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Abstract: Inflammatory breast cancer (IBC) is rare, but it is the most aggressive subtype of
breast cancer. IBC has a unique presentation of diffuse tumor cell clusters called tumor emboli
in the dermis of the chest wall that block lymph vessels causing a painful, erythematous, and
edematous breast. Lack of effective therapeutic treatments has caused mortality rates of this
cancer to reach 20%-30% in case of women with stage III-1V disease. Plasmonic nanopar-
ticles, via photothermal ablation, are emerging as lead candidates in next-generation cancer
treatment for site-specific cell death. Plasmonic gold nanostars (GNS) have an extremely large
two-photon luminescence cross-section that allows real-time imaging through multiphoton
microscopy, as well as superior photothermal conversion efficiency with highly concentrated
heating due to its tip-enhanced plasmonic effect. To effectively study the use of GNS as a
clinically plausible treatment of IBC, accurate three-dimensional (3D) preclinical models are
needed. Here, we demonstrate a unique in vitro preclinical model that mimics the tumor emboli
structures assumed by IBC in vivo using IBC cell lines SUM 149 and SUM190. Furthermore, we
demonstrate that GNS are endocytosed into multiple cancer cell lines irrespective of receptor
status or drug resistance and that these nanoparticles penetrate the tumor embolic core in 3D
culture, allowing effective photothermal ablation of the IBC tumor emboli. These results not
only provide an avenue for optimizing the diagnostic and therapeutic application of GNS in
the treatment of IBC but also support the continuous development of 3D in vitro models for
investigating the efficacy of photothermal therapy as well as to further evaluate photothermal
therapy in an IBC in vivo model.

Keywords: inflammatory breast cancer, photothermal therapy, hyperthermia, plasmonics, gold

nanostars, nanoparticles

Introduction

IBC is the most lethal and aggressive breast cancer subtype with a unique
clinicopathological presentation.' Patients diagnosed with IBC often present at an
advanced stage with lymph node involvement, of whom 30% already have distant
metastases.*® The high morbidity rate and aggressive nature of IBC compared to other
breast cancer subtypes is thought to be attributed to the presence of tumor emboli in the
dermal lymphatics. Invasion of lymphatic vessels by these tumor cell clusters results
in a rapid metastatic progression of this disease.®® Developing an effective treatment
for IBC is challenging due to the difficulties associated with studying the lympho-
vascular tumor emboli in vitro. Standard 2D cell culture techniques do not accurately
recapitulate the tumor microenvironment of IBC, further complicating the successful
translation of cancer therapeutics from an in vitro to an in vivo model.*’
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Tumor-targeting nanomaterials have great potential in
significantly improving the efficacy of anti-cancer thera-
peutics while limiting systemic toxicity.!®!! Due to the
inert nature of gold, gold nanoparticles are one of the most
promising nanoparticle variants for cancer treatment. Several
gold nanoparticles that exhibit low cytotoxicity have been
developed (including nanorods, nanoshells, nanocages, and
nanostars) with properties that vary with particle size and
shape.!? Noble metal nanoparticles are quite useful for cel-
lular tracking owing to their two-TPL cross-sections.'* TPL
involves the absorption of photons and emission from the
recombination of excited electrons in the sp conduction band
with d band holes.'* Nanorods and nanobranches demon-
strate a significantly greater degree of luminescence compared
to nanospheres, thereby improving cellular tracking.'? GNS
fall within the family of nanobranches, as they are branched
nanoparticles with multiple protruding spikes that exhibit a
greater localized electric field associated with their surface
plasmon resonance." Our lab has developed a surfactant-free
method of synthesizing GNS that does not require cytotoxic
chemicals and allows for in vitro intracellular accumulation
of GNS via macropinocytosis following conjugation with the
transactivator of transcription (TAT) peptide.'® The higher
photon-to-heat conversion efficiency of GNS, which can be
tuned to have spectral absorption in the near-infrared region
where tissue absorbs least, makes GNS superior in biologi-
cal imaging and nanotherapeutic capabilities as compared to
other commonly used nanoparticles.'*!517-19

With regard to in vivo translation, GNS can easily pen-
etrate tumor vasculature via EPR effect that originates from
the inherently leaky tumor vasculature.*' Furthermore, once
delivered to the tumor microenvironment, there is minimal
clearance of nanoparticles that range from 10 to 100 nm
in size due to lack of an efficient lymphatic system.?"-?
Once retained in tumor tissues, these nanoparticles can
generate heat upon stimulation by an NIR laser due to their
localized surface plasmon effect.'® This heating allows for
hyperthermic therapy and cellular ablation simply by the
application of a cutaneous laser.

With regard to therapeutic use of nanoparticles, the
translation of test results from 2D monolayer cell culture
to in vivo conditions remains questionable.”*2¢ There are
many inherent differences in the sensitivity and efficacy of
chemotherapeutics between 2D and 3D culture models.?” %
Using a 2D model, it is difficult to elucidate the subtleties
of the nanoparticles’ interaction with tumor biology; for
example, the depth of penetrance into the tumor structure,

differences in localization and cellular uptake, and efficacy
of photothermal treatment cannot be fully appreciated when
using a monolayer system. Furthermore, 3D culture models
provide a platform that more closely mimics the complex and
dynamic tumor microenvironment compared to conventional
2D cultures.®*%3! In addition, this model allows to manipulate
and study tumor emboli following exposure to nanoparticles
in a way that is not possible in vivo, owing to the difficulty in
isolating lymphovascular emboli from in vivo models of IBC.
The ability to combine the study of therapeutic nanoparticles
with the use of 3D in vitro tumor models offers an ideal
platform to aid in the development of nanotherapeutics to
target drug-resistant cancers, like IBC, and also allows to
optimize nanotherapeutic techniques prior to conducting
studies in an in vivo model.

To this end, we have developed a noninvasive photo-
thermal application implementing GNS as a novel therapeutic
agent for the treatment of IBC using a 3D in vitro model.
GNS are among the most promising nanoparticles for can-
cer therapy due to their ease of delivery, sensitive tracking
capability, superior photothermal effects, and potential for
multimodal imaging.?*3>* In this study, GNS were used in
combination with a unique in vitro model of IBC to assess
the therapeutic effect of GNS-mediated hyperthermal therapy
in 3D culture. This is the first study to analyze the effects of
nanotherapeutics using an in vitro model that mimics tumor
biology of IBC.

Materials and methods

Cell lines and culture conditions

SUM149 (inflammatory ductal carcinoma) and SUM190
(primary human inflammatory luminal breast carcinoma)
cell lines were obtained from Asterand, Inc., and cultured
as previously described.** rfSUM149 cells, which exhibit
multidrug resistance, were synthesized in our laboratory
from SUM149 cells and cultured in a manner similar to
SUM149 cells with 7.5 uM GW583340 (Sigma-Aldrich, St
Louis, MO, USA) added a day after splitting for each pas-
sage as described previously.’>** BT474M1 (invasive ductal
carcinoma) provided by Dr Timothy Clay at Duke University,
was cultured in Dulbecco’s Modified Eagle’s Medium/F12
(Sigma-Aldrich) supplemented with 10% fetal bovine serum
(Sigma-Aldrich) and 1% penicillin/streptomycin. MDA-MB-
231 (breast adenocarcinoma), purchased from ATCC, was
grown in RPMI medium (Gibco) supplemented with 10%
fetal bovine serum (Sigma-Aldrich) and 1% penicillin/strepto-
mycin. All cell lines were maintained at 37°C in a humidified
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atmosphere of 5% CO,, subcultured in T-25 and T-75 flasks
and supplemented with fresh media every 2-3 days. All
samples were grown to ~80% confluency before use. Cells
were detached using 0.25% trypsin—-EDTA (Gibco).

GNS preparation

All chemicals were purchased from Sigma-Aldrich and used
as received unless noted otherwise. GNS were prepared
by a surfactant-free method.!® Citrate-capped gold seeds
were prepared by adding 15 mL of 1% trisodium citrate to
100 mL of boiling HAuClI, solution (I mM) under vigorous
stirring for 15 minutes. The solution was cooled to room
temperature, filtered with a 0.22 pm nitrocellulose membrane,
and stored at 4°C. GNS were prepared by simultaneously
mixing 1 mL of 3 mM AgNO;, and 500 uL of 0.1 M ascor-
bic acid to 100 mL of 0.25 mM HAuCl, containing HCI
(100 uL, IN) and citrate gold seeds (1 mL, OD,,: 2.8)
under vigorous stirring. For particle stabilization, 5 UM of
SHPEG,, (O-[2-(3mercaptopropionylamino) ethyl]-O’-
methylpolyethlene-glycol, molecular weight 5,000) was added
to freshly synthesized GNS and allowed to mix for 30 minutes,
followed by two centrifugal washes (3,500 rcf). Lastly, TAT-
GNS were prepared by mixing a final solution of 100 uM of
cysteine-TAT-peptide (residues 49-57, sequence Arg-Lys-
Lys-Arg-Arg-Arg-Gln-Arg-Cys-CONH,; SynBioSci, Liver-
more, CA, USA) with 1 nM of PEG-GNS solution for 48 hours
at 4°C followed by two centrifugal washes in ethanol.

GNS labeling of breast cancer cell lines
GNS solutions were prepared for cellular incubation by
resuspending in PBS at 1.0 nM. GNS were added to the
appropriate tissue culture flask or plate containing media
at final concentration of 0.15 nM. Cells were incubated
with the GNS-containing solution for 24 hours in a tissue
culture flask. After incubation, cells were washed twice
with PBS to remove any residual nanoparticle solution prior
to experimental plating.

MPM imaging

All MPM images were taken using a multiphoton microscope
(Olympus FV1000; Olympus America, Center Valley, PA,
USA) at the Light Microscopy Core Facility, Duke University.
Microscopic imaging was carried out using a femtosecond
Ti:Sapphire laser (Chameleon Vision II; Coherent, Santa
Clara, CA, USA) with tunable wavelength ranging from
680 to 1,080 nm, 140 femtosecond (fsec) pulse width, and
80 MHz repetition rate. The laser beam was focused through

a25x1.05 NA water-immersion objective (XLPL25XWMP;
Olympus America). Images were taken under 800 nM excita-
tion and 3.7 mW unless otherwise noted. All images were
collected and reconstructed using ImagelJ.>’

MTT cellular proliferation and resazurin

cell viability assays

Cellular proliferation was determined by MTT (Sigma-
Aldrich) assay and cellular proliferation at varying GNS
concentrations and incubation times was compared. In this
assay, MTT is reduced by metabolically active cells, which
results in purple formazan that can be quantified by spectro-
photometry. GNS at concentrations of 0.05, 0.1, 0.15, and
0.2 nM were incubated with SUM149 cells at various time
periods of 1, 6, 12, and 24 hours. SUM149 cells were plated
in a 96-well plate and incubated overnight. The respective
concentrations of GNS were then added to the wells as per
the aforementioned incubation time. After each time point,
the GNS-containing media was aspirated from the wells,
washed twice with PBS, and supplemented with fresh media.
After all time points were complete, 20 UL of MTT solution
was added to each well for 2 hours at 37°C. After incubation,
the MTT solution was discarded and 100 uL. of DMSO was
added to dissolve the formazan crystals. The absorbance
was then measured using a spectrophotometer (FLUOstar
Optima, BMG Biotech) with a 575 nm filter.

For cytotoxicity assay, SUM149 cells were incubated
with 0.05, 0.1, 0.15, and 0.2 nM of GNS at various time
periods of 1, 6, 12, and 24 hours. SUM 149 cells were plated
in a 96-well plate and incubated overnight. The respective
concentrations of GNS were then added to the wells as per the
aforementioned incubation time. After each time point, the
GNS-containing media was aspirated from the wells, washed
twice with PBS, and supplemented with fresh media. After
all time points were complete, 20 UL of the CellTiter-Blue®
(resazurin assay; Promega, Madison, WI, USA) reagent was
added to each well and the plates were incubated for 2 hours.
Resazurin (blue, nonfluorescent) is reduced by live cells to
resorufin (pink, fluorescent). The fluorescence intensity of
resorufin was then measured using a plate reader (FLUOstar
Omega; BMG LABTECH) to determine the percent of cell
viability relative to the unlabeled controls.

TEM imaging of cells

For TEM, fixed cells were stained with OsO, and uranyl
acetate followed by ethanol series dehydration and resin
fixation. Ultrathin sections were cut by an ultramicrotome,
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mounted on copper grids, stained with uranyl acetate/lead
citrate and imaged using a Fei Tecnai G* Twin at 80 kV.

Quantification of nanoparticles per cell
using ICP-OES

ICP-OES was used to quantitatively analyze nanoparticle
uptake by SUM 149 cell lines. Nanoparticle-containing cells
were digested in a solution of Aqua Regia and diluted with
deionized water before being analyzed by ICP-OES at the
Environmental and Agricultural Testing Service Laboratory,
North Carolina State University. Experimental samples were
compared to a control sample of known GNS content.

In vitro photothermal therapy of cancer

cell lines in monoculture

Photothermal therapy was applied to GNS-labeled cancer cell
lines following particle incubation as described earlier. GNS-
labeled cells were seeded in 35 mm Petri dishes, incubated
overnight, washed with PBS twice to remove unattached
cells, and supplemented with fresh media. For photothermal
therapy, cells on a heated multiphoton microscope stage
(37°C) were exposed to Ti:Sapphire laser at a wavelength of
800 nm for 3 minutes, with output powers 0f2.19, 3.7, or 9.14
mW. Cells cultured without GNS were used as controls but
received the same laser irradiation. Immediately after treat-
ment, cells were examined under a fluorescence microscope
using fluorescein diacetate and propidium iodide, which stain
live cells green and dead cells red, respectively.

Tumor emboli preparation

IBC cell lines SUM149, rSUM 149, and SUM190 were used
in tumor emboli models as performed in previous studies.”
Briefly, cells were seeded onto ultra-low attachment plates
(Corning) at appropriate seeding densities and suspended
in culture medium supplemented with 2.25% PEG-8000
(Sigma-Aldrich). After suspension, cells were placed on a
belly dance shaker (IBI Scientific©) and allowed to rock at
40 rpm. The cells were incubated in these suspension condi-
tions for up to 96 hours prior to experimental use.

GNS labeling of tumor emboli

For tumor emboli models, GNS was added to the IBC tumor
emboli culture after 96 hours of embolic maturation. Tumor
emboli were then allowed to incubate with GNS for 24 hours
prior to experimental use.

H&E staining of tumor emboli
For all histological staining of tumor emboli, a gelatin embed-
ding method was used to prepare the samples. For gelatin

embedding, samples were placed in 5 mL of 5% (w/w)
porcine-derived gelatin (Sigma-Aldrich) solution with
5% (w/w) sucrose that was prewarmed to 45°C for 2 hours,
followed by immersion in an acetone and dry-ice bath
until frozen as previously described.*® Samples were then
cryosectioned at a thickness of 20 um. Prior to histological
staining, all samples were stored at —80°C. Standard H&E
staining was used to confirm the acquisition of tumor emboli
following sectioning.

In vitro photothermal therapy of

GNS-labeled tumor emboli

The effects of photothermal therapy on GNS-labeled
SUM149, rSUM149, and SUM190 tumor emboli were
assessed. Tumor emboli were cultured in 96-well plates for
96 hours and then incubated with 0.15 nM GNS for 24 hours
prior to photothermal therapy. For photothermal response
validation, a continuous 808 nm diode laser was focused
on the tumor emboli. Emboli were kept on a 37°C heating
stage and exposed to the laser for 3 minutes at power densi-
ties 0f9.375, 5, and 2.18 W/cm? (the spot size of laser beam
being 33 mm?). Samples cultured without GNS were used
as controls but received the same laser irradiation. After
1 day, tumor emboli were examined by a dead-cell staining
procedure using propidium iodide.

Results
GNS display robust and sustained

cytoplasmic endocytosis within IBC cells
The GNS synthesized were proved to be stable in cell culture
medium (Figure S1). TEM was used to show the morphology
of a single GNS (Figure 1A), as well as the abundance and
accumulation patterns of GNS within IBC cells following
24-hour incubation, using SUM149 as a model cell line
(Figure 1B-D). These images revealed abundant cytoplasmic
accumulation of GNS, with most of the intracellular nano-
particle accumulation confined to the vesicles of the cells
(Figure 1A—C). In addition, these images confirmed that
the accumulation of GNS was restricted to the extranuclear
space of the cells. ICP-OES was pursued to further analyze
the uptake patterns of GNS in IBC cells. Quantitative analysis
revealed that the number of GNS in the SUM149 cell line
gradually increased with incubation times of 1, 4, 8, and
24 hours (Figure 1D). Moreover, the number of nanoparticles
per cell did not reach a plateau within the 24-hour incubation
period, suggesting that the uptake efficiency and retention
of GNS did not exhibit an intracellular decay in terms of
nanoparticle load.
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Figure | GNS morphology by TEM (A); visualization and quantification of GNS endocytosed into SUM 149 cell line (B—E). The relative amount of cellular uptake of 0.15 nM
GNS after 24-hour incubation was observed by TEM. TEM images show GNS in cytoplasmic vesicles (red arrows) as well as GNS adhered to the cellular membrane (yellow
arrows). TEM imaging revealed that the majority of the nanoparticles were localized within the cytoplasmic space and the vesicles of the cells and that no nanoparticles were
observed to be present within the nuclear membrane (N, nucleus) of the cell (D). (E) Nanoparticle uptake per cell over a time course of |, 4, 8, and 24 hours of particle
incubation with SUM 149 cell line was quantified by ICP-OES. SUM149 cells demonstrated consistent nanoparticle uptake and cytoplasmic retention over a 24-hour period.

Abbreviations: GNS, gold nanostars; TEM, transmission electron microscopy.

GNS exhibit robust endocytosis and vivid

TPL in multiple breast cancer cell lines

In vitro experiments were performed to assess the localiza-
tion of GNS within the cancer cells and to determine GNS
cellular uptake in breast cancer cell subtypes including
models of IBC (SUM149 [EGFR activated, estrogen (ER),
progesterone, and HER2 negative] and SUM190 [HER2
overexpressed, ER and progesterone receptor negative])
and non-IBC cell lines (BT474M1 [HER2 overexpressed,
ER positive] and MDA-MB-231 [triple negative]).
Figure 2 shows the cytoplasmic localization of GNS fol-
lowing endocytosis. Concentrated colloidal solutions of
GNS appear dark blue in color under phase-contrast imag-
ing and were found to accumulate within the cytoplasm of
cells. When viewed under multiphoton microscopy, cells
labeled with GNS display intense TPL. These results are
in stark contrast to cell lines cultured in media without
GNS. Staining with Hoechst 33342 delineates the nucleus

to show nanoparticle accumulation within the cytoplasm
and outside of the nuclear envelope, and this result is con-
sistent with previous studies.'® These results demonstrate
that GNS are robustly endocytosed in multiple cancer
cell lines, irrespective of receptor expression (Figure 2).

Proliferation and viability of IBC cells are

minimally affected by GNS uptake

Because a high prevalence of SUM149 cell lines obtained
from IBC patients are being used in IBC studies, this cell
line was further evaluated so as to verify whether this model
could be used as a principal model to examine the effects
of cytoplasmic GNS accumulation on cell proliferation and
viability. The dose- and time-dependent effects of cytoplas-
mic GNS accumulation on cell proliferation and viability
were evaluated using MTT and CellTiter Blue® (resazurin)
assays, respectively. Compared to the unlabeled control,
increasing intracellular concentrations of GNS did not cause
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™

A

Multiphoton microscopy

Figure 2 GNS uptake in IBC (SUM149 & SUMI90) and non-IBC (BT474M| & MDA-MB-231) cell lines. Receptor statuses are provided beneath each represented cell line.
The cell lines were incubated with 0.15 nM GNS for 24 hours, washed to remove free particles, stained with Hoechst 33342, and imaged via MPM. The GNS appear as black
particles within the cells under phase-contrast imaging (yellow arrows; scale bars =100 pm). Under MPM, the GNS in the cell cytoplasm appear white in color.
Abbreviations: GNS, gold nanostars; MPM, multiphoton microscopy; IBC, inflammatory breast cancer.
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Figure 3 The effects of increasing concentrations of GNS on SUMI149 proliferation and viability following nanoparticle incubation at |, 6, 12, and 24 hours as determined
by MTT (A) and resazurin-based assays (B), respectively. SUM149 cells were incubated with nanoparticles at concentrations of 0.05, 0.10, 0.15, and 0.20 nM. After all time
points were met, MTT or resazurin assays were performed. Representative phase-contrast images of the experimental groups immediately prior to the addition of MTT or
resazurin reagent are shown (scale bars =100 pm). MTT assays showed minor decreases in cell proliferation at 6, 12, and 24 hours of GNS incubation, whereas resazurin
assays showed a larger decrease in cell viability at 24 hours for all nanoparticle concentrations. The effects of GNS on cell proliferation and viability never precluded the
experimental use of GNS-labeled cells.

Abbreviations: GNS, gold nanostars; MTT, (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide).
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a noteworthy effect on cellular proliferation (Figure 3A).  SUM190) and non-IBC (BT474M1 and MDA-MB-231) cell
Interestingly, for all GNS concentrations at 24 hours, there  lines. Following nanoparticle labeling, all GNS-containing
was a slight increase in cellular proliferation compared to  cancer cell lines demonstrated efficient photothermal abla-
other treatment times. This may be due to markedly increased ~ tion when appropriately stimulated (Figure 4). Live/dead
accumulation of GNS in the cell cytoplasm at 24 hours, fluorescent staining was used to evaluate cell viability after
which resulted in a spectrophotometric interference when  treatment. Compared to unlabeled control samples exposed
the plate reader was used to analyze the results of MTT.  to the same laser intensities, GNS-labeled cell lines displayed
Cellular viability assays revealed that for all GNS concentra-  distinct cellular death. The zone of cellular ablation was
tions, a decrease in cell viability was observed at 24 hours  confined to the area of laser exposure, demonstrating the
(Figure 3B); however, it should be noted that the incubation  specificity and limited off-target effects with nanoparticle
of cells with GNS never precluded the experimental use of  cell labeling and photothermal ablation in vitro. These stud-
these cells. These results demonstrate that in the absence ies demonstrate that GNS allow for efficient photothermal
of photostimulation, the incubation of cells with GNS has  ablation of multiple breast cancer cell lines, irrespective of

relatively no effect on cellular proliferation and viability. subtype or hormone receptor expression.
Efficient cellular ablation of multiple GNS accumulate within IBC tumor
breast cancer cell lines using GNS as a emboli, allowing vivid luminescent
nanotheranostic platform monitoring in vitro

In vitro experiments were performed to determine whether  After demonstrating the ability to visualize and photother-
GNS cellular ablation differs between IBC (SUM149 and  mally ablate monolayers of IBC and non-IBC cell lines,

Control

SUM149 SUM190

BT474M1 MDA-MB-231

3.7 mW 2.19 mW

9.14 mW

Figure 4 Photothermolysis of IBC (SUM149 and SUMI190) and non-IBC (BT474M| and MDA-MB-231) cell lines. Cells were incubated with 0.15 nM GNS for 24 hours,
washed to remove free particles, and exposed to an 800 nm multiphoton pulsed laser for 3 minutes at various laser intensities. Following laser exposure, cells were stained
with fluorescein diacetate (live = green) and propidium iodide (dead = red) to determine relative cell viability. An empty region of cells is representative of the treatment area
where cells detached from the plate’s surface. The most effective degree of irradiation was determined to be 3.7 mW, yielding the most specific area of cellular ablation. For
all cell lines tested, the control samples (cells without GNS, ie, unlabeled) displayed full viability following photothermal treatment. All samples were plated in 35 mm Petri
dishes. Scale bars are 100 um.

Abbreviations: GNS, gold nanostars; IBC, inflammatory breast cancer.
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A SUM149 C
GNS

SUM190

Control GNS Control GNS

Phase-
contrast
Phase-
contrast

MPM

Figure 5 GNS are endocytosed by SUMI49 (A, B) and SUMI90 (C, D) tumor emboli, after which they penetrate into the tumor embolic core. Tumor emboli shown here
are imaged after 96 hours of embolic maturation. The control groups represent cells that are free of nanoparticles. For GNS-labeled emboli, nanoparticles were added after
96 hours of embolic maturation. Following 24 hours of GNS incubation, samples were stained with Hoechst 3342 and imaged with MPM. The black portions, as shown by
yellow arrows, represent GNS as observed by phase-contrast microscopy. GNS as observed by MPM is shown by white luminescence. H&E staining displays the cross-
sectional area of the emboli, and MPM imaging of the cross-section further demonstrates the depth of GNS penetrance into the tumor embolic core (scale bars =100 pum).
(B, D) 2D projections of the GNS-labeled tumor emboli depicted in A and C. Shown here are the individual Z slices of the stacked composite image. This projection

demonstrates the depth of GNS penetrance into the tumor emboli.

Abbreviations: GNS, gold nanostars; MPM, multiphoton microscopy; H&E, hematoxylin and eosin.

the feasibility of translating these results to a 3D tumor
emboli culture model was assessed. The results of GNS
incubation with tumor emboli are shown in Figure 5. Phase-
contrast imaging shows the intra-embolic accumulation of
GNS (Figure 5A and C yellow arrows). Under multiphoton
microscopy, intense TPL of GNS-labeled tumor emboli can
be visualized. Using ImagelJ, a 2D projection of individual
slices was reconstructed to better delineate the intra-embolic
depth of GNS penetrance into the tumor emboli (Figure 5B
and D).*” As shown in Figure 5B, GNS (which appear white)
are homogenously distributed within several layers of the
SUM149 tumor emboli, extending from the north to south
pole of the embolic structure. In case of SUM190 cell line,
which appears to form larger, more compact emboli com-
pared to SUM149, nanoparticle penetrance demonstrated
a confinement to the periphery of the emboli (Figure 5D)
further confirmed by H&E staining (Figure 5A and C).
Under phase-contrast imaging, H&E staining showed 20 um
tumor emboli cross-sections after gelatin embedding. These
histological samples were also imaged using multiphoton
microscopy. The results show an even distribution of GNS
over the entire embolic cross-section for SUM149 tumor
emboli; however, nanoparticle accumulation in SUM190
tumor emboli was less robust and confined to the struc-
tural periphery.

Intracellular accumulation of GNS within
IBC tumor emboli allows effective

photothermal ablation

If abundant accumulation of GNS in a homogenous fashion
is confirmed within IBC tumor emboli, then the tumor
emboli is disrupted and ablated by photothermal treatment.
In case of SUM149 and SUM190 tumor emboli, cell death
staining with propidium iodide demonstrated that GNS-
labeled emboli displayed a substantial degree of cellular
death after photothermal treatment compared to unlabeled
emboli (Figure 6). Phase-contrast imaging shows that fol-
lowing treatment, the tumor embolic structure was disrupted
compared to the controls. Laser power densities of 5 and
9.375 W/cm? showed comparable degrees of cellular death
following laser treatment. Photothermal treatment with a
power density of 2.18 W/cm? showed a decrease in the degree
of cellular death compared to that with higher laser intensi-
ties. Most notably, the area of emboli ablation was confined to
the periphery of the tumor emboli compared to higher power
densities. Furthermore, it should be noted that photothermal
ablation was successfully accomplished in SUM190 cell
line, even though this cell line displayed a more peripheral,
rather than central, accumulation of GNS (Figure 5D). This
suggests that with the use of photothermal ablation, complete
penetrance of nanoparticles may not be necessary and that
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Figure 6 Photothermal treatment of SUM149 (A) and SUMI190 (B) tumor emboli. After 96 hours of tumor emboli maturation, 0.15 nM of GNS was incubated with tumor
emboli for 24 hours. Following GNS incubation, samples were exposed to an 808 nm continuous laser at various laser intensities. After treatment, the experimental samples
were stained with propidium iodide to illustrate any cellular death that occurred following laser irradiation. All emboli that were incubated with GNS exhibited cell death
following laser exposure. Control samples were treated with the same level of irradiation, which demonstrated virtually no cell death. Representative phase-contrast images
of each sample following treatment are shown. Empty spaces seen under phase-contrast for GNS-labeled emboli are due to the repositioning of the emboli in the wells
following photothermal treatment. The GNS-labeled emboli appear in black color under phase-contrast imaging due to GNS uptake, compared to the unlabeled controls

(scale bars =100 pm).
Abbreviation: GNS, gold nanostars.

a peripheral accumulation could be sufficient to disrupt and
ablate tumor emboli.

Efficient nanoparticle uptake and
photothermal ablation are achieved in

drug-resistant IBC cell line

After confirming that nanoparticles are readily endocytosed
and possess the ability to photothermally ablate IBC cells in
both 2D and 3D culture models, the next step was to investi-
gate the use of GNS in drug-resistant IBC cell line rSUM149.
It has been shown that nanocarriers designed to treat drug-
sensitive cell lines may not be effective in drug-resistant cell
lines because of the differing lipid composition and conse-
quential biophysical characteristics. Lipids play a major role
in the regulation of membrane trafficking and endocytosis,
the primary mechanism of uptake of nanoparticle-based sys-
tems.* Vijayaraghavalu et al investigated the use of Doxil®,
the liposomal formulation of doxorubicin, in delivering
doxorubicin to resistant breast cancer cells.** The compact
and rigid nature of drug-resistant cell membranes resulted
in impaired endocytic function that inhibited intracellular
drug delivery using Doxil. Although the study was carried
out using the encapsulated formulation Doxil, issues of
endocytic transport in drug-resistant cells could potentially

exist with other PEGylated nanocarrier systems, such as
the nanoparticles used in this study. In vitro experiments
were performed to assess the localization of GNS within
the rSUM149 cell line, a model that was generated from
SUM 149 by clonal selection of cell death—resistant popula-
tion of cells when chronically exposed to EGFR dual kinase
inhibitor (lapatinib). rSUM149 cell lines were subsequently
identified to acquire resistance to various EGFR targeting
drugs, chemotherapy and immunotherapeutic modulation
due to increased expression of anti-apoptotic and antioxidant
proteins that increase tumor cell survival signaling.364!42
As shown in Figure 7A, GNS are readily endocytosed into the
cytoplasm of the rSUM 149 cell line and result in successful
photothermal ablation (Figure 7B). Similar to the SUM 149
and SUMI190 cell lines, our results revealed that GNS are
distributed within multiple layers of the rSUM149 tumor
emboli (Figure 7C). H&E stained cross-sections under phase-
contrast imaging and MPM showed a distribution of GNS
over the entire embolic cross-section for ISUM149 cell lines
(Figure 7C). Finally, cellular death staining of the rSUM 149
tumor emboli following photothermal treatment with NIR
laser demonstrated efficient photothermal ablation and
emboli disruption, which is similar to those results obtained
for SUM149 and SUM190 IBC cell lines (Figure 7D).
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Figure 7 GNS uptake and photothermal ablation in drug-resistant IBC cell line rSUM149. (A) The drug-resistant IBC variant, rSUM 149, was incubated with 0.15 nM GNS for
24 hours, stained with Hoechst 33342 and imaged by MPM. The GNS in the cells appear as black particles as observed by phase-contrast imaging (yellow arrows), whereas
the GNS in the cytoplasm appear as white luminiscence under MPM. (B) Photothermolysis of rSUM149 cell line. Cells were incubated with 0.15 nM GNS for 24 hours and
then exposed to a multiphoton pulsed laser for 3 minutes at various laser intensities. Following laser exposure, cells were stained with fluorescein diacetate (live = green)
and propidium iodide (dead = red) to determine relative cell viability. The control samples (cells without GNS, ie, unlabeled) displayed full viability following photothermal
treatment (scale bars =100 um). (C) GNS penetrate rSUMI149 tumor emboli. Tumor emboli shown here are imaged after 96 hours of embolic maturation. The control
groups represent cells that are free of nanoparticle. For GNS-labeled emboli, nanoparticles were added after 96 hours of embolic maturation. Following 24 hours of GNS
incubation, samples were stained with Hoechst 3342 and imaged with MPM. The black portions, shown by yellow arrows, represent GNS as observed by phase-contrast
microscopy, whereas white luminescence represents GNS as observed by MPM (scale bars =100 m). A 2D projection of the GNS-labeled tumor emboli is shown where
individual Z slices of the stacked composite image are displayed. This projection demonstrates the depth of GNS penetrance into the tumor emboli. H&E staining displays the
cross-sectional area of the emboli; MPM imaging of the cross-section further demonstrates the depth of GNS penetrance into the tumor embolic core. (D) Photothermal
treatment of rSUMI149 tumor emboli. Following GNS incubation, samples were exposed to an 808 nm continuous laser at various laser intensities. After treatment, the
experimental samples were stained with propidium iodide to illustrate any cellular death that occurred following laser irradiation. All emboli that were incubated with GNS
exhibited cell death following laser exposure. Control samples were treated with the same level of irradiation, which demonstrated virtually no cell death. Representative
phase-contrast images of each sample are shown following treatment. Empty spaces seen under phase-contrast imaging for GNS-labeled emboli are due to the repositioning
of the emboli following photothermal treatment. The GNS-labeled emboli appear in black color under phase-contrast imaging due to GNS uptake, compared to the unlabeled
controls (scale bars =100 pum).

Abbreviations: GNS, gold nanostars; H&E, hematoxylin and eosin; MPM, multiphoton microscopy.

Discussion therapies with limited adverse effects and off-target toxicity.*
Despite improved screening and advanced treatment modali-  IBC is a form of locally advanced breast cancer that is
ties to reduce the incidence and mortality of breast cancer,  characterized by rapid onset of symptoms and accelerated
significant challenges remain in developing effective  growth due to the development of lymphovascular emboli.¢
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An obstacle to advancing the study of nanotherapeutics for
IBC is the difficulty associated with mimicking the physical
conditions found in the dermal lymphatics to more accurately
recapitulate a clinical model of IBC tumor emboli. In this
study, we have used a biologically relevant in vitro preclinical
model to study the feasibility of a visualization and photo-
thermal treatment technique for IBC using plasmonic GNS
as nanotheranostic platform.

Often, a single treatment modality, such as chemotherapy,
will not produce a complete therapeutic response. Using com-
bination therapies has been shown to increase the response
rate and effectiveness of treatment.** One modality that
has gained increasing interest is hyperthermic therapy,
which means an increase in tissue temperature at a range
of 40°C—44°C, and it has been shown to help improve local
control in patients with advanced breast cancer.*“® However,
adverse effects (ie, pain, bleeding, infection, and skin burns)
continue to be a limitation to the widespread adoption of
hyperthermic therapy, partially due to nonspecific heating
of'tissue by currently available hyperthermic treatments that
utilize radio waves, microwaves, or laser energy.*’ Further-
more, current hyperthermic treatments are highly invasive as
they are dependent on the insertion of a probe into the lesion
site. Utilization of metallic nanoparticles, such as GNS, that
preferentially accumulate in malignant tissue through the
EPR effect limits the off-target systemic accumulation of
these particles.?’ Additionally, the ability of GNS to convert
electromagnetic energy into heat energy makes it a potential
candidate to be used in targeted and site-specific hyperther-
mic therapy with decreased laser power. The use of metallic
nanoparticles also eliminates the need for invasive probes
in hyperthermic therapy and instead allows for noninvasive
thermal heating by using NIR lasers.

Photothermal therapy with a NIR laser has been shown
to be an effective mode of treatment for breast cancer cell
lines in vitro.*->° Previous studies have focused on the use
of gold nano-raspberries, nanocages, and nanostars for the
photothermal ablation of SKBR3 breast cancer cells in 2D
monoculture.'**2 Another study looked at the effects of
GNS-mediated photothermal therapy using a NIR laser in
BT549 breast cancer cells and found that photothermal abla-
tion could be accomplished using ultra-low irradiance below
the maximal permissible exposure of skin.'® However, very
few studies have examined the use of nanoparticle-mediated
photothermal therapy in the aggressive subtype of locally
advanced breast cancer, IBC. Our results demonstrate that
effective photothermal ablation is accomplished in multiple
breast cancer cell lines, including IBC tumor cells, irrespec-
tive of differences in cell receptor status or drug resistance.

Majority of the in vitro studies have examined the use of
nanoparticle therapeutics in traditional 2D in vitro cultures.
Therefore, only the study of direct cellular interactions
with nanoparticles was possible; however, it did not offer
the ability to explore the interactions of nanoparticles with
tissue structures in a controlled manner. Furthermore, in a
3D culture model, physical cell—cell interactions and extra-
cellular matrices are altered, which may affect nanoparticle
uptake and delivery.?>?*53 This study examined the use of
nanoparticles in a 3D model of IBC cell lines and showed
that differences in uptake patterns do indeed exist with
respect to nanoparticle endocytosis in 2D versus 3D culture.
In all 2D cultures, nanoparticle endocytosis was equivocally
robust and led to efficient photothermal ablation using a
pulsed laser. Furthermore, TEM imaging showed that the
majority of nanoparticles were found to be housed within
both the cytoplasmic space and the vesicles of cells, consis-
tent with previous studies.?’ This compartmentalization can
be attributed to the relatively large size of GNS (50 nm),
which precludes their entry into the nuclear membrane
pores.>** In addition, ICP-OES analysis revealed consistent
nanoparticle uptake and cellular retention across cell lines
over a 24-hour period. When transitioned to a 3D tumor
emboli model, nanoparticle endocytosis was confined to the
periphery of the larger SUM190 tumor emboli compared
to its SUM 149 and rSUM 149 counterparts. In addition, the
effects of photothermal ablation were less efficacious in the
3D tumor emboli compared to 2D cultures, with the majority
of cellular death confined to the embolic periphery at lower
laser intensities; in the 2D cell cultures, the efficacy of
photothermal ablation was nearly equivalent across all laser
intensities studied.

The use of nanotherapeutics is not limited only to photo-
thermal therapy. Ideally, it would extend to the synergistic
use of selective photothermolysis with drug delivery.>** This
aids in overcoming any potential hyperthermic resistance
that may exist in various cancer subtypes.’’° However, to
effectively utilize this combination therapy, the nanoparticles
need to successfully penetrate into the core of the tumor
embolic structures that exist in IBC. This study found that
for SUM149 and rfSUM149 cell lines, nanoparticles were
homogenously distributed throughout the tumor embolic
structure, as confirmed by MPM and histopathological stain-
ing. Even though GNS accumulation was largely confined
to the periphery of the larger SUM190 tumor emboli, effec-
tive photothermal ablation was still achieved. This suggests
that for photothermal therapy, spatially distributed heat
derived from the GNS is sufficient for tumor cell ablation
and, therefore, complete nanoparticle penetrance may not
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be necessary. While these studies are promising and suggest a
potential role of nanoparticles in drug delivery to IBC tumor
emboli, future studies utilizing nanoparticle drug delivery in
conjunction with photothermal therapy should be conducted
in a 3D model to assess the relative penetrance needed for
effective synergistic therapy.

Conclusion

In summary, use of 2D cell culture is a rapid way of
screening potential therapies, including nanotherapeutics.
However, these cultures do not accurately represent the
cell—cell interactions that occur in vivo. A good bridging
point between in vitro and in vivo studies is the use of 3D
tumor spheroid and emboli cultures that better mimic the
in vivo tumor microenvironments. This is the first study to
examine the use of nanoparticles in combination with tumor
emboli and to report the effective photothermal ablation
of IBC cells in a 3D tumor emboli model. These results
will pave way for future studies to further investigate the
uptake patterns of nanoparticles in various IBC emboli
and also to explore how these patterns may be influenced
by tumor microenvironments. Furthermore, these results
provide a robust step to further evaluate the effectiveness
of synergistic photothermal therapy and drug delivery in a
preclinical model of IBC.
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Figure SI Normalized extinction spectra of GNS in distilled water (DiH,O, solid line) and in DMEM/FI2 media (dashed line) after 24 hours of incubation. No shift was
observed for the GNS absorption peak (located at 830 nm) when incubating in DMEM/F12 for 24 hours, indicating that the nanoparticles were stable in cell culture medium.
Peaks observed at 560 nm and 440 nm are due to the presence of DMEM/FI12 medium.

Abbreviations: DMEM/F|2, Dulbecco’s Modified Eagle’s Medium: Nutrient Mixture F-12; GNS, gold nanostars.
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