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Abstract

Gold nanoparticles (AuNPs) absorb light and can be used to heat and ablate tumors. The ‘‘tissue window’’ at ,800 nm (near
infrared, NIR) is optimal for best tissue penetration of light. Previously, large, 50–150 nm, gold nanoshells and nanorods that
absorb well in the NIR have been used. Small AuNPs that may penetrate tumors better unfortunately barely absorb at
800 nm. We show that small AuNPs conjugated to anti-tumor antibodies are taken up by tumor cells that catalytically
aggregate them (by enzyme degradation of antibodies and pH effects), shifting their absorption into the NIR region, thus
amplifying their photonic absorption. The AuNPs are NIR transparent until they accumulate in tumor cells, thus reducing
background heating in blood and non-targeted cells, increasing specificity, in contrast to constructs that are always NIR-
absorptive. Treatment of human squamous cell carcinoma A431 which overexpresses epidermal growth factor receptor
(EGFr) in subcutaneous murine xenografts with anti-EGFr antibodies conjugated to 15 nm AuNPs and NIR resulted in
complete tumor ablation in most cases with virtually no normal tissue damage. The use of targeted small AuNPs therefore
provides a potent new method of selective NIR tumor therapy.
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Introduction

Gold nanoparticles (AuNPs) have interesting electromagnetic

wave absorption properties that change with size and shape. Many

absorb well in the visible spectrum; for example, 40 nm AuNPs

absorb light over 100,000 times more than do ordinary organic

dyes [1]. They are commonly used in lateral flow test kits, such as

home pregnancy tests, since only a few picomoles of AuNPs are

visible to the eye. One might imagine that once targeted to tumors,

AuNPs could be used to heat tumors by shining light on them.

This effect was demonstrated in vitro using anti-EGFr antibody-

targeted 40 nm AuNPs that had an absorption maximum at

530 nm. Irradiation with a 514 nm argon laser led to tumor cell

ablation [2]. Unfortunately, ,500 nm light penetrates tissues

poorly, so clinical therapy of most lesions would not be practical

[1–3]. Although increasing the size of solid gold nanospheres shifts

their absorption spectrum toward more penetrating red light,

increasing the size to 100 nm only increases the absorption

maximum to 550 nm [1]. However, the optimal wavelength to use

for best tissue penetration is ,800 nm (near infrared, NIR) where

predominantly hemoglobin absorption is decreasing and water

absorption is increasing, forming a ‘‘tissue window’’ of best

transmission. Even at this optimal wavelength there is still

substantial absorption, with the incident radiation being reduced

to 1/10 intensity at ,2 cm (and 1/100 at 4 cm depth) [4].

Gold nanoshells, constructed with a ,110 nm silica core and a

,10 nm thick gold outer layer, were discovered to have

absorption maxima ,800 nm which could be tuned by varying

the core and shell sizes [5]. These were directly injected

intratumorally into large subcutaneous murine tumors and

irradiated with a NIR laser (30 min post injection, 820 nm laser,

4 W/cm2, 5-mm spot diameter, ,6 min), causing measurable

damage compared to controls [6]. Such nanoshells (,2.1 mg Au/

kg) were injected intravenously (iv), NIR laser irradiated (6 hrs

post injection, 808 nm, 5.5 mm beam diameter, 4 W/cm2,

3 min), and found to eradicate small tumors (,60 mm3) for at

least 90 days [7,8]. Surface temperature during the IR irradiation

reached ,50uC. A subcutaneous mouse prostate tumor model was

similarly treated (4 W/cm2, 3 min, 810 nm laser) and 93%

regression was achieved for very small tumors [9], using

surprisingly little gold (,0.04 mg Au/kg). This technology is

being developed by Nanospectra Biosciences, Inc., and is in Phase

I clinical trials for superficial head and neck cancers.
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Gold nanorods ,50–100 nm in length were also found to

absorb in the NIR in their axial direction. 90 nm rods are more

efficient by a factor of ,10 than 140 nm nanoshells, based on a

per volume basis because nanorods, unlike nanopshells, contain no

large silica particles [1]. Anti-EGFr antibody was adsorbed to gold

nanorods and incubated in vitro with epithelial tumor or non-

tumor cells. Irradiation with an 800 nm laser showed that the

malignant cells required about half the dose for their thermal

ablation compared to control cells [10]. PEG-coated 13647 nm

gold nanorods injected iv (20 mg Au/kg) and irradiated 72 hr later

with a 810 nm laser (2 W/cm2, 5 min, 1 cm beam diameter)

resulted in tumor control for at least 50 days [11]. Tumors were

again small (,55 mm3 in volume and ,3 mm thick).

Tangled aggregates of 44 nm gold nanoparticles with fd-phages

(each 1 micron in length) were shown to have NIR absorption and

have the advantage of programmable phage peptide display for

targeting [12], but the aggregates might be too large for effective in

vivo therapy or be immunogenic.

A different approach, described here, is to use small (,1–

15 nm) AuNPs which aggregate in tumors and become NIR-

absorptive [13,14]. Small AuNPs have the potential advantages of

better tumor penetration and whole body clearance. AuNPs are

like antennas: their size must be matched to the wavelength for

best absorption. Small AuNPs (1–15 nm) are poorly matched, but

when metal nanoparticles approach each other by less than two

diameters they couple electrodynamically and act in concert [15],

behaving more like a larger continuous particle [3]. For example,

red 10 nm AuNPs become blue when aggregated due to an

absorption shift to longer wavelengths. This phenomenon was

exploited to detect DNA sequences by placing complementary

DNA oligonucleotides on different gold particles which changed

color when they hybridized, and single base mismatches could be

detected by quantifying the extent of the color shift [16].

Lithographic arrays of gold spots spaced closer and closer resulted

in a red absorption shift [17].

Antibody-conjugated AuNPs taken up by cognate cells go into

the endosomes and lysosomes [18] and can aggregate if, for

example, the targeting antibody is degraded by lysosomal

enzymes. Aggregation can also be induced by using the low

pH of the endosome (pH 5.5) and lysosome (pH 4–5) [19]. At

these pHs, AuNPs carrying, e.g., carboxyl groups, can be

protonated, reducing the interparticle repelling negative particle

charge and promoting closer approach between AuNPs until

attractive van der Walls forces take over and cause aggregation.

Other strategies include breaking of pH sensitive bonds (such as

Schiff’s bases and hydrazones) that can transform AuNPs into

forms that aggregate.

Our premise is that small AuNPs, which normally do not absorb

in the NIR, become biologically aggregated within tumors,

resulting in absorbance amplification and preferential hyperther-

mia when exposed to NIR. Tumors then act as catalysts that

aggregate AuNPs (by low pH environment and proteolysis) and

increase NIR absorption and resultant heating, leading to their

own destruction. This ‘‘bio-nano amplification’’ strategy has

several advantages: a) small AuNPs may better penetrate and

load tumors than larger prefabricated NIR-absorbing AuNPs, and

b) an additional factor of tumor specificity is gained since the

particles in surrounding normal tissue and blood do not heat

because the particles are not aggregated and do not absorb. This

report describes the demonstration of this approach by using small

AuNPs for treatment of tumors in mice.

Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by the Animal Care Committee of the

AALAC-approved University of Connecticut Health Center

(UCHC), Center for Laboratory Animal Care (Assurance Iden-

tification Number: A2882-17, Protocol 210-622). All treatments

were performed under anesthesia, and all efforts made to minimize

suffering.

Preparation of Gold Nanoparticles
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO)

unless otherwise noted.

Construct 1: Adsorbed antibody (or albumin): 1 L of water

containing 5 mL of 2% HAuCl4 was boiled and 30 mL of 1%

sodium citrate (w/v) added. After cooling, 20 mg of Erbitux

(Construct 1) or BSA was mixed per mL of AuNPs and after 5 min

the solution was adjusted to 1% BSA. After 30 min, the particles

were purified by centrifugation at 16,000 g for 12 min. and

washed with water and adjusted to PBS buffer conditions.

Construct 2: Negatively charged (lipoic) gold preparation for

2.5 mg Au: 50 mL of 15 nm AuNPs were prepared by citrate

reduction (as above). 2 mL lipoic acid (0.5 mg/mL in DMSO) and

50 mL dithiobis(succinimidyl propionate) (DSP, 1 mg/mL in

DMSO) were mixed and added to the AuNP solution. After

10 min, 2.5 mL of a 3 M NaCl solution was added. The

precipitate was spun at 7,000 g for 2 min, the pellet resuspended

Figure 1. Spectral extinction shift upon aggregation for 15 nm
(A) and 2 nm (B) AuNPs. Aggregation was induced by adjustment of
pH to 5 in physiologic saline (150 mM NaCl). 15 nm AuNPs were surface
modified with lipoic acid, and 2 nm AuNPs had a glutathione shell
(which contains two carboxyl groups).
doi:10.1371/journal.pone.0088414.g001

Gold Nanoparticle Photothermal Therapy
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in 50 mL of water and spun again. The pellet was reconstituted in

1 mL 50 mM phosphate buffer pH 7.5 containing 1 mg of

Erbitux or mouse IgG antibody and reacted for 3 hrs. The

reaction was quenched with glycine solution (50 uL of 1 M glycine

solution adjusted to pH 7.5 with 1 M NaOH). The product was

concentrated using a 30 K molecular filter (Millipore, Billerica,

MA). The retentate was spun at 16,000 g for 30 minutes to remove

excess antibody and reconstituted in PBS, spun again and

resuspended in PBS.

Construct 3: Schiff’s base 15 nm AuNPs (Construct 3) were

prepared as follows for 50 mg Au: 1 L of water containing 5 mL of

2% HAuCl4 was boiled and 30 mL of 1% sodium citrate (w/v)

added. After cooling, 2.3 mL of 1% glutathione (GSH) and

500 mL of K2CO3 (4N) were added. After incubation for 30 min,

the AuNPs were concentrated and purified via centrifugation at

16 kg. 1 mL of 8% glutaraldehyde was added to 50 OD520 of

AuNP solution, and incubated overnight at 4uC in 5 mM

carbonate buffer (pH 8.5). The AuNP-GSH-glutaraldehyde was

concentrated and purified again via centrifugation. 5 mg/(OD*mL

AuNP) of Erbitux was added to 50 OD of AuNP solution, and

incubated for 2 hours. Excess active groups were blocked with

ethanolamine for 1 hour. The sample was purified by centrifuga-

tion (16 kg) and resuspended in 1% BSA and 0.76 phosphate

buffered saline (PBS, 10 mM phosphate buffer, 140 mM sodium

chloride, pH 7.4). Yield (gold): 89%

PEG coated AuNPs: 15 nm AuNPs were prepared by citrate

reduction as described above. Each 100 mL of AuNP solution was

incubated with 8 mg of mono thiol terminated 2K MW

Figure 2. Schemes for tumor delivery and aggregation in endosomes/lysosomes. Scheme 1: AuNPs have anti-tumor antibodies adsorbed
(A, Construct 1) that in the lysosome are degraded, allowing the AuNPs to aggregate (B). Scheme II: AuNPs are coated with lipoic acid and
dithiosuccinimidyl propionate (DSP) (A), covalently coupled to anti-EGFr antibodies (B, Construct 2), then protonated in the endosome with
enzymatic antibody digestion in the lysosome (C), leading to aggregation (D). Scheme III: AuNPs are coated with glutathione (A), reacted with
glutaraldehyde (B) and then anti-EGFr antibodies (C, Construct 3) to form Schiff’s bases vulnerable to cleavage at endosomal pH (D), resulting in
protonation of carboxyl groups and along with enzymatic antibody degredation, causing aggregation (E).
doi:10.1371/journal.pone.0088414.g002
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polyethylene glycol (Rapp Polymere, Tübingen, Germany) for

2 hours. AuNPs were purified and concentrated by 3 spins at

16 kg followed by resuspension in PBS.

Spectral shift of AuNPs by adjustment of pH to 5 (with 1 N

HCl) and 150 mM NaCl (Figure 1) was performed on 15 nm and

2 nm particles 50 mL of 15 nm AuNPs were prepared by citrate

reduction (as above). 2 mL lipoic acid (0.5 mg/mL in DMSO) was

added to the AuNP solution. 2 nm particles were formed by

reacting 25 mL HAuCl4 (25 mg/mL) with 30 mL glutathione

(10 mg/mL), 13 mL 1 N NaOH and 10 mL sodium borohydride

(2 mg/mL) in 1 mL of water. All solutions used water as the

solvent.

Measurement of spectra and dynamic light scattering
(DLS)

Spectra and DLS were obtained for AuNP constructs under the

various conditions listed in the text.

An Agilent 8452A diode array spectrometer (Agilent Technol-

ogies, Inc., Santa Clara CA) was used for UV-Vis measurements,

and a Brookhaven Instruments 90 Plus (Brookhaven Instruments

Corp, Holtsville, NY) for DLS.

In Vitro AuNP incubation Conditions
Confluent A431 cells derived from an epidermoid carcinoma

(ATCC#CRL-1555) were incubated with 5 OD520 AuNP

solutions in growth medium for times listed in text. Growth

medium was DMEM-CM (GIBCO #11995) supplemented with

Glutamine (2 mM), Penn/Strep (100 U/mL Pennicillin/100 mg/

mL Streptomycin), and Fungizone (0.25 mg/ml), from Invitrogen

(Grand Island, NY).

Mice
One million A431 cells in 25 mL were mixed with 25 mL

Maitrigel (BD Biosciences, San Jose, CA) and the mixture was

injected subcutaneously in the thighs of female athymic nude mice

(Charles River, Kingston, NY). When the tumors reached ,100–

150 mm3 the mice were used for the indicated experiments.

Tumors were measured at least three times weekly. When tumors

reached 500 mm3 the mice were euthanized.

Absorption by aggregated AuNPs in cells measurement
A431 cells in culture were incubated with or without 2 OD520

Erbitux-15 nm AuNPs for 2 days, then the culture dishes were

washed with PBS. Buffer was removed and dishes were placed

vertically in the horizontal beam of a Hewlett Packard 8452A

diode array spectrometer. Spectra from 6 separate confluent cell

areas were taken.

Gold analysis of tissues
Tissues were excised, placed in weighed vials, dissolved with

aqua regia, and analyzed by graphite furnace atomic absorption

spectrometry using a Perkin Elmer 4100Z (Waltham, MA) to

determine gold content.

Measurement of aggregated AuNPs in tissue
Total tissue gold content was measured as described above. A

method was devised to measure only the aggregated portion of

AuNPs in tissues: Tissue samples below 100 mg were dissolved in

100 mL of 12N NaOH and 100 mL of 20% Triton X-100 in

ethanol. Tissues above 100 mg were dissolved in twice the volume

of both reagents. Samples were mixed and sonicated at 50 watts

for 10 min with ice cooling (larger tissues were sonicated for

20 min). After sonication, two distinct layers of liquid were

observed. The solution was vortexed and mixed with 4 times the

volume of ethanol to mix the two aqueous layers. Samples were

centrifuged for 5 min at 16,000 g. A black pellet at the bottom of

the tube was observed after centrifugation. The supernatant was

removed and the pellet resuspended in 100 mL of water. Finally,

the OD at 800 nm was measured. Tumor and non-tumor values

were then compared. This procedure was designed and validated

such that unaggregated AuNPs or cells without AuNPs subjected

to this procedure did not contribute to the absorption at 800 nm.

Permeability Measurements
Two 0.7 ml chambers were separated by a 0.4 mm polycar-

bonate membrane (Millipore, Billerica, MA) [20]. One side was

Figure 3. Electron micrograph of Construct 1. Gold core diameter
measured 15.361.0 nm. Bar = 20 nm.
doi:10.1371/journal.pone.0088414.g003

Table 1. Dynamic light scattering size (in nm) of constructs under various conditions (except TEM = transmission electron
microscope gold core size).

Construct
Starting
AuNP TEM Ligand Coating

Ligand Coating + Antibody
(Erbitux) PBS pH 7.4 90%FBS 376C

pH 5 376C

24 hr

Pepsin pH 5 376C

24 hr

Construct 1 18.860.2 15.361.0 18.860.2 30.765.4 28.765.9 20046391 13436321

Construct 2 18.860.2 15.361.0 21.660.1 38.366.0 40.568.0 90.8630.4 1241.06737

Construct 3 18.860.2 15.361.0 29.9610.1 49.2613.3 47.5626.3 45.969.1 867.76460

doi:10.1371/journal.pone.0088414.t001
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loaded with either 15 nm AuNPs or 10645 nm Au nanorods

(Nanopartz, Loveland, CO) in PBS. Both were stabilized with the

same 2,000 MW thio-PEG ligand. The samples were stirred with

a magnetic stir bar. The receiving side was loaded with PBS. At

various times after starting, the UV-Vis spectrum of the samples

was measured to quantify the rate of diffusion. Initial rates were

then used to calculate the permeability coeffiecient of the samples

according to the equation [21]:

Figure 4. Change in absorption spectra under various conditions. Construct 2 showed stability in PBS at 37uC for 24 hrs (black trace), and
also negligible spectral change at pH5 after 24 hrs (blue trace). However, at pH 5 and in the presence of pepsin, extensive aggregation was observed
(red trace), greatly increasing the absorbance in the near infrared region.
doi:10.1371/journal.pone.0088414.g004

Figure 5. Aggregation of antibody-targeted AuNPs within cells. (A): A431 human epidermoid carcinoma cells with gold feeding (anti-EGFr
antibody adsorbed to 15 nm AuNPs, Construct 1) in the growth medium for 3 days. Dark black granules of gold accumulated within the cells. Bar =
10 mm. (B): Electron micrograph of an A431 cell after only 10 min of incubation with the antibody-AuNPs. There is significant uptake even at this short
time into endosomes and aggregation (arrows). Individual 15 nm gold particles may be distinguished as small black dots (bar = 0.5 mm).
doi:10.1371/journal.pone.0088414.g005

Gold Nanoparticle Photothermal Therapy

PLOS ONE | www.plosone.org 5 February 2014 | Volume 9 | Issue 2 | e88414



P~(C2 � V2)7(t � S � C1)

Where P is the solute permeability coefficient, C2 is the

receiving side concentration, V2 is the receiving side volume, t is

time, S is the surface area of the membrane, and C1 is the starting

side concentration.

NIR heating
A Hydrosun wIRA irradiator, model 09.06.00 (Hydrosun

Medizintechnik, GmbH, Germany), was used with a .665 nm

pass filter and a 4 mm water filter (water filtered infrared A,

‘‘wIRA’’). The source was a 150 W halogen lamp. Mice were

anesthetized with ketamine (100 mg/kg)/xylazine (8 mg/kg) ip

and heated for 1.9 min at 1.5 W/cm2.

Results

Solid spherical AuNPs are virtually transparent at the best

wavelength (NIR, 800 nm) for tissue penetration. Although they

are colored and absorb in the UV and visible range, there is almost

no absorbance in the NIR region. However, aggregation of small

AuNPs results in a profound spectral shift into the NIR region

(Figure 1). An extinction amplification factor may be calculated by

dividing the extinction after aggregation by the extinction before

aggregation. At 800 nm, the factor is ,20, and would lead to

increased heating if exposed to 800 nm light.

In order to promote aggregation in tumors, we have exploited

five mechanisms: 1) Tumors can be specifically targeted using

antibodies to up-regulated growth factor receptors, 2) Antibody-

targeted AuNPs are rapidly internalized by receptor mediated

endocytosis into tumor cell endosomes and lysosomes [18], 3)

Particles displaying carboxyl groups are protonated at the low pH

of endosomes/lysosomes which can induce particle aggregation, 4)

The low pH can break pH sensitive bonds and dissociate

stabilizing moieties, and 5) Lysosomal degradation of the targeting

antibody can result in particle aggregation. Many cancers have up-

regulated epidermal growth factor receptor (EGFr), so we have

used antibodies to this receptor (ErbituxTM), and A431 human

squamous cell carcinoma cells and tumors which overexpress

EGFr.

Three constructs were tested: 1) Construct 1 is a 15 nm AuNP

with adsorbed anti-EGRr antibodies (Figure 2, Scheme 1). 2)

Construct 2 is a 15 nm AuNP with carboxyl groups and covalent

attachment of anti-EGRr antibodies (Figure 2, Scheme 2). 3)

Construct 3 is a 15 nm AuNP with carboxyl groups and a pH

sensitive covalent linkage to the antibody (Figure 2, Scheme 3).

The basic properties of the constructs were characterized. An

electron micrograph is shown in Figure 3 showing the gold cores to

be 15.3 6 1.0 nm. The hydrodynamic sizes of the constructs were

measured by dynamic light scattering (DLS, Table 1). DLS

showed a slightly higher value than TEM, similar to other reports

of a small size increase due to the citrate layer [22]. The ligand

and antibody coatings were seen to increase the size of the particles

proportionately.

The constructs should be stable and not aggregate in blood

during iv delivery to the tumor. Tests with phosphate buffered

saline (PBS), 90% serum, 5% albumin, at 37uC for 24 hrs showed

that they did not aggregate under such conditions, as assayed by

DLS and UV-Vis spectroscopy (Table 1 and Supporting

Information Figures S1, S2, S3, S4, S5, S6 and S7). DLS also

showed that exposure to high levels of proteins and serum did not

result in measurable adsorption that might enlarge them to the

point of losing their small penetrating properties or incurring

opsonization and rapid clearance. pH 5 caused Construct 1 to

aggregate, but not the other constructs, apparently due to the less

stable adsorption vs. covalent conjugation (Figures S8, S9, and

S10). However, pH5, 150 mM NaCl, and pepsin (a proteolytic

enzyme with peak activity at low pH mimicking lysosomal

Figure 6. Bright field light micrographs of cells incubated with
AuNPs. A–C: A431 human carcinoma cells with AuNP feeding in
growth medium for 6 days. 15 nm AuNPs with coatings: (A) lipoic acid
with Erbitux linked via DSP (Construct 2, Figure 2); (B) lipoic acid with
mouse IgG (non-specific IgG) linked via DSP; (C) AuNPs coated with
thio-PEG (2K MW). Only the specific antibody-AuNPs (A) show
significant cell uptake. Bar = 100 mm. D,E: Cells with AuNP feeding in
growth medium for 2 hours (D), and $ hours (E). The AuNPs are in the
cytoplasm as punctate dots indicating residence in endosomes/
lysosomes. Their distribution is focused around the outside of the
nucleus, but they do not enter it (D, E, arrows). Bar = 50 mm. (F,G): A431
cells incubated with 15 nm AuNPs which had a surface ligand of
glutathione coupled to Erbitux via glutaraldehyde, forming a Schiff’s
base that is pH sensitive (Construct 3, Figure 2). (F) Cells after 24 hours
showing punctate AuNP aggregates in the cytoplasm surrounding, but
not inside the nucleus. (G) Cells after 48 hours showing punctate AuNP
aggregates capping the nucleus in mostly one region instead of
uniformly surrounding it. Bar = 50 mm.
doi:10.1371/journal.pone.0088414.g006
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enzymes) caused all three constructs to heavily aggregate (Table 1

and Figures S11, S12 and S13). A composite diagram of these

effects is shown in Figure 4.

In vitro, Construct 1 AuNPs were found to accumulate in

punctate spots in cellular cytoplasm, presumably in endosomes

and lysosomes (Figure 5A). Aggregation was apparently enhanced

by proteolytic breakdown of the antibody in lysosomes. The

localization of AuNPs in endosomes/lysosomes and their aggre-

gation even at an early incubation time (10 min) was evident by

electron microscopy (Figure 5B). The gold appears to be non-toxic

since cells with AuNPs divided at the same rate as cells without

AuNPs.

Construct 2 AuNPs have carboxyl groups which would be more

protonated in the acidic environment of the endosome/lysosome,

removing negative charge that keeps them apart, allowing them to

approach each close enough such that the attractive van der Waals

force induces aggregation. Exposure to A431 cells in culture

produced obvious cell uptake since the aggregated AuNPs were

black in the light microscope (Figure 6A). The effect was also

antibody specific since the same construct with mouse IgG (a non-

specific antibody) instead of Erbitux showed virtually no cell

uptake (Figure 6B). Also, a coating of 2K MW PEG on the AuNPs

did not promote uptake into the cells (Figure 6C).

A time course showed that the AuNPs first entered cells and

were punctate in the cytoplasm (in endosomes/lysosomes), but

tended to accumulate around the nucleus, rather than being

homogeneous in the cytoplasm. No AuNP aggregates were seen

inside the nucleus. This behavior was observed 2 and 24 hours

after the start of incubation (Figure 6D,E).

Cells incubated with and without Construct 2 were washed in

the culture dishes and the extinction of confluent areas measured

with a spectrophotometer (Figure 7). The spectra for cells not

incubated with gold showed little absorption, consistent with their

clear color. The cells incubated with antibody-AuNPs however,

showed strong additional absorption, not with the spectrum of

isolated AuNPs (Figure 1A), but having substantial extinction at

800 nm, indicative of aggregated AuNPs.

A third approach investigated was to include carboxyl groups

on the AuNP surface by using glutathione, and coupling the

antibody with a pH labile Schiff’s base, again resulting in

aggregation at pH 5.5 (Construct 3, Figure 2). Testing of this

construct in vitro showed a similar behavior to the lipoic acid

construct: The AuNPs entered the target cells and formed

punctate aggregates in the endosomes/lysosomes surrounding

the nucleus (Figure 6F). At 48 hours, however, most of the AuNPs

localized mostly to caps outside and on one side of the nucleus

(Figure 6G).

For in vivo testing, A431 human squamous cell carcinoma cells

were subcutaneously implanted into nude mice. The anti-EGFr-

AuNP conjugates were injected intravenously via tail vein and

showed tumor localization (Figure 8). Mice were dissected and

tissues analyzed for gold content by atomic absorption spectros-

copy. Six hours post iv injection the tumor to muscle ratio was

12.961.8:1. However, this measurement only indicates the total

gold ratio, and does not indicate if the gold is aggregated or not.

Figure 7. Extinction spectra of cells. Cells incubated with the antibody-AuNP lipoic acid (Construct 2) for 2 days showed absorption at 800 nm
compared to control cells without AuNPs, consistent with aggregation of the AuNPs.
doi:10.1371/journal.pone.0088414.g007

Figure 8. Photographs of mice after intravenous injection of AuNPs. (A): Mouse 1.5 hours after tail vein injection of 15 nm AuNPs with
adsorbed anti-tumor antibody (Construct 1) which localized to the tumor on its leg. (B): Mouse before injection of AuNPs. (C): Mouse in (B) 1.5 hours
after iv injection of non-targeted 15 nm AuNPs coated with 2k MW PEG.
doi:10.1371/journal.pone.0088414.g008
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Aggregated AuNPs were measured by isolating them from tumor

and non-tumor (muscle) tissue by a gentle extraction using NaOH

and detergent shown to isolate only aggregated AuNPs. This gave

a tumor to non-tumor ratio of 19.2:1.

Constructs 2 and 3 were used to treat mice with tumors using

AuNP administration followed by NIR irradiation. A control

group with IR exposure alone without any AuNPs resulted in 22%

(2/9) tumor ablation (Figure 9A). The lipoic acid preparation

(Construct 2) resulted in 89% (8/9) tumor ablation after direct

intratumoral injection (Figure 9B), and 100% ablation after

intravenous injection and IR exposure (Figure 9C). The Schiff’s

base preparation (Construct 3) after iv injection and IR exposure

resulted in 100% tumor ablation (Figure 9D). Exemplary animals

before and after treatments are shown in Figure 10. Animals with

ablated tumors exhibited no significant residual scar, no under-

lying tissue damage, and no functional disability (Figure 10E,F).

Many studies validate that smaller nanoparticles penetrate

tissues and tumors better than larger ones [23–26], but we

conducted additional experiments to confirm this. A diffusion cell

was set up to measure the transport of 15 nm AuNPs or 10645 Au

nanorods through a separating porous membrane [20]. Both were

PBS-stabilized with the same 2,000 MW thio-PEG ligand. The

15 nm particles had a permeability coefficient of 1.8361023 cm/

min whereas the nanorods had a permeability coefficient of

1.0161023, showing the smaller 15 nm spherical AuNPs pene-

trate at a rate 1.81 times that of NIR-absorbing gold nanorods.

Discussion

Reported here is the use of small AuNPs that are essentially

transparent to 800 nm light that are actively converted by tumor

cells into highly absorbing particles. The cells essentially act as

catalysts for this conversion, which then leads to amplification of

absorption when exposed to NIR, increased heating, and cell self-

destruction. This differs from the nanoshell and nanorod approach

where larger AuNPs structures are used that are prefabricated to

absorb strongly at 800 nm. The small particle strategy may offer

advantages over larger particles: a) better tumor penetration due to

their smaller size (Figure S14), and b) better tumor-to-non-tumor

heating ratios since background AuNPs in non-tumor tissue that

are not taken up by cells essentially do not absorb. The latter could

provide a significant benefit since limiting damage to surrounding

normal tissue can be crucial and could allow a larger treatment

dose to the tumor to be applied. For example, if targeted nanopar-

ticles have a 8:1 tumor-to-surrounding non-tumor biodistribution,

one would normally expect a treatment ratio (tumor:non-tumor) of

Figure 9. Plots of tumor volume vs. time after IR treatments. (A): IR only, 22% survival (2/9); (B): IR after direct intratumoral injection of 0.2 g
Au/kg 15nm-anti-EGFr lipoic acid AuNP preparation (Construct 2), 89% tumor ablation (8/9); (C): IR after iv injection of 1.0 g Au/kg Construct 2, 100%
tumor ablation (8/8); (D): IR after iv injection of 1.5 g Au/kg 15 nm-anti-EGFr Schiff’s base AuNP preparation (Construct 3), 100% tumor ablation (9/9).
IR treatment: 1.5 W/cm2, 1.9 min.
doi:10.1371/journal.pone.0088414.g009

Figure 10. Mice with tumors before and after IR/AuNP treatment. Top row before treatment, bottom row 3 weeks after IR treatment. (A, D):
No AuNPs, but exposed to IR. (B,E): Mouse with 10 mL direct intratumoral injection of 15nm-anti-EGFr lipoic acid AuNP preparation (Construct 2) and
IR. (C,F): Mouse with intravenous 15nm-anti-EGFr lipoic acid AuNP preparation and IR. There was no residual normal tissue or body impairment with
little to no scarring seen with the AuNP-IR treated animals. IR treatment: 1.5 W/cm2, 1.9 min.
doi:10.1371/journal.pone.0088414.g010
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8:1. However, if the nanoparticles in the tumor are also 10 times

more absorbing than those in the non-tumor, then the treatment

ratio becomes 80:1. Such tumor specificity is rarely achieved by

other means.

AuNPs are endocytosed by cells, particularly if attached to a

receptor ligand such as an internalized antibody, and accumulate

in endosomes/lysosomes [18]. To maximize their close-range

aggregation for maximal absorptive shift into the NIR region, it is

desirable to: a) maximize their uptake and b) ensure that they

closely aggregate. Tumor specificity is important, so an obvious

design is to include an antibody to the tumor (or peptide or other

targeting molecule) that undergoes receptor-mediated endocytosis.

Once in the endosome, aggregation can be optimized by using

chemical groups that promote aggregation and using small ligands

that permit close distances between the aggregated particles, thus

maximizing NIR absorption. Peptide linkers could be used that are

substrates for lysosomal enzymes or tumor enzymes (e.g.,

metalloproteinases). Another approach is to use covalent or non-

covalent bonds that are pH sensitive and are broken at the ,5.5

pH of the endosome and ,5 in the lysosome [27]. A number of

covalent bonds fall into this category, including esters, diortho

esters, Schiff’s bases, cyclic anhydrides, such as maleic or

citraconic anhydrides, acetal bonds, b-thiopropionate, and

hydrzones [27]. Intracellular reducing power (e.g., glutathione

and thiol concentration) is higher compared to that found

extracellularly, and may be used to remove components from

the AuNP shell [28] and expose groups that promote aggregation.

Non-covalent components can also be disrupted by a change in

pH, typically the association of charged groups. A simple design is

the use of a carboxylated AuNP ligand shell that upon protonation

at pH 5 reduces the charge repulsion between AuNPs and induces

aggregation. The amount and size of aggregates might possibly be

controlled by varying the concentration of AuNPs applied, the

total dose of AuNPs administered, varying the targeting ligand

(which would modulate receptor-mediated endocytosis), as well as

the varying the AuNP ligand driving aggregation (e.g., more

carboxyl groups and smaller ligand size for tighter packing).

The average tumor size we used in this study was 84 mm3

which is several times larger than those reported for nanoshells

and nanorods (e.g., ,3 mm diameter, ,27 mm3). One must be

careful in this hyperthermia approach since tumor cells can be

more sensitive to heat than normal tissue [29,30] and from our

experience it is even possible to cure some small tumors with NIR

alone (Figure 9A). The addition of a small amount of absorbing

nanoparticles may tip the balance from not being eradicated to full

ablation. This may explain why significantly lower gold doses are

reported for the nanoshell treatments (,0.04–2 mg Au/kg). More

gold was used for the nanorod treatment study (20 mg Au/kg), but

still less than the amount we have used in our study (1 g Au/kg).

We only used high levels to demonstrate proof-of-principle, and

have not yet investigated what the lowest dose of small AuNPs is

needed to be effective, and therefore it could be in the range of

some of these other studies, or perhaps even lower. Of course,

lower doses are preferable for reducing potential toxicity and

whole body retention.

Although lasers, e.g., at 800 nm, are good sources for NIR

therapy, it is shown here that a simple halogen lamp (replacement

cost ,$12) with a simple water (low pass) and high pass filters can

be used to provide effective treatment. A spectrum is shown in

Figure S15. Water filtered infrared A (wIRA) lamps are commonly

used clinically in wound healing [31–34] and treatment of warts

[35]. They are readily and inexpensively available, and do not

require extensive safety regulation. Because the gold absorption is

not strictly only at 800 nm, a wider spectral range may even be

more efficient than monochromatic 800 nm light from a laser.

The combination of hyperthermia with radiation or chemo-

therapy has been shown to be synergistic [36–38], but difficult to

implement clinically in many cases, and therefore not routinely

used. NIR irradiation of tumors containing AuNPs for generating

local tumor heating could provide a method to realize this synergy

for appropriate tumors. Although our results are dramatic in mice,

what are the obstacles for clinical translation? The use of gold may

incur more cost than some other medications. Also, unless

nanoparticles are very small (,5 nm) or broken down, they do

not exit via the kidneys and excretion via feces is much slower.

Many nanoparticles are taken up by non-tumor cells and may be

retained for months or longer. Since many nanoparticles are

colored, the skin can be discolored for long periods, which, at some

level, may be cosmetically objectionable. Although many forms of

gold nanoparticles appear to be non-toxic [39–41], more thorough

toxicity studies are needed. One limitation of this AuNP-NIR

approach is the poor penetration of light in tissue. At 800 nm, the

optimal ‘‘tissue window’’ where absorbance is minimal, the

intensity is only 10% of the incident intensity at 2 cm [4].

Loading with AuNPs may even make this worse due to their own

absorption. Fiber optic light pipes with diffusers have been

proposed to insert into deeper tumors, but this approach is

invasive and assumes that the irregular shapes of tumors are

known and the multiple light pipes be adequately placed.

Nevertheless, the approach might first be applicable to superficial

tumors on the skin or in the head and neck region. Small AuNPs

might offer an advantage due to the poor penetration of large

AuNPs into tumors. It was shown that albumin (7 nm, 68 kDa)

leaked into tumors but 100 nm liposomes did not [23], thus

limiting penetration of large nanoparticle constructs. A further

worry is the poor clearance of AuNPs in this large size range due

to long-term retention in the liver, spleen and other tissues. Direct

intratumoral injection may be useful for some tumors, but suffers

from invasiveness and need for precise injections that typically do

not adequately cover irregular and large tumors. Nevertheless

tumor control by IR after direct gold injection was impressive

(Figure 9B). Deeper tumors might be accessible via laparoscopy,

catheterization, or surgery. Retreatments of thicker tumors may

also be possible.

Conclusion

We have shown that tumor cells can effect the aggregation of

small gold nanoparticles and shift their absorption into the near

infrared region. By designing the organic shell, these gold

nanoparticles may be targeted to tumor cells in vivo and become

substrates for tumor-specific cellular conversion into highly

absorbing aggregates. Application of near infrared light resulted

in substantial tumor ablation in mice with sparing of normal

tissues. This approach holds promise for clinical application to

tumors accessible to 800 nm light.

Supporting Information

Figure S1 AuNP Construct I incubated with 90% (by
volume) serum (FBS) for 24 hours showed little change
from the starting AuNP construct spectrum, with no
increase in absorbance in the NIR or shift in the surface
plasmon peak. Construct I (black), Construct I in serum for

24 hrs at 37uC (red).

(TIF)
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Figure S2 AuNP Construct 2 incubated with serum (FBS)
for 24 hours showed little change from the starting AuNP
construct spectrum, with no increase in absorbance at
800 nm. Construct 2 (black), Construct 2 in 90% serum (by volume)

for 24 hrs at 37uC, then centrifuged and AuNPs resuspended.

(TIF)

Figure S3 AuNP Construct 3 incubated with serum for
24 hours showed little change from the starting AuNP
construct spectrum, with no increase in absorbance at
800 nm. FBS (red); FBS plus Construct 3 (black); FBS plus

Construct 3 minus FBS control (blue); Construct 3I (green).

(TIF)

Figure S4 Construct 1 incubated with 5% BSA in PBS at

pH 7.4, 37uC for 24 hrs (red) showed virtually no increased

absorbance in the NIR region and no shift in the gold surface

plasmon resonance peak. Shown are spectra for the original

Construct I in PBS (black) and 5% BSA (blue).

(TIF)

Figure S5 Construct I (black) incubated with 5% BSA,
PBS, pH 7.4, 37uC for 1 hr, then purified by centrifuga-
tion and resuspended in PBS (red). No change in

aggregation was apparent.

(TIF)

Figure S6 UV-Vis spectra of Construct 2 incubated with
5% BSA in PBS at pH 7.4, 37uC for 24 hrs (red) showed
virtually no increased absorbance in the NIR region and
no shift in the gold surface plasmon resonance peak
compared to the construct without 5% BSA (black).

(TIF)

Figure S7 Spectra of Construct 3 before (black spec-
trum) and after (red spectrum) incubation with 5% BSA
for 60 hrs at 37uC.At 60 hrs, the AuNPs were centrifu-
gally purified from BSA and resuspended in PBS. No

alteration in the AuNP spectrum was observed.

(TIF)

Figure S8 Incubation of Construct I with either PBS
(black) or 50 mM phosphate buffer, pH 5 (red) at 37uC
for 24 hrs. The low pH caused a red shift of the spectral peak

and considerable more absorption in the NIR region.

(TIF)

Figure S9 Spectra of Construct 2 incubated at pH 5 for
24 hrs at 37uC (red) showed no change from incubation
at pH 7.4 (black).
(TIF)

Figure S10 Spectra of Construct 3 incubated at pH 5 for
24 hrs at 37uC (red) showed slight change from incuba-
tion at pH 7.4 (black).
(TIF)

Figure S11 Shift of absorption into the NIR region when
Construct 1 (black) was exposed to pepsin (red) for
24 hrs at pH 5.
(TIF)

Figure S12 Shift of absorption into the NIR region when
Construct 2 (black) was exposed to pepsin (red) for
24 hrs at pH 5.
(TIF)

Figure S13 Shift of absorption into the NIR region when
Construct 3 (black) was exposed to pepsin (red) for
24 hrs at pH 5.
(TIF)

Figure S14 Size comparison of gold nanoshells, nanor-
ods, 15 and 2 nm gold particles and an IgG molecule.
The smaller ones may have substantially better diffusion, tumor

access, and clearance properties.

(TIF)

Figure S15 Water filtered infrared A (wIRA) lamp
spectrum used with 665 nm pass filter.
(TIF)

File S1 Supporting Information.
(DOCX)

Acknowledgments

The authors wish to thank Mr. Daniel Sasso, Ms. Peggy Micca, and Ms.

Anu Joshi for technical assistance.

Author Contributions

Conceived and designed the experiments: JH MO PL DS HS. Performed

the experiments: JH MO PL DS HS LQ. Analyzed the data: JH MO PL

HS. Contributed reagents/materials/analysis tools: JH MO PL HS. Wrote

the paper: JH.

References

1. Jain PK, Lee KS, El-Sayed IH, El-Sayed MA (2006) Calculated absorption and

scattering properties of gold nanoparticles of different size, shape, and

composition: applications in biological imaging and biomedicine. J Phys

Chem B 110: 7238–7248.

2. El-Sayed IH, Huang X, El-Sayed MA (2006) Selective laser photo-thermal

therapy of epithelial carcinoma using anti-EGFR antibody conjugated gold

nanoparticles. Cancer Lett 239: 129–135.

3. Khlebtsov B, Zharov V, Melnikov A, Tuchin V, Khlebtsov N (2006) Optical

amplification of photothermal therapy with gold nanoparticles and nanoclusters.

Nanotechnology 17: 5167–5179.

4. Ku G, Wang LV (2005) Deeply penetrating photoacoustic tomography in

biological tissues enhanced with an optical contrast agent. Opt Lett 30: 507–509.

5. Oldenburg SJ, Jackson JB, Westcott SL, Halas NJ (1999) Infrared extinction

properties of gold nanoshells. Applied Physics Letters 75: 2897–2899.

6. Hirsch LR, Stafford RJ, Bankson JA, Sershen SR, Rivera B, et al. (2003)

Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic

resonance guidance. Proc Natl Acad Sci U S A 100: 13549–13554.

7. Loo C, Lin A, Hirsch L, Lee MH, Barton J, et al. (2004) Nanoshell-enabled

photonics-based imaging and therapy of cancer. Technol Cancer Res Treat 3:

33–40.

8. O’Neal DP, Hirsch LR, Halas NJ, Payne JD, West JL (2004) Photo-thermal

tumor ablation in mice using near infrared-absorbing nanoparticles. Cancer Lett

209: 171–176.

9. Stern JM, Stanfield J, Lotan Y, Park S, Hsieh JT, et al. (2007) Efficacy of laser-

activated gold nanoshells in ablating prostate cancer cells in vitro. J Endourol 21:

939–943.

10. Huang X, Jain PK, El-Sayed IH, El-Sayed MA (2006) Determination of the

minimum temperature required for selective photothermal destruction of cancer

cells with the use of immunotargeted gold nanoparticles. Photochem Photobiol

82: 412–417.

11. von Maltzahn G, Park JH, Agrawal A, Bandaru NK, Das SK, et al. (2009)

Computationally guided photothermal tumor therapy using long-circulating

gold nanorod antennas. Cancer Res 69: 3892–3900.

12. Souza GR, Christianson DR, Staquicini FI, Ozawa MG, Snyder EY, et al.

(2006) Networks of gold nanoparticles and bacteriophage as biological sensors

and cell-targeting agents. Proc Natl Acad Sci U S A 103: 1215–1220.

13. Hainfeld JF (2008) Methods and compositions for increasing infrared

absorptivity of a target. US Patent Application 20080279946.

14. Nam J, Won N, Jin H, Chung H, Kim S (2009) pH-Induced aggregation of gold

nanoparticles for photothermal cancer therapy. J Am Chem Soc 131: 13639–

13645.

15. Su KH, Wei QH, Zhang X, Mock JJ, Smith DR, et al. (2003) Interparticle

coupling effects on plasmon resonances of nanogold particles. Nano Letters 3:

1087–1090.

Gold Nanoparticle Photothermal Therapy

PLOS ONE | www.plosone.org 10 February 2014 | Volume 9 | Issue 2 | e88414



16. Elghanian R, Storhoff JJ, Mucic RC, Letsinger RL, Mirkin CA (1997) Selective

colorimetric detection of polynucleotides based on the distance-dependent
optical properties of gold nanoparticles. Science 277: 1078–1081.

17. Rechberger W, Hohenau A, Leitner A, Krenn JR, Lamprecht B, et al. (2003)

Optical properties of two interacting gold nanoparticles. Optics Communica-
tions 220: 137–141.

18. Mukherjee P, Bhattacharya R, Bone N, Lee YK, Patra CR, et al. (2007)
Potential therapeutic application of gold nanoparticles in B-chronic lymphocytic

leukemia (BCLL): enhancing apoptosis. J Nanobiotechnology 5: 4.

19. Shen Y, Tang H, Zhan Y, Van Kirk EA, Murdoch WJ (2009) Degradable
poly(beta-amino ester) nanoparticles for cancer cytoplasmic drug delivery.

Nanomedicine 5: 192–201.
20. Chauhan VP, Popovic Z, Chen O, Cui J, Fukumura D, et al. (2011) Fluorescent

nanorods and nanospheres for real-time in vivo probing of nanoparticle shape-
dependent tumor penetration. Angew Chem Int Ed Engl 50: 11417–11420.

21. Yuan SY, Rigor RR (2010). Regulation of Endothelial Barrier Function. San

Rafael (CA).
22. Liu Y, Shipton MK, Ryan J, Kaufman ED, Franzen S, et al. (2007) Synthesis,

stability, and cellular internalization of gold nanoparticles containing mixed
peptide-poly(ethylene glycol) monolayers. Anal Chem 79: 2221–2229.

23. Kong G, Braun RD, Dewhirst MW (2000) Hyperthermia enables tumor-specific

nanoparticle delivery: effect of particle size. Cancer Res 60: 4440–4445.
24. Robinson JM, Takizawa T, Vandre DD (2000) Enhanced labeling efficiency

using ultrasmall immunogold probes: immunocytochemistry. J Histochem
Cytochem 48: 487–492.

25. Takizawa T, Robinson JM (1994) Use of 1.4-nm immunogold particles for
immunocytochemistry on ultra-thin cryosections. J Histochem Cytochem 42:

1615–1623.

26. Portet D, Denizot B, Rump E, Lejeune JJ, Jallet P (2001) Nonpolymeric
Coatings of Iron Oxide Colloids for Biological Use as Magnetic Resonance

Imaging Contrast Agents. J Colloid Interface Sci 238: 37–42.
27. Wolff JA, Rozema DB (2008) Breaking the bonds: non-viral vectors become

chemically dynamic. Mol Ther 16: 8–15.

28. Hong R, Han G, Fernandez JM, Kim BJ, Forbes NS, et al. (2006) Glutathione-
mediated delivery and release using monolayer protected nanoparticle carriers.

J Am Chem Soc 128: 1078–1079.
29. Kawai N, Ito A, Nakahara Y, Futakuchi M, Shirai T, et al. (2005) Anticancer

effect of hyperthermia on prostate cancer mediated by magnetite cationic
liposomes and immune-response induction in transplanted syngeneic rats.

Prostate 64: 373–381.

30. Connor WG, Gerner EW, Miller RC, Boone ML (1977) Prospects for

hyperthermia in human cancer therapy. Part II: implications of biological and

physical data for applications of hyperthermia to man. Radiology 123: 497–503.

31. Melling AC, Ali B, Scott EM, Leaper DJ (2001) Effects of preoperative warming

on the incidence of wound infection after clean surgery: a randomised controlled

trial. Lancet 358: 876–880.

32. Hartel M, Hoffmann G, Wente MN, Martignoni ME, Buchler MW, et al. (2006)

Randomized clinical trial of the influence of local water-filtered infrared A

irradiation on wound healing after abdominal surgery. Br J Surg 93: 952–960.

33. Hoffmann G (1994) Improvement of wound healing in chronic ulcers by

hyperbaric oxygenation and by waterfiltered ultrared A induced localized

hyperthermia. Adv Exp Med Biol 345: 181–188.

34. Mercer JB, Nielsen SP, Hoffmann G (2008) Improvement of wound healing by

water-filtered infrared-A (wIRA) in patients with chronic venous stasis ulcers of

the lower legs including evaluation using infrared thermography. Ger Med Sci 6:

Doc11.

35. Fuchs SM, Fluhr JW, Bankova L, Tittelbach J, Hoffmann G, et al. (2004)

Photodynamic therapy (PDT) and waterfiltered infrared A (wIRA) in patients

with recalcitrant common hand and foot warts. Ger Med Sci 2: Doc08.

36. Kampinga HH (2006) Cell biological effects of hyperthermia alone or combined

with radiation or drugs: a short introduction to newcomers in the field.

Int J Hyperthermia 22: 191–196.

37. Lee H, Kim S, Choi BH, Park MT, Lee J, et al. (2011) Hyperthermia improves

therapeutic efficacy of doxorubicin carried by mesoporous silica nanocontainers

in human lung cancer cells. Int J Hyperthermia 27: 698–707.

38. Yanase S, Nomura J, Matsumura Y, Watanabe Y, Tagawa T (2009) Synergistic

increase in osteosarcoma cell sensitivity to photodynamic therapy with

aminolevulinic acid hexyl ester in the presence of hyperthermia. Photomed

Laser Surg 27: 791–797.

39. Connor EE, Mwamuka J, Gole A, Murphy CJ, Wyatt MD (2005) Gold

nanoparticles are taken up by human cells but do not cause acute cytotoxicity.

Small 1: 325–327.

40. Qian X, Peng XH, Ansari DO, Yin-Goen Q, Chen GZ, et al. (2008) In vivo

tumor targeting and spectroscopic detection with surface-enhanced Raman

nanoparticle tags. Nat Biotechnol 26: 83–90.

41. Shukla R, Bansal V, Chaudhary M, Basu A, Bhonde RR, et al. (2005)

Biocompatibility of gold nanoparticles and their endocytotic fate inside the

cellular compartment: a microscopic overview. Langmuir 21: 10644–10654.

Gold Nanoparticle Photothermal Therapy

PLOS ONE | www.plosone.org 11 February 2014 | Volume 9 | Issue 2 | e88414


