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Abstract: Nanoshell-mediated photothermal therapy (PTT) is currently being investigated 

as a standalone therapy for the treatment of cancer. The cellular effects of PTT include loss 

of membrane integrity, so we hypothesized that nanoshell-mediated PTT could potentiate the 

cytotoxicity of chemotherapy by improving drug accumulation in cancer cells. In this work, we 

validated our hypothesis using doxorubicin as a model drug and SUM149 inflammatory breast 

cancer cells as a model cancer subtype. In initial studies, SUM149 cells were exposed to nano-

shells and near-infrared light and then stained with ethidium homodimer-1, which is excluded 

from cells with an intact plasma membrane. The results confirmed that nanoshell-mediated 

PTT could increase membrane permeability in SUM149 cells. In complementary experiments, 

SUM149 cells treated with nanoshells, near-infrared light, or a combination of the two to yield 

low-dose PTT were exposed to fluorescent rhodamine 123. Analyzing rhodamine 123 fluores-

cence in cells via flow cytometry confirmed that increased membrane permeability caused by 

PTT could enhance drug accumulation in cells. This was validated using fluorescence microscopy 

to assess intracellular distribution of doxorubicin. In succeeding experiments, SUM149 cells 

were exposed to subtherapeutic levels of doxorubicin, low-dose PTT, or a combination of the 

two treatments to determine whether the additional drug uptake induced by PTT is sufficient 

to enhance cell death. Analysis revealed minimal loss of viability relative to controls in cells 

exposed to subtherapeutic levels of doxorubicin, 15% loss of viability in cells exposed to low-

dose PTT, and 35% loss of viability in cells exposed to combination therapy. These data indicate 

that nanoshell-mediated PTT is a viable strategy to potentiate the effects of chemotherapy and 

warrant further investigation of this approach using other drugs and cancer subtypes.

Keywords: nanoshells, photothermal therapy, hyperthermia, chemotherapy, sensitization, 

breast cancer

Introduction
Although chemotherapy is a frontline component of current cancer treatment, its 

effectiveness is often limited by the development of cellular resistance and production 

of off-target toxicity. The side effects of chemotherapy range from minor reactions, 

such as nausea and hair loss, to extreme complications including fatigue and cognitive 

dysfunction. Many of these toxicities occur because chemotherapy is systemically 

delivered and lacks specificity for tumor cells. A technology that could potentiate 

chemotherapy specifically at tumor sites so that systemically nontoxic doses of drugs 

could be administered to patients would greatly improve both treatment outcome and 

patient quality of life by overcoming resistance and minimizing side effects. Here, we 

report the application of nanoshell-mediated photothermal therapy (PTT) to address 

this unmet clinical need.
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Previous research has demonstrated that applying heat 

in combination with chemotherapy can result in synergis-

tic effects on tumor cells.1 The controlled delivery of heat 

specifically to tumor sites, however, was difficult to achieve 

until the recent development of nanoparticle-mediated 

PTT.2,3 Nanoparticle-mediated PTT is a technique in which 

plasmonic nanoparticles are used to damage cancer cells via 

tumor-localized hyperthermia. In this therapy, nanoparticles 

are delivered to tumors either intratumorally or intravenously 

by exploiting the enhanced permeability and retention effect.4 

Subsequent exposure of the tumor to light at the nanopar-

ticles’ resonant wavelength causes synchronized oscillation 

of the nanoparticles’ conduction-band electrons that results 

in the production of heat sufficient to damage the cancer 

cells.2,5 To maximize the success of PTT, nanoparticles 

are designed to absorb near-infrared (NIR) wavelengths of 

light, which penetrate more deeply into tissue than other 

wavelengths.6 Since heat is produced only where activating 

light and nanoparticles are both present, damage to healthy 

cells outside the tumor is minimal. The mode of cell death 

induced by PTT can be tuned between apoptosis or necrosis 

by altering parameters such as the light exposure conditions 

with low-dose PTT/mild hyperthermia favoring apoptosis.7,8 

Thus, PTT is advantageous for cancer treatment because it 

is highly effective, minimally invasive, and offers limited 

side effects. Accordingly, there are several gold-based, NIR-

absorbing nanoparticles being investigated for PTT, includ-

ing silica core-gold shell nanoshells,5,9,10 gold nanorods,11 

gold–gold sulfide nanoparticles,12 hollow gold nanospheres,13 

and gold nanocages.14 We selected nanoshells for use in our 

study, which demonstrates that low-dose PTT can sensitize 

cancer cells to chemotherapy by promoting drug accumula-

tion in cells, because they are the furthest along in clinical 

development and are currently being evaluated in multiple 

clinical trials.15,16

One of the cellular effects of PTT is loss of membrane 

integrity, so we hypothesized that nanoshell-mediated PTT 

could potentiate the success of chemotherapy by promoting 

drug accumulation in cancer cells. This physical method 

of promoting drug uptake should be less susceptible to the 

resistance mechanisms that plague small molecule-based 

therapeutics, rendering PTT an excellent strategy for chemo-

sensitization. One recent publication demonstrated that PTT 

mediated by solid gold nanoparticles excited with broad 

spectrum (575–1,200 nm) pulsed light could reduce the half 

maximal inhibitory concentration (IC
50

) of cyclophosphamide 

in vitro, providing proof-of-principle that PTT can sensitize 

cancer cells to chemotherapy when the two treatments are 

applied individually.17 A second study demonstrated that 

mild hyperthermia mediated by gold nanorods could pro-

mote apoptotic signaling in cancer cells to provide synergy 

with cisplatin both in vitro and in vivo.18 This finding was 

in agreement with a previous study that revealed synergy 

between nanorod-mediated hyperthermia and cisplatin.19 

Here, we aimed to expand upon this exciting field of study by 

demonstrating that nanoshell-mediated PTT could sensitize 

cancer cells to subtherapeutic doses of doxorubicin (dox). 

We selected nanoshells for this work because they are more 

efficient photothermal transducers than solid gold spheres, 

can be activated with continuous wave 800 nm light, and PTT 

mediated by nanoshells is currently being investigated as a 

standalone cancer therapy in two clinical trials.15,16 Dox was 

selected as the model drug because despite being the frontline 

chemotherapy for patients with a diverse range of cancer 

types, it is often rendered ineffective with prolonged treat-

ment. In addition, its use is often limited by the development 

of cardiotoxicity, so there exists an urgent need for a novel 

therapeutic platform that can render cancer cells susceptible 

to lower doses of dox. Finally, we also aimed to determine 

whether the synergistic effects observed between low-dose 

PTT/mild hyperthermia and cisplatin or cyclophosphamide 

could be extended to other classes of chemotherapeutic 

agents, as well as to other cancer subtypes.

Notably, we delivered PTT and chemotherapy to cancer 

cells individually in our studies in order to elucidate the fun-

damental additive or synergistic effects between these two 

treatment strategies. This information is important because 

new therapeutic approaches like PTT are often tested as an 

adjuvant to chemotherapy in early clinical trials. Excitingly, 

several researchers have begun to investigate the use of com-

bination therapeutics in which drugs are physically bound to 

or entrapped inside nanoparticles so that the conjugates can 

act as simultaneous photothermal transducers and drug deliv-

ery vehicles. Examples of these combination therapeutics 

include drug-loaded or drug-conjugated gold nanospheres,20 

gold half-shell nanoparticles,21 chitosan/gold nanorod 

hybrid nanospheres,22 dendrimer-modified nanorods,23 gold 

nanocages,24 graphene oxide nanoparticles,25 and FeCo/gra-

phitic shell nanocrystals.26 These systems demonstrate that 

simultaneous drug delivery and PTT is feasible and the posi-

tive results obtained thus far support continued development 

of such strategies. However, it will likely take many years of 

development before complex nanostructures can be evaluated 

clinically and extensive modifications made to nanoparticles 

and/or drugs in order to facilitate their combination may 

negatively impact the function of the individual components. 
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To avoid these complications and reveal the fundamental 

benefits of combining chemotherapy with PTT, we chose 

to deliver unmodified nanoparticles and drugs as individual 

systems in our studies. If localized PTT can enhance drug 

accumulation specifically in tumor cells, it may be a useful 

strategy to maintain therapeutic efficacy while allowing sys-

temically nontoxic doses of drugs to be utilized. The ability to 

eliminate tumors without inducing toxicity to normal tissue 

would be highly desirable in a clinical setting.

In summary, in this work we explore the application of 

nanoshell-mediated PTT as a chemosensitization strategy. 

We selected to use an in vitro model of inflammatory breast 

cancer (IBC), a rare and lethal subtype of breast cancer, 

for our studies to evaluate synergy between nanoshell-

mediated PTT and dox. Due to its aggressive nature, the 

current standard of care for IBC consists of a multimodality 

approach including surgery, radiation, and chemotherapy 

with anthracyclines like dox. Despite this intense treatment 

regimen, most women with IBC eventually experience 

recurrence and die from their disease. Consequently, the 

5-year survival rate for IBC patients is less than 50% and the 

10-year survival rate is less than 35%.27,28 By comparison, 

the 10-year survival rate for all subtypes of breast cancer 

combined is 83%.29 In addition to poor treatment outcomes, 

IBC patients often face detrimental side effects, such as 

cardiotoxicity, because high drug doses may be required 

for effective tumor elimination. This toxicity can limit the 

long-term use of chemotherapy and reduce the overall suc-

cess of treatment. In this work, we aimed to demonstrate that 

nanoshell-mediated PTT could potentiate the success of dox 

in IBC. By lowering the dosage of chemotherapy required for 

tumor elimination, the use of PTT could mitigate off-target 

effects while simultaneously improving patient outcomes. 

Here, we describe the results of our in vitro studies, which 

confirm that nanoshell-mediated PTT is an effective strategy 

for chemosensitization of IBC.

Materials and methods
Characterization of nanoshells
Nanoshells consisting of ~120 nm silica cores and ~15 nm thick 

gold shells were purchased from Nanospectra Biosciences, Inc. 

(Houston, TX, USA). The nanoshells’ extinction spectrum was 

characterized using a Cary 60 UV-Vis spectrophotometer (Agi-

lent Technologies, Santa Clara, CA, USA) to confirm that peak 

extinction was near 808 nm, the wavelength of the laser utilized 

for nanoshell excitation in these studies. The nanoshells were 

visualized with scanning electron microscopy using a Hitachi 

S4700 Field-Emission Scanning Electron Microscope (Tokyo, 

Japan) and the diameter of 40 nanoparticles was measured 

using ImageJ software (NIH, Bethesda, MD, USA).

Cell culture
SUM149 IBC cells were generously gifted from the labo-

ratory of Kenneth van Golen (Department of Biological 

Sciences, University of Delaware, Newark, DE, USA). We 

selected SUM149 cells for our studies because they are 

inherently resistant to dox.30 Accordingly, they provide a 

relevant model to evaluate whether mild PTT can sensitize 

IBC cells to dox. In addition, SUM149 cells are the most 

commonly used of the eight existing preclinical models of 

IBC. This is because they can be maintained in two- and 

three-dimensional culture, form tumors and metastasize in 

mice, and contain a high fraction of cancer stem cells, which 

are the subpopulation of cells implicated in treatment resis-

tance and metastasis.31,32 Cells were maintained in Ham’s 

F12 growth medium (Thermo Fisher Scientific, Waltham, 

MA, USA) supplemented with 5% fetal bovine serum 

(Life Technologies), 1% l-glutamine (Life Technologies), 

1 μg/mL hydrocortisone (Sigma-Aldrich Co., St Louis, MO, 

USA), 1% insulin–transferrin–selenium (Life Technologies), 

and 1% penicillin/streptomycin (Life Technologies). Cells 

were incubated at 37°C in a 5% CO
2
 environment. No ethical 

approval was required from the institutional review board of 

the University of Delaware for the use of this cell line.

Visualization of nanoshells in cell cultures
Cells were plated in a 24-well plate at a density of 4×105 

cells per well and cultured for 24 hours. Cells were incubated 

with media or media supplemented with 1×109 nanoshells 

for 4 hours and then each well was rinsed three times with 

phosphate-buffered saline (PBS, Sigma-Aldrich Co.) to 

remove nanoshells that had not bound to or entered cells. 

Cells were fixed with a 4% paraformaldehyde solution for 

15 minutes and then rinsed thoroughly with deionized (DI) 

water. A silver staining kit (Ted Pella, Inc., Redding, CA, 

USA) was used to stain the samples; silver stain nucleates on 

the gold surface of nanoshells to enable their visualization 

by light microscopy. After 15 minutes, the samples were 

rinsed thoroughly with DI water to stop the staining process. 

Samples were imaged using an AxioObserver Z1 microscope 

(Carl Zeiss Microscopy, LLC, Thornwood, NY, USA).

Assessment of IBC cell membrane 
permeability following PTT
This experiment aimed to demonstrate that IBC cells are sensi-

tive to PTT. Cells were plated in a 96-well plate at a density 
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of 3×104 cells per well and cultured for 48 hours. Cells were 

incubated with media or media supplemented with 7.5×108 

nanoshells for 4 hours. Each well was then rinsed once with 

Dulbecco’s PBS (D-PBS) and replenished with fresh media. 

Cells were exposed to an 808 nm laser (B&W Tek, Newark, 

DE, USA) with a 2 mm diameter spot size at 80 W/cm2 for 

3 minutes and then incubated for 30 minutes at 37°C. A fluo-

rescent viability kit (Life Technologies) that contained calcein 

AM and ethidium homodimer-1 (EthD-1) was used to assess 

cell membrane permeability. In live cells, the nonfluorescent 

calcein AM molecule is converted to green fluorescent calcein 

after hydrolysis by intracellular esterases. Thus, live cells 

exhibit green fluorescence after metabolizing calcein AM. 

In comparison, EthD-1 is weakly fluorescent until it binds to 

DNA, at which point it emits strong red fluorescence. Because 

EthD-1 is impermeable to cells with an intact plasma mem-

brane, it can be used to indicate loss of membrane integrity. In 

this work, following a 30-minute incubation with calcein AM 

and EthD-1, samples were rinsed, submerged with D-PBS, and 

then imaged using an AxioObserver Z1 microscope (Zeiss).

Assessment of rhodamine uptake by IBC 
cells following PTT
To demonstrate that low-dose PTT can increase IBC cell 

membrane permeability and consequently enhance drug 

uptake, we used flow cytometry to analyze the accumulation 

of rhodamine 123, a fluorescent dye, in cells treated with PTT 

or control therapies. Rhodamine 123 was substituted for dox 

in these studies because it is brighter than dox and allows 

analysis of uptake independent of the effects dox may have on 

cell function. Cells were plated in a 96-well plate at a density 

of 5×104 cells per well, cultured for 24 hours, and incubated 

with media or media supplemented with 1×109 nanoshells 

for 4 hours. Each well was washed once with D-PBS and 

then replenished with fresh media. Specified samples were 

irradiated with an 808 nm laser with a 7 mm spot size (to 

ensure exposure of the entire well to light) at 5.5 W/cm2 for 

3 minutes. Thus, the four treatment groups included: media 

only, light only, nanoshells only, and PTT (ie, nanoshells 

and light). Following treatment, cells were incubated with 

media supplemented with 1 µM rhodamine 123 for 20 min-

utes, washed once with D-PBS, and then trypsinized and 

suspended in D-PBS. Cells were pelleted by centrifugation, 

suspended in 4% paraformaldehyde, and incubated for 15 

minutes to ensure fixation. Cells were centrifuged again to 

remove the paraformaldehyde, suspended in D-PBS, and 

stored at 4°C overnight. The fluorescence of each sample 

was then measured using an Accuri C6 flow cytometer (BD 

Biosciences, San Jose, CA, USA). The mean fluorescence 

of cells that were never exposed to rhodamine 123 was also 

measured and subtracted from all other samples to account 

for background signal. The background-subtracted fluores-

cence intensity in each treatment group was then normalized 

to that of cells treated with only media and rhodamine 123. 

This experiment was repeated twice, with each biological 

replicate consisting of three technical replicates (three wells 

of each treatment type).

Visualization of dox in IBC cells  
following PTT
To ensure that PTT-induced membrane permeabilization 

enhances cellular drug uptake in addition to dye uptake, dox 

was visualized in PTT-treated IBC cells using fluorescence 

microscopy. Fluorescence microscopy was used instead of 

flow cytometry for these experiments because it enables 

quantification of dox distribution in different cellular compart-

ments. This information is important because dox must enter 

the nucleus to elicit its effects. Cells were plated on a glass 

chamber slide at a density of 5×104 cells per well and cultured 

overnight. Cells were incubated in media supplemented with 

5×109 nanoshells for 4 hours, then washed with D-PBS, and 

replenished with fresh media. PTT-treated cells were irradi-

ated with an 808 nm laser with a 7 mm spot size at 5.5 W/

cm2 for 3 minutes and compared to control cells that received 

nanoshells with no laser irradiation. Immediately following 

PTT, cells were incubated with 5 µM dox for 1 hour, washed 

with D-PBS, fixed with 4% formaldehyde, and mounted with 

ProLong Gold Antifade with 4’,6-diamidino-2-phenylindole 

(DAPI). Dox was visualized by fluorescence microscopy 

using a Zeiss AxioObserver Z1 with a Chroma filter set 

(495/20 nm bandpass excitation, 515 nm dichromatic beam-

splitter, 540/30 nm bandpass emission). DAPI and differential 

interference contrast (DIC) images were also acquired so that 

intracellular dox fluorescence intensity could be quantified 

in specific regions-of-interest (ROIs) using ImageJ. ROIs 

included either whole cell outlines obtained from DIC images 

or nuclear outlines obtained from DAPI images. These ROIs 

were overlaid onto dox images and the mean fluorescence 

in each ROI was determined using ImageJ. Whole cell and 

nuclear analysis was performed on 332 and 339 cells, respec-

tively, using images acquired with a 40× objective.

Evaluation of PTT combined with 
chemotherapy
The following experimental design was utilized to demonstrate 

that PTT could potentiate the cytotoxicity of dox in IBC cells.  
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Cells were plated in a 96-well plate at a density of 2×104 

cells per well and cultured for 24 hours. Cells were incubated 

with media or media supplemented with 1×109 nanoshells 

for 4 hours. Each well was washed once with D-PBS and 

then replenished with either media or media supplemented 

with 0.75 μM dox. All samples were irradiated with an 808 

nm laser with a 7 mm spot size (to ensure exposure of the 

entire well to light) at 5.5 W/cm2 for 3 minutes. Thus, the 

four treatment groups consisted of: control (light only), light 

and 0.75 μM dox, PTT (ie, both nanoshells and NIR light), 

and PTT and 0.75 μM dox (ie, nanoshells, NIR light, and 

dox). Samples were incubated overnight at 37°C and then 

cell viability was analyzed using an AlamarBlue kit (Life 

Technologies), following the manufacturer’s instructions with 

a 3-hour incubation. Resazurin, the active ingredient in Ala-

marBlue, is nonfluorescent until it enters cells and is reduced 

to red-fluorescent resorufin. Thus, the fluorescence intensity 

provides a measure of cell viability. Fluorescence of treated 

samples was quantified using a BioTek Synergy H1 microplate 

reader (Winooski, VT, USA). This experiment was repeated 

four times, with each biological replicate consisting of three 

technical replicates (three wells of each treatment type).

Statistical analysis
Cell fluorescence data obtained from flow cytometry and 

cell viability data obtained from the AlamarBlue assay 

were analyzed using JMP software. An analysis of variance 

(ANOVA) with post hoc Tukey was performed for both 

experiments in order to determine which treatment groups 

were significantly different from each other at the 95% 

confidence level. A  Student’s t-test was used to analyze 

differences in intracellular dox determined by fluorescence 

microscopy.

Results
Nanoshell characterization
Visualization of nanoshells with scanning electron micros-

copy (Figure 1A) and subsequent analysis with ImageJ 

software indicated a homogenous size distribution. The 

nanoshells had a diameter of 154±5 nm (mean ± standard 

deviation). Extinction characteristics were determined with 

a spectrophotometer and revealed the nanoshells had a peak 

plasmon resonance at ~775 nm (Figure 1B).

Nanoshell-mediated PTT increases 
membrane permeability of IBC cells
SUM149 IBC cells were incubated with nanoshells and 

silver stained in order to demonstrate effective binding of 

the nanoparticles to the cells. Figure 2A displays cells that 

were not exposed to nanoshells, while Figure 2B shows 

nanoshell-treated cells. The positive stain (dark regions) 

in Figure 2B confirms that nanoshells were able to adhere 

nonspecifically to SUM149 cells. The level of nanoshells 

present was sufficient to enable cellular membrane damage 

via PTT (Figure 2C and D). Upon NIR irradiation at 80 W/cm2  

for 3 minutes, SUM149 cells not exposed to nanoshells main-

tained viability and membrane integrity, indicated by positive 

green calcein fluorescence and lack of red EthD-1 fluorescence 

(Figure 2C). In contrast, cells incubated with nanoshells prior 

to light exposure experienced loss of membrane integrity 

within the laser spot (outlined by the white dotted line), indi-

cated by red EthD-1 fluorescence (Figure 2D). Cells outside 

Figure 1 Characterization of the nanoshells used in this work.
Notes: (A) Scanning electron micrograph of the nanoshells. (B) Extinction spectrum of the nanoshells.
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the laser spot maintained their viability and membrane integ-

rity, confirming that nanoshells alone are not cytotoxic.

PTT increases rhodamine and dox 
accumulation in IBC cells
We hypothesized that low-dose PTT could increase cell mem-

brane permeability to enhance drug accumulation in IBC cells 

(Figure 3A). To investigate the effect of low-dose PTT on drug 

uptake, we compared rhodamine 123 fluorescence in cells 

treated with: 1) media only, 2) NIR light only, 3) nanoshells 

only, or 4) PTT (ie, nanoshells and NIR light). Flow cytometry 

was used to determine the mean fluorescence of each group as 

described in the “Materials and methods” section. As shown 

in Figure 3B, cells exposed to only media, NIR light, or nano-

shells displayed similar levels of rhodamine fluorescence, and 

the differences between groups were not significant accord-

ing to ANOVA. Thus, neither light nor nanoshells alone are 

sufficient to enhance rhodamine uptake in cells. In contrast, 

cells treated with PTT displayed 56% higher rhodamine 

fluorescence than the media only group, confirming that PTT 

can enhance dye accumulation in cells. An ANOVA with post 

hoc Tukey validated that the fluorescence signal in the PTT-

treated cells was significantly different from that in all other 

groups. The P-value for each comparison was: P=0.0025 for 

PTT versus media, P=0.0029 for PTT versus light only, and 

P=0.0112 for PTT versus nanoshells only.

Figure 2 Evaluation of the impact of photothermal therapy on SUM149 cells.
Notes: Top: Silver staining reveals nanoshells bound to cells; (A) cells without nanoshells, (B) cells with nanoshells. Scale bar =150 μm. Bottom: Only cells exposed to both 
nanoshells and light displayed increased membrane permeability, evidenced by red EthD-1 fluorescence. Green fluorescence indicates viable cells with an intact membrane; 
(C) cells without nanoshells + near-infrared (NIR) light, (D) cells with nanoshells + NIR light. Within (D), cells outside the light exposed region indicated by the white dotted 
line remain viable confirming nanoshells alone are safe. Scale bar =500 μm.
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To demonstrate that these results apply to a clinically 

relevant drug, we used fluorescence microscopy to compare 

the accumulation and distribution of dox in cells treated with 

PTT or exposed to nanoshells without light irradiation. Cells 

exposed to nanoshells but not NIR light displayed some 

nuclear dox fluorescence, and minimal dox was observed 

within cytoplasmic regions (examples indicated by yellow 

arrows in Figure 4). Notably, both nuclear and cytoplasmic 

dox fluorescence increased in cells exposed to nanoshells 

and NIR light (eg, cytoplasmic regions with enhanced dox 

fluorescence are indicated by white arrows in Figure 4). 

Quantification of fluorescence intensity in whole cells or 

nuclei with ImageJ revealed that dox fluorescence increased 

by 20% in cells treated with PTT relative to those not exposed 

to NIR light. A Student’s t-test revealed that this difference 

in accumulation was significant, with a P-value ,0.0001 for 

both nuclear and whole cell analysis.

PTT sensitizes IBC cells to dox
To investigate the chemosensitization effect of PTT, four 

experimental groups were compared: cells incubated with: 

1) media only, 2) 0.75 μM dox (an intentionally subtherapeutic 

dose), 3) 1×109 nanoshells, and 4) both 1×109 nanoshells and 

0.75 μM dox. Each group was exposed to NIR irradiation at 

5.5 W/cm2 in the entire well for 3 minutes. After incubating 

overnight, cell viability was assessed with an AlamarBlue 

assay and results were normalized to the media control 

group (Figure 5). Cells incubated with the intentionally sub-

therapeutic dose of dox experienced minimal cytotoxicity, 

as indicated by viability of 97.7%±3.7%. Cells treated with 

only low-dose PTT demonstrated viability of 84.8%±2.9%. 

Finally, cells that received dox treatment and PTT demon-

strated 64.5%±8.1% viability, which is ~20% less than the 

viability observed after PTT alone. An ANOVA with post 

hoc Tukey revealed that the viabilities of cells treated with 

either media or dox were significantly different from the 

viabilities of cells treated with standalone PTT (P,0.01) or 

combination PTT plus dox (P,0.001). In addition, the PTT 

and PTT plus dox groups were significantly different from 

each other, with a P-value of 0.0003.

To evaluate whether the impact of PTT and dox on 

cells was synergistic or additive, we utilized the method 

introduced by Hahn et al1 in their seminal paper on ther-

mochemotherapy. Per this method, expected additive effects 

Figure 3 (A) Proposed mechanism of chemosensitization provided by nanoshell (NS)-mediated photothermal therapy. When cancer cells are incubated with NSs and 
doxorubicin and subsequently irradiated with near-infrared light, the heat produced by the NSs increases cell membrane permeability, resulting in increased doxorubicin 
accumulation in the cells. (B) Analysis of rhodamine 123 uptake by cells exposed to light, NSs, or both light and NSs. Relative fluorescence in each group is normalized to cells 
exposed to only media. The error bars represent standard deviation across six technical replicates. Differences in rhodamine fluorescence between groups were analyzed by 
ANOVA with post hoc Tukey. *P,0.02 for all comparisons to media only, light only, and NS only.
Abbreviations: NIR, near infrared; ANOVA, analysis of variance.
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Figure 4 Analysis of dox accumulation and distribution in cells exposed to nanoshells with or without light exposure.
Notes: Within the images, red indicates dox and blue indicates nuclei. The first and second columns display the same field-of-view and the third column displays a different field-
of-view. Yellow arrows indicate cytoplasmic regions of cells exposed to nanoshells without near-infrared (NIR) light, which display minimal dox fluorescence. White arrows 
indicate cytoplasmic regions of cells exposed to nanoshells with NIR light, which display amplified dox fluorescence. ImageJ analysis of fluorescence intensity in whole cells or 
specifically in nuclei is shown in the chart. Asterisks indicate P,0.0001 relative to cells not exposed to NIR light according to Student’s t-test. Scale bars =50 μm.
Abbreviations: DIC, differential interference contrast; dox, doxorubicin; DAPI, 4’,6-diamidino-2-phenylindole.

can be calculated by multiplying the surviving fraction from 

two individual treatments. Accordingly, in our studies, if 

the effect of PTT and dox was additive, we would expect 

to observe viability in the combined treatment group of 

82.9%±5.5% (mean ± standard deviation). The observed 

viability, however, was 64.5%±8.1%, ~20% lower than 

predicted for an additive effect. The use of a Student’s t-test 

to compare the projected additive effect versus the observed 

effect across all four biological replicates of the experiment 

revealed that the difference in survival was significant, 

with a P-value of 0.009. Therefore, we can conclude that 

PTT and dox are synergistic, rather than additive, against 

IBC cells.

Discussion
Our studies demonstrate that IBC cells experience loss of 

plasma membrane integrity upon exposure to nanoshell- 

mediated PTT (Figures 2–4), resulting in increased drug 

accumulation in cells (Figures 3 and 4) and decreased cell 

viability (Figure 5) following combination therapy. The 

increased cell membrane permeability, evaluated qualita-

tively by ethidium homodimer-1 staining under high-dose 
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Figure 5 Viability of cells treated with doxorubicin (dox), photothermal therapy 
(PTT), or combination therapy normalized to the media control group.
Notes: The error bars represent the standard deviation across four biological 
replicates of the experiment. Groups with significant differences in viability according 
to ANOVA with post hoc Tukey are denoted with asterisks. *P,0.01, **P,0.0001, 
***P=0.0003.
Abbreviation: ANOVA, analysis of variance.

irradiation conditions (Figure 2) and quantitatively by 

rhodamine 123 uptake (Figure 3) and dox uptake (Figure 4) 

under low-dose irradiation conditions, was observed only 

where nanoshells and light were combined; this result is in 

agreement with our previous studies exploring nanoshell-

mediated PTT and confirms that laser irradiation alone and 

nanoshells alone are insufficient to induce damage of IBC 

cellular membranes.9,33 To evaluate the combined effects of 

PTT and dox, subtherapeutic doses of each treatment were 

administered either alone or in combination. By using a dose 

of dox that causes minimal to no cell death, enhancement 

of chemotherapy via PTT could be assessed.34,35 Because 

the combination treatment group (PTT and dox) produced a 

20% decrease in viability compared to the PTT only group 

(Figure 5), it can be concluded that nanoshell-mediated PTT 

enhanced the effectiveness of the chemotherapy treatment. 

Furthermore, using the method of Hahn et al1 to calculate the 

predicted additive effect of PTT and dox, we would expect 

viability of ~83% under the conditions used in our studies. 

The combination of PTT and dox experimentally resulted 

in ~65% cell viability, demonstrating a synergistic effect. Our 

proposed mechanism for this chemosensitization is that the 

heat-induced increase in membrane permeability caused by 

PTT enables more dox to be taken up and retained by the cells 

(Figure 3A), resulting in increased cytotoxic effects at doses 

that would ordinarily be subtherapeutic.36–38 This mechanism 

is supported by the 56% increase in rhodamine fluorescence 

observed inside cells following PTT (Figure 3B) and the 

20% increase in dox fluorescence observed inside cells fol-

lowing PTT (Figure 4). Further, we have demonstrated that 

the 20% increase in intracellular dox localizes to the nucleus 

to effectively induce cytotoxicity. Therefore, we conclude 

that nanoshell-mediated PTT can enhance chemotherapy 

in IBC cells.

Our findings have clinical relevance in that the use of 

PTT to potentiate chemotherapy can reduce the dosage of 

drug necessary to achieve a therapeutic response. This is 

important because cardiotoxicity remains an unresolved 

limitation of dox chemotherapy and reduces the amount of 

drug that can be delivered systemically over time. Our data 

suggest that using PTT as a chemosensitization strategy in 

IBC may overcome this limitation by increasing the efficacy 

of lower doses of dox. Importantly, nanoshell application 

should not introduce additional cardiotoxicity. Nanoshells 

delivered intravenously have shown no toxicity to the heart 

in studies performed in mice, rats, and Beagle dogs for time 

durations up to 404 days.9,39 Further, a recently completed 

evaluation of the safety of nanoshells in humans demon-

strates that nanoshells have an excellent clinical safety 

profile.40 Since nanoshells display no toxicity to the heart or 

other vital organs, it may be concluded that combining PTT 

with low-dose dox should result in an overall improvement 

in therapeutic ratio compared to conventional treatment 

protocols for IBC. Accordingly, using PTT to sensitize IBC 

tumors to dox may improve both the treatment outcome and 

patient quality of life by enhancing therapeutic impact while 

minimizing side effects.

Conclusion
This work confirms that nanoshell-mediated PTT is a viable 

strategy to potentiate the effect of chemotherapy in IBC. 

While SUM149 cells were utilized as proof-of-principle 

here, we anticipate that PTT will prove useful to enhance 

chemotherapy in other IBC and non-IBC cancers, as the 

physical mechanism of chemosensitization it provides should 

be consistent across cell types. In the future, this strategy 

could be employed to improve patient outcomes by enhanc-

ing tumor regression while enabling treatment systemically 

with nontoxic doses of chemotherapeutic agents. Previous 

work has demonstrated that PTT can be used to increase 

vascular density and promote drug delivery to tumors,41 and 

our work suggests that the cellular level effects of PTT may 

provide additional therapeutic benefits once drugs arrive at 

the tumor site. Together, these findings support the contin-

ued development of combined PTT and systemic low-dose 

chemotherapy using other drugs in addition to dox, and also 

for other cancer types in addition to IBC. Furthermore, our 

results suggest that researchers should continue to explore the 

development of more advanced nanoparticle-drug conjugates 
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for combined PTT and chemotherapy42 since the dual thera-

peutic approach provides more than an additive effect on 

cancer cell viability.
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