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Background: Ionizing radiation (IR) is commonly used in triple-negative breast cancer 
(TNBC) treatment regimens. However, off-target toxicity affecting normal tissue and gruel-
ing treatment regimens remain major limitations. Hyperthermia is one of the greatest IR 
sensitizers, but only if heat is administered simultaneously or immediately prior to ionizing 
radiation. Difficulty in co-localizing ionizing radiation (IR) in rapid succession with 
hyperthermia, and confining treatment to the tumor have hindered widespread clinical 
adoption of combined thermoradiation treatment. Metal nanoparticle-based approaches to 
IR sensitization and photothermal heat generation may aid in overcoming these issues and 
improve treatment specificity.
Methods: We assessed the potential to selectively treat MDA-MB-231 TNBC cells without 
affecting non-malignant MCF-10A breast cells using a multimodal approach based upon 
combined photothermal therapy, IR sensitization, and specific cytotoxicity using triangular 
silver nanoparticles (TAgNPs) with peak absorbance in the near-infrared light (NIR) 
spectrum.
Results: We found that TAgNP-mediated photothermal therapy and radiosensitization offer 
a high degree of specificity for treatment of TNBC without affecting non-malignant mam-
mary epithelial cells.
Discussion: If given at a high enough dose, IR, heat, or TAgNPs alone could be sufficient 
for tumor treatment. However, when the dose of one or all of these modalities increases, off- 
target effects also increase. The challenge lies in identifying the minimal doses of each 
individual treatment such that when combined they provide maximum selectivity for treat-
ment of TNBC cells with minimum off-target effects on non-malignant breast cells. Our 
results provide proof of concept that this combination is highly selective for TNBC cells 
while sparing non-malignant mammary epithelial cells. This treatment would be particularly 
important for patients undergoing breast conservation therapy and for treatment of invasive 
tumor margins near the periphery where each individual treatment might be at a sub- 
therapeutic level.
Keywords: radiation sensitizer, hyperthermia, nanoparticle, cancer, laser

Introduction
Triple-negative breast cancer (TNBC) is an aggressive, poor prognosis subtype that 
accounts for approximately 15% of all breast cancer cases.1,2 Locoregional recur-
rence is more frequent for TNBC patients compared to patients with other subtypes 
of breast cancer,3,4 necessitating additional treatment and increasing the likelihood 
of distant metastases and death.5 Ionizing radiation (IR) in combination with breast 
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conservation surgery or mastectomy, and systemic che-
motherapy, is a crucial component of the standard of care 
treatment for TNBC patients.6 Adjuvant IR treatment 
improves outcomes following lumpectomy or mastectomy 
in patients with large (>5 cm) tumors, positive tumor 
margins, or positive axillary nodes.7 Multiple retrospective 
analyses indicate that patients with TNBC tumors who 
received IR as part of breast conservation therapy had 
decreased risk of locoregional recurrence, thereby avoid-
ing mastectomy.3,8–11 Whole-breast irradiation typically 
involves delivery of 40–50 Gy in 15–25 fractions over 
3–5 weeks. This 3–5 week commitment for radiation ther-
apy requires women to commute for treatment multiple 
times per week, take time off from work, and potentially 
make additional arrangements for childcare. The increased 
burden may lead women to opt out of radiation all 
together, even when radiotherapy is the best option for 
overall survival.12–14 Furthermore, IR treatment is not 
without significant side effects. Therapeutic exposure to 
IR can lead to cardiotoxicity,15 skin toxicity,16 and second-
ary malignancies.17 Because some women are electing to 
forgo the benefit of IR due to toxicity risk and personal or 
societal constraints, new strategies are needed to reduce 
both the dose and frequency of IR exposure in women 
being treated for breast cancer.

Techniques currently employed to help minimize expo-
sure of normal breast and lymph tissue to radiation include 
intensity modulated radiation therapy, deep-inspiration 
breath hold, and hypofractionation, but risk of acute and 
late adverse events are still considerable.18 There is a lack 
of evidence demonstrating that accelerated courses using 
high dose radiation improve long-term survival outcomes 
for breast cancer patients, including those with evidence of 
residual disease after lumpectomy.19 Partial breast irradia-
tion may be an option for some women, but this does not 
reduce treatment duration and has not been shown to 
improve patient outcomes compared to whole breast 
irradiation.20

Radiosensitizers may increase the efficacy of IR, 
allowing for fewer doses of radiation and reducing toxicity 
to surrounding healthy tissue. Substantial progress has 
been made in the development of radiosensitizers com-
posed of high atomic number (Z) nanomaterials including 
silver,21–23 gold,24–27 gadolinium,28 and hafnium oxide.29 

Notably, clinical trials using hafnium oxide or gadolinium 
nanoparticles as radiation dose enhancers clearly demon-
strated the potential of high atomic number (Z) nanoma-
terials to increase patient responses.28,29 The dose 

enhancing effects of high Z nanoparticles are due in part 
to the increased interaction cross-section of high 
Z materials with IR. This then generates photoelectric 
and Compton scattering events that increase the produc-
tion of secondary electrons, which in turn enhance thera-
peutic effects. However, biochemical mechanisms can also 
influence radiosensitization by nanoparticles.30,31 We pre-
viously found that spherical silver nanoparticles (AgNPs) 
were selectively cytotoxic to TNBC cells and tumors with 
minimal toxicity to non-malignant cells and tissues follow-
ing intratumoral or intravenous injection.23,32 The sensi-
tivity of TNBC cells to AgNPs was determined to be due 
to a lethal combination of DNA damage, protein oxidation, 
and induction of endoplasmic reticulum (ER) stress in 
TNBC following AgNP treatment.32 Notably, similar 
damage following AgNP exposure was not observed in 
models of the normal mammary epithelium, and studies by 
others supported this finding.33 Exposure to AgNPs also 
sensitized TNBC cells to IR without simultaneously sen-
sitizing normal mammary epithelial cells to IR.23 AgNPs 
can be infused into tumors by direct injection, which 
makes them particularly attractive for use as radiosensiti-
zers in the context of breast conservation therapy.

In addition to radiosensitization, metal nanoparticles 
have been developed to allow for rapid generation of 
localized heat within tumors following exposure to near- 
infrared light (NIR; wavelengths in the range of 650 to 
1100 nm), a technique called photothermal therapy.34 The 
use of NIR light for photothermal treatments is ideal for 
cancer therapy due to increased penetration of NIR wave-
lengths through body tissues compared to wavelengths in 
other parts of the optical spectrum.35 In the breast, the 
mean free path for absorption of photons in the NIR range 
is over 15 cm, but that for scattering is about 0.001 cm.36 

Thus, NIR photons are scattered in breast tissue more 
frequently than they are absorbed, leading to diffusion, 
loss of energy density, and heating of a region of tissue 
well outside the initial focal area of the NIR beam. 
Because the scattering coefficient decreases with wave-
length, use of longer wavelengths (>950 nm) of NIR are 
desirable to increase directionality. On its own, heat gen-
eration within a tumor can be therapeutic provided the 
temperature is high enough for sufficient duration, result-
ing in cancer cell death.37 Introduction of NIR absorptive 
nanoparticles into the tumor can increase both the rate and 
amount of heat deposited into the tumor compared to NIR 
irradiation alone.37 The efficiency of light to heat conver-
sion is greatest when metal nanoparticles are excited by 
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wavelengths of light corresponding to their plasmon reso-
nance, a collective oscillation of excited electrons follow-
ing exposure to light. The plasmon resonance is tuned to 
a specific wavelength based upon the size and shape of 
nanoparticles. Most silver nanoparticles used in medicine 
are spherical and have a plasmon resonance between 410 
nm and 450 nm. To enable peak absorbance in the NIR, it 
is necessary to use silver nanoparticles with an anisotropic 
shape such as a triangle, which can shift the peak absor-
bance to the NIR range.38

The challenges of confining therapeutic doses of heat to 
tumors and sparing normal tissue from the effects of heat 
diffusion away from the targeted area have limited the 
impact of nanoparticle-mediated photothermal treatment as 
a monotherapy.37 However, hyperthermia is also one of the 
greatest dose enhancers of ionizing radiation.39–41 The com-
bination of mild hyperthermia and IR is synergistic, but the 
temporal relationship between heat delivery and radiation 
exposure is a critical factor. Factors including induction of 
a protective heat shock response, caused by sub-lethal heat 
exposure can reduce efficacy of IR.42,43 To avoid this, 
hyperthermia must be delivered simultaneously or immedi-
ately before IR to maximize radiosensitization.44

The difficulty of heating tumors specifically and the 
need to perform heating and radiotherapy in rapid 
sequence have hampered broad clinical application of 
combined thermoradiation treatments.45 It may be possible 
to overcome these issues using nanoparticle-mediated ther-
moradiation sensitization.25 Therefore, we performed stu-
dies to assess the potential to selectively treat TNBC cells 
using a multimodal approach based upon combined photo-
thermal therapy, IR sensitization, and TNBC specific cyto-
toxicity using triangular AgNPs (TAgNPs) with peak 
absorbance in the NIR spectrum. We evaluated the heat- 
generating capacity of TAgNPs in response to NIR expo-
sure, and optimized doses of TAgNPs, NIR, and IR to 
maximize cytotoxicity toward TNBC cells and minimize 
off target effects on non-malignant mammary epithelial 
cells. Our results provide proof of concept evidence that 
the combination of TAgNPs, NIR, and IR is effective for 
the treatment of TNBC cells while sparing non-malignant 
mammary epithelial cells.

Materials and Methods
Materials
TAgNPs stabilized with polyvinylpyrrolidone with 
a plasmon resonance near 950 nm were purchased from 

nanoComposix (San Diego, CA, USA; Lot Number 
KJW2188) as a 1 mg/mL stock of TAgNPs in a 5 mM, 
pH 9.3 sodium borate buffer. Prior to use of TAgNPs, the 
sodium borate buffer was exchanged with sterile, Type 1 
water using a spin column. Briefly, 500 µL of a 1 mg/mL 
dispersion of the TAgNP stock was added to 20 mL of 
distilled water Vivaspin column with a molecular weight 
cut-off of 30 kD and then centrifuged at 14,590 x g for 20 
minutes, which concentrated the solution to 1 mL. The 
concentrated nanoparticle solution was diluted in 20 mL of 
Type 1 water, and the process was repeated until three 
washes were completed. The final nanoparticle solution 
volume was between 500 µL and 1 mL. The optical 
absorbance of TAgNPs in Type 1 water was determined 
using a Spectronic 200 spectrophotometer (Thermo 
Scientific, Waltham, Ma, USA). Concentration of the 
TAgNP suspension was determined by comparison of 
absorption peak to a standard curved prepared from the 
initial stock solution. The washed nanoparticles were 
stored at 4°C in the dark and used for subsequent experi-
ments within 6 h of preparation.

Dynamic Light Scattering
Hydrodynamic diameter (size) and ζ-potential were deter-
mined using a Zetasizer Nano ZS90 (Malvern Instruments, 
Malvern, UK) at 25°C. For size measurement, TAgNP 
solutions were diluted in phosphate-buffered saline 
(PBS), pH 7.4 in a disposable plastic cuvette (Sarstedt, 
Newton, NC, USA). The ζ-potential of TAgNPs was mea-
sured in a 1:10 dilution of PBS in water using a disposable 
folded Zetazsizer capillary cell (Malvern Instruments).

Assessment of Photothermal Heating
TAgNPs were dispersed in 0.5 mL of DMEM in a 48- 
well tissue culture plate and exposed to a 970 nm laser (K 
Cube Laser; Summus Medical Laser, LLC, Franklin, TN) 
at the concentration, power, and durations indicated in 
the figure legends. The laser spot size was adjusted to 
completely cover the surface of the well. At least one 
empty well was placed between replicates, forming 
a checkerboard pattern on the plate to prevent heat trans-
fer to neighboring wells. The initial temperate and final 
temperature immediately after laser exposure was mea-
sured using a Fluke 714 thermocouple calibrator and type 
K thermocouple 80PK-1 bead probe wire thermocouple 
(Fluke, Everett, WA).
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Cell Culture
MCF-10A and MDA-MB-231 cells were purchased from 
ATCC (American Type Culture Collection Manassas, VA, 
USA). MCF-10A cells were grown in DMEM/F12 supple-
mented with penicillin, streptomycin, 2 mM L-glutamine, 
20 ng/mL epidermal growth factor, 0.5 µg/mL hydrocorti-
sone, and 100 ng/mL cholera toxin. MDA-MB-231 cells 
were grown in DMEM supplemented with 10% fetal 
bovine serum (v/v), 2 mM L-glutamine, 250 U/mL peni-
cillin, and 250 µg/mL streptomycin. All cells were main-
tained in a 37°C, humidified incubator in a 5% CO2 

atmosphere. All cell lines were verified to be free from 
mycoplasma contamination by testing using the 
MycoAlert Mycoplasma Detection Kit (Lonza, Basel, 
Switzerland).

MTT Assay
MDA-MB-231 and MCF-10A cells were seeded at 
a density of 7 x 103 cells per well in 96-well plate. The 
following day, cells were treated with increasing concen-
trations of TAgNPs in 200 µL volume for 72 hours. Cells 
were washed in PBS. Next, 200 µL of media containing 
0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT; Sigma-Aldrich, St. Louis, MO. 
USA) was added and incubated for 1 h at 37°C. Next, 
medium was aspirated and crystals were solubilized with 
dimethyl sulfoxide (Sigma-Aldrich) and absorbance read 
using a Molecular Devices (San Jose, CA, USA) Emax 
Precision Microplate Reader at 560 nm and corrected for 
background at 650 nm.

Clonogenic Assay
MDA-MB-231 and MCF-10A cell lines were plated at 
a density of 300 cells/mL in 6-well tissue culture plates 
and allowed to adhere overnight. The following day 
cells were treated with increasing concentrations of 
TAgNPs in 3.5 mL of normal growth medium. After 
24 hours, the cells were washed with PBS to remove 
TAgNPs and media was exchanged every 72 hours. 
Fourteen days after TAgNP treatment media was 
removed and cells were washed and fixed with 
a solution of methanol, glacial acetic acid, and water 
(1:1:8 volume ratios, respectively). The cells were then 
stained with crystal violet, rinsed in water, and colonies 
of at least 50 cells were counted under a dissecting 
microscope.

Flow Cytometry Apoptosis Analysis
MDA-MB-231 and MCF-10A cells were plated at 
a density of 7.5 x 105 in 10 cm tissue culture plates and 
allowed to adhere overnight. Cells were then treated with 
25 µg/mL of TAgNPs or vehicle in 14 mL of media. After 
72 hours, cells were washed twice with PBS, trypsinized, 
and resuspended in their respective media. Cells were then 
pelleted by centrifugation at 320 x g for 5 minutes. Cells 
were resuspended in ice cold PBS and pelleted again by 
centrifugation at 320 x g for 5 minutes. Allophycocyanin 
conjugated Annexin V and propidium iodide staining was 
performed per the manufacturer’s instructions (BD 
Biosciences, San Jose, CA, USA). Labeled cells were 
analyzed on the Accuri6 Flow Cytometer (BD 
Biosciences). Analysis of data was performed using FCS 
Express version 7 (De Novo Software, Glendale, CA, 
USA). Unstained samples were included to control for 
any potential interference of AgNPs with flow cytometry. 
There was no detectable change in forward or side scatter, 
PI fluorescence, or APC fluorescence in the unstained 
samples, indicating that AgNPs did not interfere with the 
assay.

Electron Microscopy
A total of 5 x 105 cells/well were plated on 6-well plates 
and allowed to adhere for 24 hours at 37°C and 5% CO2 

atmosphere. The following day, media was aspirated and 
3 mL of fresh media containing 0 or 100 µg/mL of 
TAgNPs was added and incubated for 3 hours in 37°C 
and 5% CO2 atmosphere to enable time for uptake of the 
nanoparticles. The high dose of TAgNPs was used to 
increase the frequency of detection of TAgNPs in cells. 
The cells were then washed 3 times with ice cold PBS. 
PBS was removed and 0.5 mL of a 2.5% glutaraldehyde 
solution was added, and cells were incubated overnight at 
4°C. The glutaraldehyde solution was removed and cells 
were placed in 500 µL of PBS. Cells were embedded in 
resin, cut into 80 nm sections, and placed on copper-coated 
Formvar® grids by the Wake Forest Comprehensive 
Cancer Center Cell Imaging Shared Resource. The sec-
tions were imaged using a Tecnai Spirit transmission elec-
tron microscope (FEI, Hillsboro, OR, USA).

Cytotoxicity of TAgNP-Mediated 
Photothermal Therapy
MCF-10A and MDA-MB-231 cells were plated at 
a density of 1.2 x 104 cells/well in a checkerboard pattern 
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on a 48-well plate and allowed to attach for 24 hours. The 
checkerboard plating minimizes off-target heating of 
nearby wells. After 24 hours, the media was replaced 
with media containing 0, 6.25, or 12.5 µg/mL TAgNP. 
Three hours later, cells were exposed to an NIR laser. 
Next, the cells were placed back in an incubator. After 
72 hours, an MTT assay was performed as described 
above.

Assessment of TAgNP-Mediated 
Sensitization to Ionizing Radiation
MDA-MB-231 and MCF-10A cells were plated in 6-well 
tissue culture dishes at a density of 300 cells/well. Cells 
were allowed to adhere overnight and media was replaced 
with fresh media containing TAgNPs. After 24 hours cells 
were washed twice with PBS to remove non-internalized 
AgNPs, and fresh media was added to each well. IR was 
administered using an orthovoltage x-ray source (GE, 
Niskayuna, NY, USA) with a current of 10 mA, voltage 
of 300 kV, and a dose rate in water of 2.39 Gy/min at the 
plate position, which was 30 cm from the x-ray emitter. 
The cells were returned to the incubator and the media was 
replaced every 3 days. Two weeks later, a clonogenic 
assay was performed as described above.

In vitro Effectiveness of TAgNP-Mediated 
Multimodal Therapy
MDA-MB-231 and MCF-10A cell lines were plated at 
a density of 1.2 x 104 cells/well in a checkerboard pat-
tern on a 48-well plate for each cell line and allowed to 
attach for 24 hours. Cells were treated with 0 or 12.5 µg/ 
TAgNPs in 0.5 mL of fresh media and incubated at 37°C 
in a 5% CO2 atmosphere for 3 h. One row of wells on 
each plate containing 12.5 µg/mL TAgNP and one row 
containing 0 µg/mL TAgNP were exposed to a NIR laser. 
The final temperature achieved for each treatment was 
determined in parallel using a separate plate, which 
contained cells in media treated with 0 or 12.5 µg/mL 
TAgNPs. One minute after each well was heated by NIR, 
the well was exposed to ionizing radiation as described 
above. The IR field size was reduced to cover a single 
well, and lead shielding was used to prevent radiation 
exposure in neighboring wells. After all wells were 
exposed to NIR and IR, the cells were then placed in 
an incubator at 37°C and 5% CO2 atmosphere for 72 
hours and cell viability was assessed by MTT assay.

Statistical Analysis
Analysis was performed as described in the figure legends 
using GraphPad Prism 8.0 software. Number of technical 
and biological replicates used for each experiment is 
included in the figure legends. Unless otherwise specified, 
all data are presented as the mean value ± standard error of 
the mean. All experiments were replicated independently 
at least two times.

Results
The TAgNPs used in our study were stored in 5 mM 
sodium borate, pH 9.3, to stabilize the particle structure 
and to prevent etching, which can result in a blue shift in 
the plasmon resonance. Immediately before use, a buffer 
exchange was performed to remove sodium borate and 
transition the nanoparticles into type 1 water to eliminate 
any potentially toxic effects of the buffer or silver ions 
released during long-term storage. After performing the 
buffer exchange, physicochemical and heating character-
istics were determined. The TAgNPs retained a triangular 
morphology with a nominal diameter of approximately 90 
nm and exhibited a peak plasmon resonance of 933 nm 
(Figure 1A and B). Dynamic light scattering (DLS) ana-
lysis of TAgNPs showed that they were monodisperse with 
a hydrodynamic diameter of 93.33 ± 1.63 nm (Figure 1C) 
and a ζ-potential of 22.6 ± 1.01 mV (Figure 1D). After 24 
hours in water, TAgNPs showed no noticeable change in 
size indicative of dissolution or aggregation over time, but 
the plasmon resonance peak shifted to 894.5 nm, indicat-
ing etching of the particles (data not shown). To minimize 
etching effects due to storage in water, TAgNPs were used 
for experiments within 6 h following buffer exchange.

TAgNPs Selectively Induce Apoptosis in 
TNBCs at Doses That Do Not Affect 
Non-Malignant Breast Cells
Previous studies demonstrated the ability of spherical 
AgNPs to selectively kill TNBCs at doses that have no 
effect on non-malignant breast epithelial cells.23,32,33 To 
investigate if TAgNPs display a similar selective cytotoxi-
city, MDA-MB-231 cells (TNBC) and MCF-10A cells 
(non-malignant breast epithelial cells) were exposed to 
increasing doses of TAgNPs for 72 h and viability was 
assessed by MTT assay. MDA-MB-231 cells were signifi-
cantly (p<0.05) more sensitive to TAgNP treatment at 
doses of 3.125 µg/mL or greater compared to the MCF- 
10A cells (Figure 2A). At doses between 3.125 µg/mL and 
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12.5 µg/mL, no significant decrease in viability was 
observed for TAgNP treated MCF-10A cells. Even at 
a dose of 50 µg/mL, which caused viability of MDA-MB 
-231 cells to significantly decrease (p<0.05) to 44%, the 
viability of MCF-10A cells only decreased to 81% relative 
to untreated controls.

Based upon these data, we established that a TAgNP 
dose of less than 12.5 µg/mL offered the optimal bal-
ance between cytotoxicity toward MDA-MB-231 cells 
and lack of toxicity toward MCF-10A cells. When per-
forming toxicity assays in plates with different sizes 
and different treatment volumes, concentration-based 
calculations can vary substantially from exposed dose. 
To enable direct comparison between the effects 
observed in each assay, TAgNPs were dosed by calcu-
lating mass per unit cell growth surface area to keep the 
exposed dose similar across various assays (Figure 2B). 
For example, a 10 µg/mL TAgNP concentration in 
a well of a 96-well plate yields an exposed dose of 
6.25 µg/cm2 for the volume of media used in the 
MTT assay described above. A similar exposed dose 
of 6.36 µg/cm2 is achieved using a 25 µg/mL TAgNP 
concentration in a 100-mm plate under the conditions 

used for the flow cytometry analysis of apoptosis 
described below.

To determine if TAgNPs were inducing apoptotic cell 
death, MCF-10A and MDA-MB-231 cells were treated with 
TAgNPs (25 µg/mL; 6.36 µg/cm2) for 24 hours, co-stained 
with a fluorescent antibody for annexin V (AnnV) and 
propidium iodide (PI), and fluorescence was quantified by 
flow cytometry. When MDA-MB-231 cells were treated 
with TAgNPs, early-stage apoptosis (AnnV+/PI− staining, 
lower right quadrant) increased from 0.28% to 8.55% (30- 
fold), and late-stage apoptosis (AnnV+/PI+ staining, upper 
right quadrant) increased from 1.66% to 9.35% (5.6-fold) 
when compared to vehicle-treated control cells (Figure 2C). 
There was a slight increase in necrotic cells (AnnV−/PI+ 

staining, upper left quadrant) from 3.42% to 4.24% in 
TAgNP treated MDA-MB-231 cells. In contrast, MCF- 
10A cells treated with equivalent doses of TAgNPs showed 
minimal changes in early-stage apoptosis, late-stage apop-
tosis, or necrosis compared to vehicle-treated control cells 
(Figure 2D). These data indicate that TAgNPs induce apop-
tosis in TNBCs leading to cell death, but do not affect the 
viability or induce apoptosis/necrosis in non-malignant 
breast cells treated with equivalent TAgNP doses.
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Figure 1 Physicochemical characteristics of TAgNPs were determined. (A) An electron micrograph shows the triangular structure of TAgNPs. (B) The UV-Vis spectrum of 
a 6.25 µg/mL TAgNPs in water is shown. (C) The hydrodynamic and (D) ζ-potential of 6.25 µg/mL TAgNPs in water are shown. Data in c and d are representative of 
triplicate independent measurements, and mean values with standard deviations are displayed.
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Cytotoxicity of TAgNPs in TNBC Cells is 
Enhanced by NIR Exposure
We next assessed the photothermal heating characteristics 
of TAgNPs. Initially, we determined the effect on tempera-
ture change with increasing concentrations of TAgNPs 
exposed to a fixed laser energy (3 W for 60 s at a 970 
nm wavelength). There was a significant increase in tem-
perature (P < 0.01) following TAgNP exposure compared 
to the vehicle control (Figure 3A). Next, we exposed 
a fixed concentration of TAgNPs (12.5 µg/mL; 6.57 µg/ 
cm2) to increased laser energy by varying the power from 
1.5 W to 9.0 W for a fixed time (60 s). Likewise, the 
temperature of wells containing TAgNPs was significantly 
greater (P < 0.01) for all conditions compared to wells 
without TAgNPs (Figure 3B). Lastly, we assessed the 
effect of increasing laser exposure time at a fixed power 
(3 W) on temperature change in wells containing 0 or 12.5 
µg/mL TAgNPs. Again, regardless of exposure time, the 
temperature rise was significantly greater (P < 0.01) for 

wells containing TAgNPs compared to wells without 
TAgNPs (Figure 3C). Taken together, these data indicate 
that use of TAgNPs offers an advantage over laser irradia-
tion alone for generation of heat over a wide range of 
TAgNP concentrations, laser powers, and laser exposure 
times.

We hypothesized that combination of TAgNP cytotoxi-
city and heating induced by NIR laser irradiation could 
cause cell death in TNBCs under conditions that did not 
affect non-malignant mammary epithelial cells. The cyto-
toxic effects of heat are dependent upon the temperature 
and the duration of exposure. If the temperature is suffi-
ciently high, or duration sufficiently long, all cells will die, 
and it will not be possible to separate cytotoxic affects due 
to heating alone from those due to co-administration of 
TAgNPs. Therefore, it was necessary to define the optimal 
heating window for enhancement of photothermal treat-
ment with co-administered TAgNPs. To do this, MDA-MB 
-231 and MCF-10A cells were exposed to of 0, 6.25, or 
12.5 µg/mL (equivalent to 0, 3.285, or 6.57 µg/cm2, 
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Figure 2 TAgNPs are more cytotoxic to TNBC than to non-malignant mammary epithelial cells. (A) Relative viability of MCF-10A and MDA-MB-231 after 72-hour 
treatment with TAgNPs (0–50 µg/mL). Viability was assessed by MTT assay. Data is representative of at least 3 independent experiments. Statistical analysis was performed 
by two-way ANOVA followed by post hoc Tukey’s test. Statistical differences are indicated (*p<0.05; **p<0.01). (B) The dose per unit area in comparison to the 
concentration of TAgNPs was calculated for various well sizes and is shown in tabular form. (C) MDA-MB-231 and (D) MCF-10A cells were treated with 12.5 µg/mL TAgNPs 
for 24 hours. Cells were co-stained with propidium iodide (PI) and annexin V (AnnV), and then evaluated by flow cytometry. The percentages of cells characterized as viable 
(lower-left quadrant), early apoptotic (lower-right quadrant), late apoptotic (upper-right quadrant) and necrotic (upper-left quadrant) are shown with each quadrant. The 
presented data are representative of duplicate independent experiments.
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respectively) of TAgNPs for 3 h, and then heated using a 3 
W, 970 nm NIR laser for increasing time. In the absence of 
TAgNPs, a maximum temperature of 44°C was reached 
after 90 s NIR exposure (Figure 3D). After treatment with 
6.25 µg/mL (3.285 µg/cm2) TAgNPs combined with NIR 
exposure for 80 or 90 s, temperature rose to 50.3 or 53.4°C 
respectively, and the viability of MDA-MB-231 cells 
decreased to less than 30% compared to the untreated 
control (Figure 3E). Exposure of MCF-10A cells to the 
same dose of TAgNPs and NIR induced a slight, but non- 
significant, increase in MCF-10A proliferation compared 
to untreated controls (Figure 3E). Following treatment 
with a 12.5 µg/mL (6.57 µg/cm2) TAgNP dose combined 
with NIR exposure for 70 s, temperature reached 52.4°C, 
and viability of MDA-MB-231 cells decreased to less than 
15% compared to the untreated control (Figure 3F). In 
contrast, the viability of MCF-10A cells decreased to 
85% of the untreated control under equivalent conditions. 
Treatment with a 12.5 µg/mL (6.57 µg/cm2) TAgNP dose 

in combination with NIR exposure for 80–90 s was lethal 
to both cell lines due to thermal ablation (Figure 3F).

We noted that the rise in temperature of the media for 
cells treated with laser and TAgNP was less than predicted 
from cell-free experiments. For example, the 12.5 µg/mL 
TAgNP (6.57 µg/cm2) TAgNP dose combined with 3 W, 
60 s NIR exposure produced a temperature rise of 30–32° 
C (Figure 3A-C). However, when cells were heated under 
similar conditions, the temperature rose from a baseline of 
20.5°C to 48.3°C, a change of only 27.8°C. In contrast, 
temperature rise following exposure to NIR alone was in 
the range of 16–17°C, both in the presence and absence of 
cells. This indicated that differences in TAgNP photother-
mal conversion efficiency, rather than a general effect on 
NIR absorbance, was the likely cause of the change in 
heating efficiency. Previous reports showed that etching of 
TAgNPs following cell uptake can affect their photother-
mal efficiency.46 Therefore, we examined the structure of 
TAgNPs following uptake using TEM (Figure 4A and B). 
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Figure 3 NIR radiation enhances TAgNP cytotoxicity in TNBC cells. (A) Cell culture media containing various concentrations of TAgNPs was exposed to NIR at a fixed 
power and duration (3 W for 60 s at a 950 nm wavelength) and change in temperature (ΔT) was assessed. (B) 12.5 µg/mL TAgNPs were exposed to NIR at varying power 
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After 3 hours, TAgNPs were observed in membrane-bound 
vesicles in both MDA-MB-231 and MCF-10A cells. In 
MDA-MB-231 cells, particles were degraded and were 
localized to late endosomes, multivesicular bodies 
(MVB), and amphisomes, which are formed by fusion of 
late endosomes/MVB and autophagosomes. In MCF-10A 
cells, TAgNPs appeared less degraded, but they had lost 
their triangular shape due to etching.

This data suggests that under sub-ablative conditions, 
the combination of the cytotoxic and heat-generating prop-
erties of TAgNPs following laser irradiation may be bene-
ficial for the treatment of TNBC without having adverse 

effects on the surrounding normal breast epithelium. 
However, following uptake, TAgNPs begin etching and 
loose photothermal efficiency. It is likely extracellular 
TAgNPs, rather than internalized TAgNPs play a dominant 
role in heat generation following NIR irradiation.

TAgNPs Sensitize TNBC Cells to Ionizing 
Radiation Without Affecting the 
Radiosensitivity of Non-Tumorigenic Cells
We next characterized the sensitivity of MDA-MB-231 
and MCF-10A cells to combinations of TAgNP and IR 
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Figure 4 Uptake and trafficking of TAgNPs visualized by TEM. (A) Electron micrographs show degraded particles in multivesicular bodies and amphisomes in MDA-MB-231 
cells after 3 hours at 11000X magnification (left) or 30000X magnification (right). (B) Electron micrographs show degraded particles in endosomes in MCF-10A cells after 3 
hours at 11000X magnification (left) or 30000X magnification (right). EN, endosome; AM, amphisome; LY, lysosome; MVB, multivesicular body.
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using clonogenic assays. Cells were plated at low density 
(300 cells/well), and treated the following day with either 
TAgNP, IR, TAgNP and IR, or vehicle. We found that 
TAgNP treatment alone significantly reduced clonogenic 
growth in MDA-MB-231 cells with minimal effect on 
MCF-10A cells for all doses evaluated (Figure 5A). 
Furthermore, both 1.25 and 2.5 µg/mL doses of TAgNPs 
sensitized MDA-MB-231 cells to IR (Figure 5B). The 

combination index (CI) of IR and TAgNPs treatment 
was determined by dividing the surviving fraction of 
cells treated with IR alone (normalized to untreated 
cells) by the surviving fraction of cells treated of cells 
treated with IR in combination with TAgNPs (normalized 
to cells treated with an equivalent dose of TAgNPs alone). 
If the CI is <1, the combination is antagonistic. For CI =1, 
the combination was additive, and for CI >1 the 
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Figure 5 IR enhances TAgNP cytotoxicity in TNBC. (A) Long-term proliferative potential was assessed via clonogenic assay in MDA-MB-231 and MCF-10A cell lines 
following TAgNP treatment (0–5 µg/mL). (B, C) Long-term proliferative potential was assessed via clonogenic assay with increasing doses of IR (0–4 Gy) following 24 
h TAgNP treatment in (B) MDA-MB-231 and (C) MCF-10A cells. The combination index (CI) of IR and TAgNPs treatment of each cell line are shown in the tables on the 
right. The data are presented as the surviving fraction of cells based upon clonogenic growth normalized to the plating efficiency of cells exposed to the relevant dose of 
AgNPs in the absence of ionizing radiation. Values are reported as the mean ± standard deviation of triplicate measurements relative to the untreated control for each cell 
line. Statistical analysis was performed using two-way ANOVA followed post hoc Tukey’s test. Significant differences are indicated (*p<0.05; **p<0.01). The presented data 
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combination was super-additive or synergistic. The CIs 
for treatment of MDA-MB-231 cells with 1.25 and 2.5 
µg/mL doses of TAgNPs combined with 2 or 4 Gy IR 
were 1.93 and 2.6, respectively, indicating that the com-
bination was twice or more as effective as what would be 
predicted based upon additive effects. In contrast, there 
was no observed dose enhancement when MCF-10A cells 
were treated with IR and TAgNP, except at the highest 
dose (2.5 µg/mL TAgNP with 4 Gy IR) for which there 
was a modest increase in the CI (Figure 5C). These data 
demonstrate that low doses of TAgNPs can selectively 
sensitize TNBCs to IR with minimal effect on non- 
malignant breast epithelial cells.

TAgNP-Mediated Multimodal Therapy 
Reduces the Viability of TNBC
Lastly, we evaluated the combined effects of TAgNP- 
mediated photothermal therapy and radiosensitization. To 
assess the multimodal potential of TAgNPs treatment, 
MDA-MB-231 and MCF-10A cell lines were exposed to 
a combination of 12.5 µg/mL (6.57 µg/cm2) TAgNPs and 
60 s laser exposure, followed immediately by 2 Gy IR. At 
this dose of TAgNPs and NIR, the temperature rose to 48.3 
± 0.57°C, resulting in a small decrease in viability of 
MDA-MB-231 cells relative to TAgNP treatment alone 
as shown in Figure 3F. However, this same treatment did 
not affect MCF-10A cells, and thus offered the opportunity 
to see if the selectivity of TAgNP-mediated photothermal 
therapy for TNBC cells could be increased by IR without 
off-target effects. We found that treatment of MDA-MB 
-231 cells with the triple combination was more effective 
than any individual treatment or combination of two treat-
ments, reducing viability to less than 30% compared to 
untreated controls (Figure 6A). In contrast, the viability of 
MCF-10A cells was reduced to 87% of untreated controls, 
primarily due to IR (Figure 6B). These studies offer proof 
of concept evidence that a combination therapy utilizing 
the cytotoxicity of TAgNPs, photothermal therapy, and IR 
is more effective than the individual components for selec-
tive treatment of TNBC cells, while inducing minimal off- 
target effects.

Discussion
Radiation sensitizers, including high 
Z nanomaterials,21–29,47 have the potential to play crucial 
roles in decreasing off-target IR-induced toxicity. Heat is 
also a potent dose enhancer to the effects of IR.39–41 

Therefore, we sought to develop a selective strategy for 
thermoradiation sensitization of cancer cells using nano-
materials. In previous studies, we found that TNBCs were 
more sensitive to AgNP-induced cytotoxicity,32 radiation 
sensitization,23 and photothermal therapy38 than non- 
malignant breast epithelial cells. Here, we determined the 
effect of combining each of these modalities in a single 
therapy. We found that TAgNP-mediated photothermal 
therapy and radiosensitization offer a high degree of spe-
cificity for treatment of TNBC without affecting non- 
malignant mammary epithelial cells.

Previously, Atkinson et al demonstrated that gold nano-
particle (AuNP)-mediated photothermal therapy sensitized 
breast cancer cells and tumors to IR.26 Similarly, Hainfeld 
and colleagues, who pioneered radiation sensitization 
using AuNPs,24 also demonstrated dramatic thermoradio-
sensitization of mouse melanoma tumors using AuNPs.25 

However, the selectivity of these treatments requires con-
fining the AuNPs, heat, and radiation only to the tumor 
cells because both normal and cancer cells in the treatment 
field will be affected equally. Effective treatment at inva-
sive tumor margins may result in considerable damage to 
normal breast tissue using these previous approaches. Our 
data indicate there is a therapeutic window in which 
TAgNPs, IR, and heat combine to kill TNBC cells, but 
equivalent treatment has a minimal effect on non- 
malignant mammary epithelial cells. The combined effects 
of thermoradiation sensitization using TAgNPs may be 
particularly useful for treating tumor margins, which 
might be exposed to sublethal doses of TAgNPs, heat, or 
IR if used individually due to limits on drug delivery, 
thermal diffusion, and the need to spare normal tissue 
from IR exposure.

We observed that TAgNPs sensitized MDA-MB-231 
cells to IR at doses that did not sensitize MCF-10A cells, 
which is in agreement with our previous studies using 
spherical AgNPs.23 Liu et al showed improved radiation 
sensitization with AgNPs compared to AuNPs in 
glioblastoma.21 This indicates that in the right biological 
context, AgNPs may offer advantages over AuNPs as 
radiation sensitizers. Silver-based nanotherapeutics gener-
ate reactive oxygen species, deplete antioxidants such as 
glutathione,48 increase protein oxidation,23,47,49 and cause 
endoplasmic reticulum stress.33,50,51 It is likely that these 
stresses contribute to TNBC specific, AgNP-induced 
radiothermosensitization. Based upon our previous studies, 
the threshold for induction of these forms of damage 
differs between TNBC cells and models of normal breast 
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epithelium, but the difference in sensitivity is not due to 
increased uptake of AgNPs by TNBC cells, nor due to 
inherent sensitivity of TNBC cells to silver ion.32 More 
research is needed to determine the biological factors 
responsible for the sensitivity of TNBC cells to AgNPs.

When exposed to a NIR laser, TAgNPs generate heat, 
which further sensitizes TNBC cells to IR and increases 
the cytotoxic effects on TNBC cells without affecting the 
viability of non-malignant breast cells. Hyperthermia also 
can impair DNA damage signaling and repair 
pathways.52,53 Both IR and AgNPs induce DNA damage, 
and the combination of spherical AgNPs and IR additively 
increases indicators of DNA double-strand breaks.23 

Furthermore, we previously observed that spherical 
AgNPs can specifically induce DNA damage in MDA- 
MB-231 cells at doses that do not cause DNA damage in 
normal mammary epithelial cells.32 Inhibition of 

protective responses to DNA damage due to hyperthermia 
may enhance the selectivity of TAgNP thermoradiosensi-
tization, but this will require further investigation to verify.

In agreement with previous studies,46 TAgNPs are 
degraded following uptake in TNBC cells. This reduces 
AgNP-mediated heat generation following laser irradiation. 
Stabilization of internalized TAgNPs to retain photothermal 
heat transduction efficiency at NIR wavelengths has been 
demonstrated by coating the surface with gold.46 

Furthermore, graphene decorated TAgNPs also resist degra-
dation following cell uptake and were shown to be effective 
radiation sensitizers.22 Whether other types of TAgNPs with 
greater stability offer an advantage over those used in this 
study remains to be determined. Under conditions typically 
used for photothermal therapy, the combined bulk heating of 
nanoparticles dispersed across the tumor volume, including 
those in the extracellular space, produces a global 
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Figure 6 TAgNP-based trimodal treatment is highly cytotoxic to TNBC cells. MDA-MB-231 (A) and MCF-10A (B) cells were treated with 10 µg/mL TAgNPs for 3 hours 
followed by exposure to NIR laser for 60 s and IR (0–2 Gy). Cells were then allowed to incubate with TAgNPs for 72 hours. After 72 hours, cell viability was assessed by 
MTT assay. Each condition was normalized to the untreated control for each cell line and is reported as the mean of six replicates ± standard deviation. Results are 
representative of two independent experiments. Statistical analysis was performed by two-way ANOVA followed by post hoc Tukey’s test. Significant differences are 
indicated (*p<0.05; **p<0.01). The presented data are representative of duplicate independent experiments. (C) A schematic representation of thermoradiosensitization 
using TAgNPs is shown. Intact nanoparticles in the extracellular space generate heat when exposed to a NIR laser. A portion of TAgNPs are taken up by cells and are 
partially degraded. Internalized TagNPs are cytotoxic to TNBC cells and act as IR and thermal sensitizers. Hyperthermia also sensitizes the cells to IR. Under optimal 
conditions, these three modalities combine to selectively induce TNBC cell death, while having little effect on non-malignant mammary epithelial cells.
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temperature rise orders of magnitude larger than the loca-
lized temperature rise near each particle.37,54 Thus, extracel-
lular TAgNPs, which have not yet degraded will contribute 
to the overall heating. Internalized AgNPs will break down 
to induce cytotoxic effects by silver ion release and act as 
radiosensitizers to generate secondary electrons following 
IR exposure. The proposed mechanism of action is shown 
schematically in Figure 6C.

In summary, we combined TAgNP-mediated photothermal 
therapy, radiosensitization, and TNBC specific cytotoxicity 
into a single, multimodal treatment. We demonstrated that 
this combination is highly selective for TNBC cells but spares 
non-malignant mammary epithelial cells. This finding pro-
vides proof of principle evidence that TAgNP-based thermo-
radiation sensitization has the potential to reduce both the dose 
and frequency of IR treatment while yielding superior results 
in current regimens. This treatment would be particularly 
important for patients undergoing breast conservation therapy, 
and for the treatment of invasive tumor margins near the 
periphery where each individual treatment might be at a sub- 
therapeutic level. However, there is a substantial gap between 
the studies performed in cancer cell lines and clinical transla-
tion, and this will require further investigation to bridge.
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