its clinical translation.50 Similarly, Zheng et al. developed polymer NPs encapsulating both
doxorubicin and indocyanine green and evaluated their
impact on cellular apoptosis and necrosis postirradiation
in vitro using an Annexin V/propidium iodide (PI) assay.51
They found that PTT mediated by their NPs induced a substantial amount of cell death, but the amount of cell death
was only ~10% greater than that induced by the NPs without light irradiation, which provide strictly doxorubicin
delivery. Further, of this additional cell death, >33% was
necrotic, rather than apoptotic,51 suggesting there is still
more for the ﬁeld to learn regarding designing biodegradable
NPs to maximize apoptosis upon PTT. Overall, these prior
studies and others demonstrate that organic PTT agents are
an attractive alternative to gold-based NPs that can yield
potent antitumor effects.21,48,49,51
In this work, we have developed biodegradable, polymeric NPs comprised of poly(lactic-co-glycolic acid) (PLGA)
loaded with the NIR-absorbing dye IR820 (IR820-PLGA NPs)
to enable proapoptotic PTT of TNBC. These NPs eliminate
the health concerns associated with gold-based NPs and are
capable of dual imaging and therapy since IR820 not only
heats, but also emits ﬂuorescence at 820 nm upon excitation
with 710 nm light, which overlaps with the ﬁrst characteristic extinction peak of the dye. The ability to image these NPs
can inform therapy by indicating when the NPs have maximally accumulated within tumors, marking the optimal time
for laser application. We also demonstrate that PTT mediated by these NPs, under the laser irradiation conditions utilized here, induces cell death primarily through apoptosis
rather than necrosis, which is important given the above discussion regarding the consequences this may have on tumor
recurrence and metastasis. Overall, this work demonstrates
the utility of IR820-PLGA NPs as potent mediators of
proapoptotic PTT both in vitro and in vivo, warranting further investigation of their use to treat TNBC and other forms
of cancer that lack effective treatment strategies.
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MATERIALS AND METHODS

Synthesis of IR820-PLGA NPs
IR820-PLGA NPs were synthesized using the well-established
single emulsion method.52 Brieﬂy, PLGA (LACTEL, 50:50 carboxylic acid terminated) was dissolved in acetone (VWR) at
1 mg/mL. IR820 dye (Sigma, stored in methanol at 0.5 g/mL)
was added to the PLGA in acetone solution at a concentration
of 0.5 mg/mL, and this mixture was subsequently added
dropwise to distilled water in a 1:3 volume ratio while stirring. This emulsion continued to stir for 2 h, letting the acetone evaporate. The NPs were then puriﬁed using centrifugal
ﬁltration (Millipore, 10 k MWCO, 4200 g, 30 min) to remove
unencapsulated IR820 and excess solvent.
Characterization and stability of IR820-PLGA NPs
The puriﬁed NPs were characterized by dynamic light scattering (DLS) and zeta potential measurements on a Litesizer500
instrument (Anton Paar), and the reported intensity-based
hydrodynamic diameter is the z-average of three measurements. DLS measurements of hydrodynamic diameter and
polydispersity index, which is an output of the equipment,
were taken every 2 days for 1 month to demonstrate the
NPs’ stability in storage conditions (4  C in water). The data
shown are the average of three trials and error bars represent standard deviations. IR820-PLGA NP samples for transmission electron microscopy (TEM) were prepared on
400 mesh carbon-coated copper grids that were rendered
hydrophilic in a PELCO easiGlow glow discharge unit. The
freshly glow discharged grids were ﬂoated on drops of the
sample for several seconds, washed with nanopure water,
and negative stained with 2% uranyl acetate. After drying,
the grids were imaged (Gatan UltraScan 1000 CCD camera)
on a Zeiss LIBRA 120 TEM operating at 120 kV.
IR820 encapsulation in NPs was characterized by
ultraviolet–visible (UV–vis) spectroscopy (Cary 60 spectrophotometer, Agilent) based on reading the absorbance of the NPs at
810 nm and comparing to a standard curve of known dye concentration. The samples were scanned from 400 to 1100 nm
with baseline correction at a scan rate of 2400 nm/s. The
amount of IR820 released from the NPs while in storage conditions was also examined by UV–vis spectroscopy. At several
time points between 0 and 30 days postpreparation, NP samples were centrifuge ﬁltered to separate the NPs from released
IR820, and the collected released IR820 was compared to a
standard curve of known dye concentration using the same
scanning conditions as described above. Studies to analyze
IR820 release in storage conditions were performed three
times and the data shown are the average and standard
deviation of all three trials.
The heating proﬁle of free IR820 and IR820-PLGA NPs was
measured upon laser excitation with thermal camera imaging
(FLIR A5). Samples were suspended in phosphate buffered
saline (PBS) at an IR820 concentration of 25 μM and incubated
at 37  C prior to laser irradiation. The free dye and NP samples
were then irradiated with a continuous wave 808 nm laser
(B&W Tek) for 5 min at 1.5 W/cm2. The concentration dependence of the heating proﬁle for IR820-PLGA NPs was examined
by irradiating IR820-PLGA NPs at concentrations of 10, 25, or

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH PART A | VOL 9999, ISSUE 9999

35 μM IR820 with the 808 nm laser set to 1.5 W/cm2 for
5 min. The dependence of heating on laser intensity was similarly evaluated by irradiating IR820-PLGA NPs suspended in
PBS at 25 μM with the 808 nm laser set to 0.5, 1, 1.5, 2, or
3 W/cm2 for 5 min. The temperature in each sample was
recorded once every minute during irradiation and experiments were repeated three times. To understand the inﬂuence
of heating on the optical and physical properties of the NPs,
the absorbance spectra, hydrodynamic diameter, and polydispersity index of IR820-PLGA NPs stored in PBS at 25 μM
were recorded by UV–vis spectroscopy and DLS both before
and after irradiation of samples with the 808 nm laser at
1.5 W/cm2 for 5 min. Hydrodynamic diameter and polydispersity index data shown are an average of three measurements taken before and after irradiation. Error bars represent
standard deviation.
Cell culture
MDA-MB-231 TNBC cells (ATCC) were cultured in Dulbecco’s
Modiﬁed Eagle’s Medium (VWR) supplemented with 10%
fetal bovine serum (Gemini Bio Products) and 1% penicillin–
streptomycin (VWR). The culture was maintained at 37  C in
a 5% CO2 humidiﬁed environment. When cells reached
80–90% conﬂuency in T75 cell culture ﬂasks, they were passaged or plated by detaching the cells from the ﬂask using
Trypsin–EDTA (Thermo Fisher) and then counting the cells
with a hemocytometer.
Cellular binding and uptake of free IR820 and
IR820-PLGA NPs
To analyze cellular binding and uptake of free IR820 dye and
IR820-PLGA NPs by ﬂow cytometry, cells were plated at
1 × 105 cells per well in 24-well plates and incubated overnight. Cells were then treated with 0, 10, 25, or 35 μM free
IR820 dye or IR820-PLGA NPs (prepared as described above)
and incubated for 4 h to evaluate dose dependency. To prepare
the free IR820 samples, IR820 stored in methanol at 0.5 g/mL
was ﬁrst diluted in PBS to 350 μM and then added to the cell
culture media to yield these respective concentrations. After
4 h, the cells were rinsed with PBS, lifted off the plate with
Trypsin–EDTA, and resuspended in PBS to yield a single cell
suspension for analysis of uptake by ﬂow cytometry using an
Acea NovoCyte 2060 Flow Cytometry. To evaluate time dependency, cells were treated with 35 μM free IR820 dye or
IR820-PLGA NPs for 0, 2, 4, 6, or 8 h prior to rinsing with PBS.
The cells were then lifted off the plate with Trypsin–EDTA and
resuspended in PBS to yield a single cell suspension. All cell
suspensions were analyzed using an Acea NovoCyte 2060 Flow
Cytometry with the APC-Cy7 (excitation, 640 nm; emission,
780/60 nm) channel. Density plots showing forward and side
scatter data were used to create a primary gate for cells,
excluding debris, prior to analyzing IR820 content.
Effect of free IR820 and IR820-PLGA NPs on metabolic
activity
To evaluate the toxicity of free IR820 and IR820-PLGA NPs in the
dark using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, cells were seeded in a 96-well plate at
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1 × 104 cells per well and incubated overnight. Cells were
treated with 0, 5, 10, 15, 25, or 35 μM of free IR820 dye or
IR820-PLGA NPs for 4 h. Then, the cells were washed with PBS
and incubated in fresh media for an additional 24 h prior to
being incubated in MTT solution per the manufacturer’s
instructions (Thermo Fisher). After 3 h, the MTT solution was
replaced with dimethyl sulfoxide (DMSO) and the absorbance
at 540 nm was read on a Synergy H1 plate reader (BioTek).
To analyze the data, background (DMSO in wells without
cells) was subtracted from the absorbance reading in each
well. Triplicate well signals were averaged and then normalized to untreated cells. These experiments were performed in triplicate and analyzed by Student’s t tests at
each concentration.
Assessing metabolic activity following PTT
Cells were seeded as described above and treated with
IR820-PLGA NPs at 35 μM or with fresh media (no treatment
control) for 4 h while incubating at 37  C. The cells were then
washed with PBS and incubated in fresh media for 30 min to
bring the temperature to 37  C. Cells were then irradiated
with the 808 nm continuous wave laser at 1.5 W/cm2 for
5 min/well. The irradiation was performed at room temperature, with samples returned to the 37  C incubator immediately following irradiation. After 24 h, an MTT assay was
performed as described above. Data shown are from three
experiments that were each run with triplicate wells and the
data was analyzed by one-way ANOVA with post hoc Tukey.
Evaluating the mechanism of cell death induced by PTT
To analyze the mechanism of cell death induced by PTT
mediated by IR820-PLGA NPs, cells were seeded at 3 × 104
cells per well in a 24-well plate and incubated overnight.
Cells were then treated with 0 or 10 μM IR820-PLGA NPs
for 4 h, at which time the cells were rinsed with PBS and the
wells replenished with fresh media. The appropriate wells
were then irradiated with continuous wave 808 nm light at
2 W/cm2 for 5 min/well such that the treatment groups
included no treatment, IR820-PLGA NPs only, light only, or
IR820-PLGA NPs + light (PTT). These experiments were performed on a digital dry block heater (VWR) to ensure the
initial temperature of 37  C was maintained in each well
through all irradiation procedures, and the samples were
returned to the incubator after irradiation. After 24 h, an
Annexin V/PI stain (Cayman Chemicals) was conducted per
the manufacturer’s instructions. Brieﬂy, cells were lifted
from the plate with Trypsin–EDTA, washed with 1x binding
buffer, and resuspended in 50 μL binding buffer containing
1:500 Annexin V and 1:1000 PI stains for 10 min in the dark.
The samples were then diluted with 150 μL 1x binding
buffer and analyzed on the Acea NovoCyte 2060 Flow Cytometry with FITC (excitation, 488 nm; emission, 530/30 nm)
and PerCP (excitation, 488 nm; emission, 675/30 nm) channels. Data analysis was performed in NovoExpress software
(ACEA Biosciences). Density plots showing forward and side
scatter data were used to create a primary gate for cells,
excluding debris, prior to establishing gates for Annexin Vpositive and PI-positive cells. Positive stained gates were
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based on unstained cells and single stained controls were
used for compensation. The data presented are the average
of three experiments and were analyzed by one-way ANOVA.
In vivo tumor model
Female nude mice around 5 weeks old were purchased from
Charles River Laboratories. The Institutional Animal Care and
Use Committee of the University of Delaware approved the procedures. MDA-MB-231 cells in matrigel (1 × 106 cells per
100 μL) were administered subcutaneously into the right ﬂank
of the mice and tumor growth was monitored at least 3x
weekly thereafter with Vernier calipers. Treatments (100 μL of
either saline, free IR820 dye at a concentration of 350 μM, or
IR820-PLGA NPs at a concentration of 350 μM) were administered intravenously when tumors reached 5 mm in diameter.
The treatment concentration of 350 μM was based on literature
values for intravenously delivered NIR-absorbing dyes.6,21,51,53
A preliminary biodistribution study utilized four mice (two that
received saline and two that received IR820-PLGA NPs), and a
therapeutic efﬁcacy study utilized 47 mice that were treated as
follows: saline (eight mice), saline with NIR irradiation (seven
mice), free IR820 dye (eight mice), free IR820 dye with NIR
irradiation (eight mice), IR820-PLGA NPs (eight mice), and
IR820-PLGA NPs with NIR irradiation (eight mice). Details of
these studies are provided in the following sections.
Assessment of the biodistribution of IR820-PLGA NPs
in vivo
Our previous experience has revealed that 24 h is typically the
optimum time for laser irradiation following intravenous delivery of photothermally active NPs,14,15 as this is when NPs maximally accumulate in tumors relative to adjacent healthy
tissue. To reveal whether 24 h is also when IR820-PLGA NPs
display maximum tumor accumulation, during the therapeutic
efﬁcacy study, the mice that received 100 μL of IR820-PLGA
NPs were imaged under isoﬂurane anesthesia with an IVIS
Lumina Imaging System (PerkinElmer) both immediately and
again every 24 h for 4 days to monitor IR820 signal in the
tumors versus time using the ICG channel (excitation, 788 nm;
emission, 813 nm). We did not analyze earlier time points
because many of the NPs would likely still be in circulation
prior to 24 h. The ﬂuorescence intensity at each time point
was measured in the ImageJ software after drawing a region of
interest around the tumor, and the mean intensity at each time
point was calculated. This conﬁrmed 24 h was the time of
maximum NP accumulation in tumors, so we performed a separate biodistribution study with a small number of mice (two
that received saline, two that received IR820-PLGA NPs) to
reveal the more complete biodistribution of IR820-PLGA NPs
at this timepoint. Then, 24 h postintravenous injection of the
saline or IR820-PLGA NPs, the mice were euthanized and their
major organs (heart, brain, liver, lungs, kidneys, and spleen)
and tumors excised for analysis of IR820 signal using the IVIS.
Evaluating the effect of PTT on TNBC tumor
temperature and growth in vivo
Mice were injected with 100 μL of free IR820 dye (350 μM),
IR820-PLGA NPs (350 μM), or saline when tumors reached
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5 mm in diameter as described above (hereafter, this is
referred to as day 0). After 24 h, half of the mice in each
group were anesthetized with isoﬂurane and their tumors
irradiated with a continuous wave LightForce FXi laser
(LiteCure) at 1.5 W/cm2 for 5 min using a band-pass ﬁlter at
810 nm. During irradiation, the temperature of the tumor in
each mouse was measured every minute using an FLIR A5
thermal camera. The mean and standard deviation of the
tumor temperature in each treatment group were calculated.
Subsequently, all six groups of mice (saline  laser; free
IR820  laser; IR820-PLGA NPs  laser) received three
additional rounds of treatment on days 7, 14, and 21 for a
total of four treatments. The tumor length and width in each
mouse were measured with Vernier calipers 3x per week for
1 month and tumor volume was calculated as (tumor
length) × (tumor width)2/2. These data were used to calculate the mean and standard error of tumor volume in each
group, and statistical differences between groups were
determined by two-way ANOVA with post hoc Tukey. On day
30, the mice were euthanized and the major organs (spleen,
liver, kidneys, heart, lungs, and brain) and tumors were
excised for histological analysis by hematoxylin and eosin
(H&E) staining. The excised tissues were placed into embedding cassettes, rinsed once in 1x PBS, and then ﬁxed in 4%
paraformaldehyde at 4  C for 72 h. The tissues were then
rinsed three times in 70% ethanol for 10 min each and
stored in 70% ethanol until processing. The ﬁxed tissues
were processed and embedded with parafﬁn. Embedded tissues were cut into 5 μm slices and stained with H&E to

enable visualization of tissue structure. Brieﬂy, the tissues
were deparafﬁnized with xylene and rehydrated prior to
hematoxylin staining and subsequent counterstaining with
eosin. After staining, the tissues were dehydrated and
mounted for imaging with a xylene-based mounting medium.
H&E stained tissues were imaged on an Axio Observer Z1
Inverted Fluorescence Microscope (Zeiss).
RESULTS

IR820 dye maintains its optical properties when
encapsulated in stable, monodisperse NPs
IR820-PLGA NPs were ﬁrst characterized with TEM, DLS,
and zeta potential measurements, which showed that they
are monodisperse and spherical (Fig. 1A) with a hydrodynamic
diameter of 60  10 nm and a surface charge of −40  6 mV.
The stated synthesis conditions yielded IR820-PLGA NPs
with 90% encapsulation efﬁciency and 18% loading capacity. The heating proﬁle of IR820 dye free in solution or
encapsulated in PLGA NPs was examined by irradiating
samples diluted in PBS at 25 μM with 808 nm light for
5 min at 1.5 W/cm2. Thermal imaging showed that free
IR820 dye and IR820-PLGA NPs heat similarly (Fig. 1B),
indicating that encapsulating the dye does not alter its
optical properties or its capacity to heat. Additional testing of the IR820-PLGA NPs demonstrated that their heat
production is dependent upon both concentration and
laser intensity (Fig. S1A and B). We further examined the
optical properties and stability of IR820 dye free in solution or encapsulated in NPs by using UV–vis spectroscopy

FIGURE 1. (A) TEM image showing the size and morphology of IR820-PLGA NPs. (B) The heating proﬁle of IR820-PLGA NPs and free IR820 dye upon
laser irradiation (n = 3). (C) The absorption proﬁle of free IR820 and IR820-PLGA NPs before and after storage in water at 4  C for 30 days as determined by UV–vis spectrophotometry. The concentration of IR820 is 25 μM for both free and encapsulated dye. (D) The hydrodynamic diameter and
polydispersity index of IR820-PLGA NPs as determined by DLS when stored in water at 4  C for 30 days (n = 3).
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to analyze the extinction spectrum of freshly made samples
and samples that had been stored in water at 4  C for
30 days. Free IR820 dye has two characteristic extinction
peaks at 810 and 685 nm that are red-shifted after encapsulation (Fig. 1C). After storage in water at 4  C for 30 days, we
observed that free IR820 dye loses its absorption capabilities,
whereas IR820 encapsulated in PLGA NPs maintains its optical properties (Fig. 1C). To understand whether irradiation
leading to heating impacts the optical and physical properties
of the NPs, we measured their absorption spectra, hydrodynamic diameter, and polydispersity index before and after
irradiation with the 808 nm laser at 1.5 W/cm2 for 5 min.
This revealed that IR820-PLGA NPs lose their absorption capabilities postirradiation (Fig. S1c), and this is coupled with an
increase in their hydrodynamic diameter and polydispersity
index (Fig. S1c and d). This suggests that IR820-PLGA NPs
are best suited for application in single rounds of PTT. We
also examined the stability of IR820-PLGA NPs in storage
conditions using DLS. The hydrodynamic diameter and
polydispersity index of the NPs were measured every
2 days for 30 days and showed no notable change throughout this time period (Fig. 1D). There was also negligible
release of the IR820 dye from the IR820-PLGA NPs over a
30-day storage period after an initial burst release
(Fig. S2). Altogether, these data indicate that IR820 encapsulated in PLGA NPs maintains its optical properties and
these NPs are monodisperse and stable for at least 1 month
in storage conditions.
IR820-PLGA NPs demonstrate time- and dose-dependent
cellular binding and uptake
Next, we examined the cellular binding and uptake of free
IR820 dye and IR820-PLGA NPs in MDA-MB-231 TNBC cells.
We treated cells with a range of doses from 0 to 35 μM and
ﬂow cytometry showed that binding and/or uptake in cells
was dose dependent for both formulations (Fig. 2A; only data
for IR820-PLGA NPs are shown). We further evaluated cellular
binding and uptake over a range of 8 h by treating cells with
free IR820 dye and IR820-PLGA NPs at 35 μM. Flow cytometry
analysis indicates that, at this dose, cellular binding and uptake
of free dye and NPs is also time dependent (Fig. 2B; only data
for IR820-PLGA NPs are shown). Based on these data, we
chose to examine the toxicity of each treatment over the full
dosing range investigated here. Additionally, we selected 4 h
as the time of treatment incubation for further in vitro toxicity
and efﬁcacy studies because it was the time needed to achieve
a log increase in uptake of the NPs.
IR820 encapsulated in PLGA NPs has less effect on
metabolic activity in the absence of light activation than
free IR820
We used an MTT assay to examine the relative metabolic
activity of cells treated with free IR820 dye and IR820-PLGA
NPs in the absence of light activation. We treated cells with
each formulation at a range of doses from 0 to 35 μM for 4 h
and then allowed the cells to incubate in fresh media for
another 24 h. The MTT assays showed that free IR820 dye
demonstrates toxicity at concentrations above 10 μM, as
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indicated by cell viability of <80% (Fig. 2C). IR820-PLGA NPs,
however, showed no toxicity with doses up to 35 μM
(Fig. 2C). These data indicate that encapsulation of IR820 dye
has less effect on metabolic activity and therefore a higher
dose can be safely administered.
IR820-PLGA NPs enable proapoptotic PTT in vitro
We next investigated the use of IR820-PLGA NP-mediated
PTT as a treatment strategy for TNBC and probed the mechanism of cell death induced by this treatment. MDA-MB-231
TNBC cells were exposed to 0 or 35 μM IR820-PLGA NPs, the
maximum tolerated dose determined previously, for 4 h and
then half of the samples were irradiated with an 808 nm
laser. The combination of IR820-PLGA NPs and laser irradiation resulted in a signiﬁcant reduction in metabolic activity
24 h posttreatment as measured by an MTT assay (Fig. 2D).
After showing that IR820-PLGA NPs can successfully
induce cell death, we further evaluated the mechanism
through which this occurs. As described previously, it is
imperative to induce apoptosis rather than necrosis for optimal therapeutic outcomes. Thus, we assessed the mechanism
of cell death by ﬁrst treating cells with 0 or 10 μM
IR820-PLGA NPs for 4 h and then irradiating half of the samples with 808 nm light for 5 min at 2 W/cm2. After 24 h of
incubation, cells were stained with Annexin V (FITC channel)
and PI (PerCP channel) for analysis by ﬂow cytometry. Cells
that stain positive for Annexin V only (bottom right quadrant) are undergoing early apoptosis, cells that stain positive
for Annexin V and PI (top right quadrant) are undergoing
late apoptosis, and cells that stain positive for PI only (top
left quadrant) are undergoing necrosis. The ﬂow cytometric
analysis showed that PTT mediated by IR820-PLGA NPs primarily induces cell death through apoptosis with no notable
increase in necrotic cell percentage (Fig. 2E, representative
scatter plots are shown in Figure 2F). By ANOVA with post
hoc Tukey, the p-value for the difference in apoptosis between
media and IR820-PLGA NP PTT was 0.1. These data together
with the MTT data indicate that IR820-PLGA NPs can successfully mediate proapoptotic PTT of TNBC in vitro.
IR820-PLGA NPs maximally accumulate in tumors
within 24 h
After evaluating IR820-PLGA NPs in vitro, we then examined
their ability to mediate PTT of TNBC in vivo using a subcutaneous murine xenograft model. First, we investigated the
tumor accumulation and biodistribution of these particles
after intravenous injection. The tumor accumulation studies,
which monitored IR820 signal in the tumors with an IVIS
system over a period of 4 days postinjection, indicated that
IR820-PLGA NPs maximally accumulate in tumors at or
before 24 h (Fig. 3A). We examined the distribution of the
IR820 signal in mice exposed to IR820-PLGA NPs at 24-h
postinjection by excising the major organs (liver, brain,
heart, lungs, kidneys, and spleen) and tumors for ex vivo
ﬂuorescence imaging. In addition to prominent accumulation
of IR820 in the tumors, we also found IR820 signal in the
liver, lungs, and kidneys (Fig. 3B). Overall, these data mark
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FIGURE 2. Flow cytometric analysis of the cellular binding and uptake of IR820-PLGA NPs based on (A) dose and (B) time of incubation. (C) Relative
metabolic activity of MDA-MB-231 TNBC cells exposed to free IR820 dye or IR820-PLGA NPs without light exposure. *p < 0.05 (D) Relative metabolic
activity of MDA-MB-231 cells that received PTT mediated by IR820-PLGA NPs (35 μM) and laser irradiation versus control cells that were exposed to
only saline, only IR820-PLGA NPs (35 μM), or saline and laser irradiation. *p < 0.05 versus untreated control by ANOVA with post hoc Tukey.
(E) The percentage of apoptotic cells in MDA-MB-231 samples that were exposed to no treatment, laser only, IR820-PLGA NPs only (10 μM), or PTT
(IR820-PLGA NPs + laser; 10 μM). #p = 0.1 versus untreated control by ANOVA with post hoc Tukey. (F) Representative scatterplots demonstrating
the fraction of MDA-MB-231 cells in early apoptosis (bottom right quadrant), late apoptosis (top right quadrant), or necrosis (top left quadrant) following treatment with media only, laser only, IR820-PLGA NPs only, or PTT (IR820-PLGA NPs + laser). Red color indicates a high density of cells
and blue color indicates a low density of cells.

the optimal timing for laser irradiation after intravenous
injection as 24 h postdelivery.
PTT mediated by IR820-PLGA NPs provides sufﬁcient
heating of tumors
Next, we evaluated the ability of free IR820 dye and
IR820-PLGA NPs to enable tumor heating during irradiation
with NIR light by thermal camera imaging. We injected saline,

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH PART A | VOL 9999, ISSUE 9999

free IR820 dye, or IR820-PLGA NPs through the tail vein of
tumor-bearing mice and let the treatments circulate for 24 h.
The tumors were then irradiated with an 810 nm laser for
5 min and the temperature was monitored with a thermal camera. While free IR820 dye provided mild and unsustained
heating over the 5 min irradiation period, IR820-PLGA NPs produced sustained heating above 42  C, the threshold considered
sufﬁcient for PTT under the conditions in this study (Fig. 3C).54
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FIGURE 3. (A) Mean ﬂuorescence intensity (MFI) of IR820 in tumors of mice at different times post-intravenous injection of IR820-PLGA NPs. The
inset displays a representative image of IR820-PLGA NP ﬂuorescence at 24 h after injection and the region of interest (ROI) in which the ﬂuorescence intensity was measured. (B) Ex vivo analysis of IR820 signal in the brain, heart, liver, lungs, spleen, kidneys, and tumors of mice 24 h after
they received intravenous injections of IR820-PLGA NPs or saline. (C) Mean tumor temperature in mice treated with saline, free IR820, or
IR820-PLGA NPs during laser irradiation. These temperatures were recorded during the ﬁrst of four treatment cycles. The red line at 42  C indicates
the threshold considered sufﬁcient to induce PTT under the conditions in this study. (D) Tumor volume versus time in mice exposed to PTT mediated by IR820-PLGA NPs or various control treatments (n = 8 for all groups except saline + laser, for which n = 7). All treatments were injected intravenously at an IR820 concentration of 350 μM. Mice whose tumors received laser exposure were irradiated at 1.5 W/cm2 for 5 min. Black arrows
indicate the days of treatment injections (days 0, 7, 14, and 21) and red arrows indicate the days of laser irradiation (days 1, 8, 15, and
22). **p < 0.01.

PTT with IR820-PLGA NPs signiﬁcantly reduces TNBC
tumor growth
We then investigated whether PTT mediated by IR820-PLGA
NPs could reduce tumor growth in our subcutaneous xenograft model. The mice were divided into six treatment
groups: saline  irradiation, free IR820 dye  irradiation,
and IR820-PLGA NPs  irradiation. Throughout a 30-day
treatment period, the mice were injected with the treatments
and irradiated four times (days indicated by black and red
arrows, respectively, in Fig. 3D), and tumor volume was
measured three times per week. The mean tumor volume
within each treatment group is shown in Figure 3d and the
individual tumor growth curves and ﬁnal tumor size for each
mouse are shown in Figure S3. Mice treated with free IR820
dye and irradiated with the laser showed a slight reduction
in tumor volume at the end of the treatment period (Fig. 3D,
Fig. S3). By comparison, mice treated with IR820-PLGA NPs
and irradiated with the laser experienced a substantial and
statistically signiﬁcant reduction in tumor growth, and two
mice even exhibited complete regression (Fig. 3D, Fig. S3).
Finally, we evaluated the impact of each treatment on the
morphology of major organs and tumors using H&E staining.
Only the tumors treated with IR820-PLGA NPs and irradiated with the laser demonstrated any notable changes in tissue morphology, indicative of the effects of PTT (Fig. S4).
Together, these data conﬁrm that the effects of PTT are
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conﬁned to TNBC tumors where both IR820-PLGA NPs and
light are applied.

DISCUSSION

PTT has shown promise as an alternative strategy for TNBC
therapy,4–7,9 and here we aimed to expand this potential
by creating a biodegradable NP platform that enables
proapoptotic PTT. The key advantage of PTT relative to other
therapies is its high precision, as the use of tissue-penetrating
NIR light as an activating source means that heat is produced
only where this light and photoresponsive NPs are combined
within tumors. In addition, PTT is minimally invasive, has negligible morbidity, and is less susceptible to cellular resistance
than other treatments because it induces cell death primarily
through physical, rather than biochemical, mechanisms. In the
past, PTT has most commonly been mediated by gold-based
NPs.10,29–32 However, these formulations have unknown longterm health effects and typically result in rapid and very high
heating that leads to cellular necrosis. Necrosis has been
shown to yield a pro-inﬂammatory immune response, which
can promote tumor recurrence if PTT is not combined with
an appropriate immunotherapy regimen.8,17,18 Thus, it is
imperative that PTT regimens intended for use as a monotherapy be designed to induce apoptosis, which can yield an
anti-inﬂammatory immune response and promote long-term
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remission. While it is possible to tune the parameters of PTT
mediated by gold-based NPs to primarily induce apoptosis, for
example, by lowering the intensity of the incident light, these
types of NPs will still remain in the body for extended periods
of time with unknown long-term consequences. Several
researchers have developed biodegradable, NIR-absorbing NPs
to address the safety concerns associated with gold-based
NPs,21,37–45,48,49,51 but they have not fully evaluated whether
the mechanism of cell death induced by PTT with these NPs is
primarily apoptotic or necrotic. In this work, we developed
biodegradable NPs loaded with IR820 dye, and demonstrated
that they enable proapoptotic PTT of TNBC. Further, we
showed that PTT mediated by these NPs could induce tumor
regression in vivo. Thus, with this formulation, we not only
address the potential health concern related to gold-based NPs
currently used for PTT, but also provide a potent new platform
for proapoptotic PTT of TNBC.
To evaluate PTT mediated by IR820-PLGA NPs as a
proapoptotic strategy for TNBC therapy, we examined the
optical properties and stability of these NPs, their ability to
enter cells, their toxicity without light exposure, and their
effect on cell viability after irradiation. Our results show that
these NPs are stable for 1 month in storage conditions and
that IR820 maintains its optical properties when encapsulated
in PLGA (Fig. 1). Encapsulation also decreases the toxicity of
the dye, which ampliﬁes the dose that can be safely administered for more potent mediation of PTT (Fig. 2). We also demonstrated that these NPs can bind and enter MDA-MB-231
cells, as IR820 signal is detectable at signiﬁcant quantities in
and/or on MDA-MB-231 cells over an 8-h period following NP
addition to cell culture (Fig. 2), but we have not probed the
mechanism by which IR820-PLGA NPs might enter these cells.
Literature has shown that polymeric micelles can deliver
hydrophobic cargo to other cell types through membranemediated transport, likely facilitated by poly(ethylene glycol)induced fusion with the cell membrane.55 The uptake of NPs
composed strictly of PLGA has also been investigated in various cell types, indicating uptake occurs by an endocytic process.56,57 Future studies should evaluate the mechanism by
which IR820-PLGA NPs enter MDA-MB-231 and other TNBC
cells using inhibitors of various endocytic pathways to corroborate these prior ﬁndings and the results presented here.
In further in vitro studies, we demonstrated that PTT
mediated by IR820-PLGA NPs primarily induces apoptosis
(Fig. 2), which is vastly preferred over necrosis when PTT is
used as a standalone therapy. The treatment conditions used
in our analysis of cellular apoptosis versus necrosis likely
contributed to the proapoptotic results, as we previously
noted that the ability to induce apoptosis versus necrosis
depends on a variety of factors, including irradiation time,
irradiation intensity, NP concentration, and more.8 Here, we
demonstrate that the heating proﬁle of IR820-PLGA NPs is
dependent upon both concentration and laser intensity
(Fig. S1). Thus, we posit that performing these experiments
at elevated concentrations and/or laser intensities would
increase the relative fraction of cells undergoing necrosis
versus apoptosis, though this would have to be evaluated
through further experimentation.
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We also examined the ability of IR820-PLGA NPs to
mediate PTT in vivo using mice bearing subcutaneous TNBC
xenografts by investigating their biodistribution, studying
their ability to heat tumors upon light exposure resulting in
tumor regression, and examining their impact on off-target
organs. Our results demonstrate that IR820-PLGA NPs maximally accumulate in tumors within 24 h after intravenous
injection (Fig. 3). At this time point, we found notable IR820
signal in the liver, lungs, and kidneys, in addition to signiﬁcant accumulation in the tumor. Given the size of our NPs,
we posit that the IR820 signal in the liver is due to clearance
by the mononuclear phagocytic system, and the signal in the
kidneys is likely free IR820 dye released from the NPs. While
our observation that IR820-PLGA NPs accumulate in tumors
to a greater extent at 24 h than at later time points is consistent with our previous experience using other NPs,14,15 in
this study we did not examine time points prior to 24 h.
Future studies should examine the biodistribution and tumor
accumulation of IR820-PLGA NPs at earlier time points, as
these studies may reveal a more optimal time to perform the
laser irradiation.
Our results also showed that IR820-PLGA NPs produce
sufﬁcient heat during tumor irradiation to signiﬁcantly slow
the growth of subcutaneous MDA-MB-231 tumors, with
some mice even experiencing complete remission (Fig. 3,
Fig. S3). The administered dose of IR820 used in these studies (100 μL at 350 μM) was selected based on prior literature reports using intravenously injected NIR absorbing
dyes.6,21,51,53 Traditionally, PTT is only administered once,
but in this study, we performed four rounds of treatment
(one per week). The reason for this is that we were operating under NP dose and laser irradiation conditions that
would induce mild tumor heating, rather than high tumor
heating, and we expected that this approach would require
more than one round of treatment to induce tumor regression. Indeed, after the third round of treatment, we began to
observe substantial differences in tumor growth between
the IR820-PLGA NP PTT group and the other treatment
groups. In the future, the NP dose, laser irradiation conditions, and time of laser irradiation post-NP injection should
be altered to determine whether effective tumor regression
can be achieved with only a single round of treatment. In
addition, future studies should investigate whether PTT
mediated by IR820-PLGA NPs is effective against other
models of TNBC. Here, we used human MDA-MB-231 cells
implanted subcutaneously in nude mice, but several other
TNBC models exist that may more accurately reﬂect the
aggressive nature of human TNBC.58–60 For example, studies
could be performed using tumors implanted orthotopically
in the mammary fat pad, or using murine 4T1 cells that grow
in immune-competent mice and can spontaneously metastasize to distant sites after implantation. Since PTT can induce
an antitumor immune response, performing studies in
immune competent animals could more thoroughly reveal
the potential impact of this treatment. Further, the use of
humanized patient-derived xenograft TNBC models that are
responsive to immunotherapy could allow for analysis of
this strategy in combination with immunotherapy. Overall,
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demonstrating the effectiveness of this treatment in several
animal models will validate its potential as an anti-TNBC
therapy.
Finally, we demonstrated that only tumors that were
exposed to both IR820-PLGA NPs and light showed notable
changes in tissue morphology, consistent with the effects
and high precision of PTT (Fig. S4). Given that these NPs are
biodegradable and the IR820 (which is cytotoxic on its own
in high concentrations) will be released over time, future
studies should investigate the long-term effects of the
released IR820 on the organs in which the IR820-PLGA NPs
accumulate. Based on the degradation proﬁle of PLGA in
physiological conditions,61 we anticipate that the amount of
released IR820 present in various tissues would not surpass
cytotoxic thresholds. However, future safety studies need to
be performed in order to validate the compatibility of this
platform and determine the maximum tolerated dose. These
should be performed using immune competent animals, as
this would most accurately reﬂect the body’s response to the
NPs and released IR820.
CONCLUSION

In summary, we present IR820-loaded PLGA NPs as new,
biodegradable, potent mediators of PTT for the treatment
of TNBC. These NPs overcome the limitations of other
established PTT mediators in that they are biodegradable
and enable cell death through apoptosis. Future work
should directly compare these IR820-PLGA NPs to traditional gold-based PTT agents for a quantitative analysis of
the differences seen in each treatment. Additionally, future
studies will need to be performed to validate that the
mechanism of cell death triggered by PTT with these NPs
in vivo is also apoptotic, as our studies only conﬁrmed this
to be the case in vitro. Additionally, future studies should
examine the antitumor potency and long-term safety of this
nanoformulation using mice with an intact immune system,
as this will reveal the full therapeutic potential of this formulation. Overall, our work lays the foundation for successful use of these IR820-PLGA NPs to enable proapoptotic
PTT of TNBC and other solid cancer tumors.
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