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Abstract

The following study examines the feasibility of nanoshell-assisted photo-thermal therapy (NAPT). This technique takes

advantage of the strong near infrared (NIR) absorption of nanoshells, a new class of gold nanoparticles with tunable optical

absorptivities that can undergo passive extravasation from the abnormal tumor vasculature due to their nanoscale size. Tumors

were grown in immune-competent mice by subcutaneous injection of murine colon carcinoma cells (CT26.WT). Polyethylene

glycol (PEG) coated nanoshells (<130 nm diameter) with peak optical absorption in the NIR were intravenously injected and

allowed to circulate for 6 h. Tumors were then illuminated with a diode laser (808 nm, 4 W/cm2, 3 min). All such treated tumors

abated and treated mice appeared healthy and tumor free .90 days later. Control animals and additional sham-treatment

animals (laser treatment without nanoshell injection) were euthanized when tumors grew to a predetermined size, which

occurred 6–19 days post-treatment. This simple, non-invasive procedure shows great promise as a technique for selective

photo-thermal tumor ablation.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The destruction of solid tumors using hyperthermia

has been under investigation for some time. Pre-

viously investigated thermal therapies have employed

a variety of heat sources including laser light, [1–4]

focused ultrasound, [5] and microwaves [6–8].

The benefits of thermal therapeutics over convention-

al resection are numerous; most approaches are

minimally or non-invasive, relatively simple to per-

form, and have the potential of treating embedded

tumors in vital regions where surgical resection is not

feasible. However, in order to reach underlying

tumors or to treat large tumors, the activating energy

source must sufficiently penetrate healthy tissues.

Unfortunately, simple heating techniques have trouble

discriminating between tumors and surrounding

healthy tissues, and often heat intervening tissue
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between the source and the target site. Several groups

have investigated treatment of tumors via hyperther-

mia using deep penetrating near infrared (NIR) lasers

with or without contrast enhancing agents (indocya-

nine green); however, success with current systems

has been modest [1,9,10].

This study introduces a new laser-induced thermal

therapy employing systemically delivered, NIR

absorbing nanoparticles called nanoshells. Nanoshells

are a new class of optically tunable nanoparticles

composed of a dielectric core (silica) coated with an

ultrathin metallic layer (gold) [11]. By adjusting the

relative core and shell thickness, nanoshells can be

manufactured to absorb or scatter light at a desired

wavelength across visible and NIR wavelengths. This

optical tunability permits the fabrication of nanoshells

with a peak optical absorption in the NIR, a region of

light where optical penetration through tissue is

optimal [12]. Furthermore, the metal shell of the

nanoshell converts absorbed light to heat with an

efficacy and stability that far exceeds that of

conventional dyes investigated earlier. Nanoshells

possess absorption cross sections that are six orders of

magnitude larger than indocyanine green, making this

material a much stronger NIR absorber, and therefore

a more effective photothermal coupling agent [13]. In

addition, a nanoshell’s absorption properties are

dependent upon the material’s rigid metallic structure

rather than the more labile molecular orbital elec-

tronic transitions of conventional dyes. This makes

nanoshells less susceptible to photobleaching, a

problem commonly associated with dyes. The efficacy

of nanoshells as a NIR absorber has already been

demonstrated in a series of in vivo magnetic

resonance thermal imaging (MRTI) studies examin-

ing temperature profiles of nanoshell-loaded tumors

irradiated with NIR light. These studies found nano-

shells absorb NIR light and generate increased

temperatures sufficient to produce irreversible

photo-thermal damage to subcutaneous tumors [14].

As a biomaterial, nanoshells are composed of

elements generally understood to be biocompatible.

The metal surface of the nanoshells employed here

consists of gold, an inert metal well known for its

biocompatibility. To further improve biocompatibil-

ity, ‘stealthing’ polymers like poly(ethylene glycol)

(PEG) can be grafted to nanoshell surfaces using

simple molecular self assembly techniques [15]. It has

been demonstrated that stealthing liposomes as well

as other biomolecules and materials with PEG

suppresses immunogenic responses, improving

blood circulation times and overall material/implant

performance [16,17].

Substantial prior research has investigated the

delivery of macromolecules and small particles

through the tumor vasculature. It has been demon-

strated that macromolecules and small particles in the

60–400 nm size range will extravasate and accumu-

late in tumors [18–22] via a passive mechanism

referred to as the ‘enhanced permeability and

retention’ (EPR) effect [23,24]. This behavior has

been attributed to the leaky nature of tumor vessels,

which contain wide interendothelial junctions, an

incomplete or absent basement membrane, a dysfunc-

tional lymphatic system, and large numbers of

transendothelial channels [19,25]. NIR absorbing

nanoshells can be manufactured within size ranges

that should demonstrate the same preferential, size-

dependent accumulation in tumors via the EPR effect.

This report describes a new technique that exploits

the optical, chemical and physical properties of

nanoshells in conjunction with the deep penetrating

properties of NIR light for a targeted, minimally

invasive photothermal therapy. The principle goal of

this project was to determine the efficacy of NAPT

using nanoshells fabricated of an appropriate size for

extravasation into tumors with optical absorption in

the NIR. Subcutaneous tumors were grown in mice,

solutions of PEG-coated (or ‘PEGylated’) nanoshells

were injected intravenously, and accumulation within

the tumor was monitored. Nanoshell-treated tumors

and nanoshell-free shams were then exposed to NIR

light. Resultant heating and therapeutic efficacy was

assessed via surface temperature measurements,

monitoring of tumor growth/regression, and animal

survival times.

2. Materials and methods

2.1. Synthesis of thiolated polyethylene

glycol (PEG-SH)

PEG with a terminal thiol group (PEG-SH)

was synthesized by reacting PEG-amine (MW

5000, chromatographically pure, Nektar) with
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2-iminothiolane (Sigma) for 1 hour. The product was

then dialyzed (MWCO 3500 dialysis cassette, Pierce)

against deionized (DI) H2O for 6–8 hours to remove

excess reagent. The PEG-SH yield was determined

colorimetrically at 412 nm after reaction with

Ellman’s Reagent (5,50-Dithio-bis(2-Nitrobenzoic

Acid), Sigma). The product was stored in aliquots

at 220 8C.

2.2. Gold-silica nanoshell fabrication

Nanoshells were fabricated as previously described

[26]. Briefly, 110 nm diameter silica nanoparticles

were obtained (MP-1040, Nissan Chemical America

Corporation) and suspended in ethanol. The particle

surface was then terminated with amine groups by

reaction with 3-aminopropyltriethoxysilane (APTES,

97 þ %, Avocado Research Chemicals, Ltd). Very

small gold colloid (1–3 nm dia.) was grown using the

method of Duff, et al. [27]. This colloid was aged for

4–14 days at 6 8C and then concentrated using a

rotary evaporator. The aminated silica particles were

then added to the gold colloid suspension. Gold

colloid adsorbs to the amine groups on the silica

surface resulting in a silica nanoparticle covered with

islands of gold colloid. Gold-silica nanoshells were

then grown by reacting HAuCl4 (Sigma-Aldrich) with

the silica-colloid particles in the presence of formal-

dehyde. This process reduces additional gold onto the

colloid adsorbed the silica particle surface. These

colloidal islands serve as nucleation sites, causing the

surface colloid to grow, eventually coalescing with

neighboring colloid, to form a complete metal shell.

Nanoshell optical properties were assessed using a

UV–Vis spectrophotometer (Genesys 5, Spectronic,

Inc.). The resulting nanoshell solutions possessed an

8–10 nm thick gold shell, generating a peak optical

absorption at 805–810 nm. Nanoshell surfaces were

coated with PEG by combining PEG-SH (25mM final

concentration) with nanoshells (8£109nanoshells/ml)

in DI water for 1 hr, followed by centrifugation to

remove residual PEG-SH from the nanoshell formu-

lation. Prior to injection, PEGylated nanoshells were

resuspended at 2.0 £ 1011 nanoshells/ml concen-

tration in sterile 0.9% saline solution and sterilized

using a 0.22 mm syringe filter.

2.3. Tumor inoculation

All animals were handled and cared for in

accordance with the ‘Guide for the Care and Use of

Laboratory Animals’ [28] 25 female albino BALB/

cAnNHsd mice (5–6 weeks age, 15–20 g, Harlan

Sprague–Dawley, Indianapolis, IN) were obtained.

Each was shaved on the right dorsal flank prior to

subcutaneous inoculation with 1.5 £ 105 (50 ml injec-

tion volume) CT26.WT murine colon carcinoma

tumor cells (ATCC) [29].

2.4. Nanoshell injection and laser treatment

Mice were selected for treatment when the

subcutaneous tumors reached 3–5.5 mm diameter as

measured with a digital caliper (8–16 days post-

inoculation). A 5.5 mm tumor diameter was selected

as the maximum possible treatment size due to the

spot size of the collimated laser. Seven of the mice

had two tumors, and 17 had one. These were randomly

distributed between 3 groups. Prior to each nanoshell

injection, each mouse was anesthetized via intraper-

itoneal avertin injection (120 mg/kg, or 20 ml/g body

weight, 1.2% solution). 100 ml of the 2.4 £

1011 nanoshells/ml solution was then injected via the

tail vein for mice in the treatment group. For the sham

treatment group, a 100 ml 0.9% sterile saline injection

was substituted for the nanoshells suspension. The

control group received no intravenous injections or

subsequent laser treatment. Laser treatments on the

nanoshell treatment and sham treatment groups were

performed 6 h after injection to allow the systemically

delivered nanoshells time to accumulate in the

tumors. The skin at the tumor site was swabbed with

polyethylene glycol (Aldrich) as an index matching

agent to maximize penetration of light into the tissue.

Tumors in the nanoshell and sham treatment groups

were exposed to NIR light (808 nm diode laser,

800 mW, Power Technologies, Alexander, AR;

600 mm fiber optic patch cable to a collimating lens,

1:1 Optical Imaging Accessory, Coherent, Inc., Santa

Clara, CA) at 4 W/cm2 for 3 min. An additional laser

treatment was performed on one mouse in the

nanoshell treatment group at a spot 3 mm away

from the tumor to determine if abnormal heating

occurred in nearby normal tissue where nanoshells

should not have accumulated.
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During the NIR treatments, the cutaneous tem-

perature was measured with a handheld infrared

thermometer (Omegascope OS530L-CF, Omega

Engineering, Stamford, CT) which integrates thermal

measurements across a 5 mm diameter spot. Post-

treatment tumor size measurements were taken daily

using a digital caliper. Survival time was also

monitored, and animals were euthanized via trifluor-

oethane asphyxiation when tumor diameter reached

10 mm.

Statistical analysis was performed on the three

groups by comparing the means of the tumor sizes at

day 0 and day 10 post-treatment and computing the

level of significant difference as measured by the p

value. Similarly, p values were computed to compare

the mean surface temperatures measured for the

treatment and sham treatment groups. The survival

time comparison for the three groups was augmented

with a Kaplan-Meier survival analysis which gener-

ates confidence intervals for survival times.

3. Results and discussion

Surface temperature measurements were obtained

during each NIR laser treatment for the 15 mice in the

nanoshell and sham treatment groups as described.

The surface temperature is a surrogate for tempera-

tures achieved within the tumors of the NAPT

treatment group as well as a measurement of

thermal absorption by skin and tissue in both laser

treated groups. By 30 s, the mean temperature of

Fig. 1. Mean tumor size measured on treatment day and 10 days

later for 25 tumors. All tumors which were treated using NAPT

showed complete necrosis by day 10. One standard deviation

is shown. NAPT treatment group ðn ¼ 7Þ; sham treatment group

ðn ¼ 8Þ; untreated controls ðn ¼ 9Þ:

Fig. 2. A survival time plot for the three groups for the first 60 days. The mean survival time for the control group was 10.1 days with a 95%

confidence interval of 9.2–11.1 days. The mean survival time for the sham group was 12.5 days with a 95% confidence interval of 9.5–15.5

days. By 18 days the mean survival time of the treatment group was significantly higher ðP , 0:001Þ compared to either the control or the sham

group.
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the laser/nanoshell treated tumors (,50 8C) was

significantly higher than NIR treated but nanoshell-

free controls ðP , 0:0001Þ: For comparison, a NIR

treatment was applied to a healthy skin area several

mm away from the tumor site on a nanoshell treated

animal. In this non-tumor location, thermal responses

were identical to those observed in animals that had

not received a nanoshell treatment. This suggested

that a preferential accumulation of nanoshells via the

EPR effect was sufficient to generate a therapeutic

result at the tumor site but not sufficient to affect

damage to surrounding healthy tissues.

Tumor size and animal survival were monitored for

90 days following treatment. Within 10 days of

nanoshell treatment, complete resorption of the tumor

was observed. At 90 þ days post-treatment, all mice

remained healthy and free of tumors. Meanwhile,

tumors in both the sham and control groups continued

to grow rapidly (Fig. 1). Mice were euthanized when

tumor diameter exceeded 10 mm (corresponding to

.5% body weight). All control mice were euthanized

by day 12 (mean survival time 10.1 days) and all mice

in the sham group were euthanized by day 19 (mean

survival time 12.5 days) (Fig. 2).

The goals of this study were to determine if

nanoshell-assisted photo-thermal ablation would

arrest the growth of tumors grown in mice. NAPT-

treated tumors displayed complete regression and

these mice remained healthy and tumor-free .90

days following treatment. Further research is ongoing

to optimize treatment parameters and to investigate

the mechanisms involved in tumor regression follow-

ing NAPT treatment. These studies will include

analysis of nanoshell biodistribution and histological

assessment of tissue damage.

This material is based upon work funded by the

National Science Foundation under Grant Nos. DMI-

0319962 and EEC-0118007.

References

[1] W.R. Chen, R.L. Adams, R. Carubelli, R.E. Nordquist, Laser-

photosensitizer assisted immunotherapy: a novel modality for

cancer treatment, Cancer Lett. 115 (1997) 25–30.

[2] M. Castren-Persons, T. Schroder, O.J. Ramo, P. Puolakkainen,

E. Lehtonen, Contact Nd:YAG laser potentiates the tumor cell

killing effect of hyperthermia, Lasers Surg. Med. 11 (1991)

595–600.

[3] S.M. Waldow, P.R. Morrison, L.I. Grossweiner, Nd:YAG

laser-induced hyperthermia in a mouse tumor model, Lasers

Surg. Med. 8 (1988) 510–514.

[4] C.M. Philipp, E. Rohde, H.P. Berlien, Nd:YAG laser

procedures in tumor treatment, Semin. Surg. Oncol. 11

(1995) 290–298.

[5] F.A. Jolesz, K. Hynynen, Magnetic resonance image-guided

focused ultrasound surgery, Cancer J. 8 (suppl. 1) (2002)

S100–S12.

[6] G.S. Gazelle, S.N. Goldberg, L. Solbiati, T. Livraghi, Tumor

ablation with radio-frequency energy, Radiology 217 (2000)

633–646.

[7] A.N. Mirza, B.D. Fornage, N. Sneige, H.M. Kuerer,

L.A. Newman, F.C. Ames, S.E. Singletary, Radiofrequency

ablation of solid tumors, Cancer J. 7 (2001) 95–102.

[8] T. Seki, M. Wakabayashi, T. Nakagawa, M. Imamura,

T. Tamai, A. Nishimura, et al., Percutaneous microwave

coagulation therapy for patients with small hepatocellular

carcinoma: comparison with percutaneous ethanol injection

therapy, Cancer 85 (1999) 1694–1702.

[9] M. Prudhomme, J. Tang, S. Rouy, G. Delacretaz, R.P. Salathe,

G. Godlewski, Interstitial diode laser hyperthermia in the

treatment of subcutaneous tumor, Lasers Surg. Med. 19 (1996)

445–450.

[10] W.R. Chen, R.L. Adams, A.K. Higgins, K.E. Bartels,

R.E. Nordquist, Photothermal effects on murine mammary

tumors using indocyanine green and an 808-nm diode laser: an

in vivo efficacy study, Cancer Lett. 98 (1996) 169–173.

[11] S.J. Oldenburg, J.B. Jackson, S.L. Westcott, N.J. Halas,

Infrared extinction properties of gold nanoshells, Appl. Phys.

Lett. 111 (1999) 2897.

[12] R. Weissleder, A clearer vision for in vivo imaging, Nat.

Biotechnol. 19 (2001) 316–317.

[13] M.L.J. Landsman, G. Kwant, G.A. Mook, W.G. Zijlstra,

Light- absorbing properties, stability, and spectral stabilization

of indocyanine green, J. Appl. Physiol. 40 (1976) 575–583.

[14] L.R. Hirsch, R.J. Stafford, J.A. Bankson, S.R. Sershen, B.

Rivera, R.E. Price, Nanoshell-mediated near infrared thermal

therapy of tumors under MR guidance, Proc. Natl Acad. Sci.

100 (23) (2003) 13549–13554.

[15] L.R. Hirsch, J.B. Jackson, A. Lee, N.J. Halas, J.L. West,

A whole blood immunoassay using gold nanoshells, Anal.

Chem. 75 (2003) 2377–2381.

[16] A.M. Chen, M.D. Scott, Current and future applications of

immunological attenuation via pegylation of cells and tissue,

BioDrugs 15 (2001) 833–847.

[17] J.M. Harris, N.E. Martin, M. Modi, Pegylation: a novel

process for modifying pharmacokinetics, Clin. Pharmacoki-

net. 40 (2001) 539–551.

[18] G. Kong, R.D. Braun, M.W. Dewhirst, Hyperthermia enables

tumor-specific nanoparticle delivery: effect of particle size,

Cancer Res. 60 (2000) 4440–4445.

[19] O. Ishida, K. Maruyama, K. Sasaki, M. Iwatsuru, Size-

dependent extravasation and interstitial localization of

polyethyleneglycol liposomes in solid tumor-bearing mice,

Int. J. Pharm. 190 (1999) 49–56.

D.P. O’Neal et al. / Cancer Letters 209 (2004) 171–176 175



[20] D.C. Litzinger, A.M. Buiting, N. van Rooijen, L. Huang,

Effect of liposome size on the circulation time and intraorgan

distribution of amphipathic poly(ethylene glycol)-containing

liposomes, Biochim. Biophys. Acta 1190 (1994) 99–107.

[21] F. Yuan, M. Leunig, S.K. Huang, D.A. Berk, D. Papahadjo-

poulos, R.K. Jain, Microvascular permeability and

interstitial penetration of sterically stabilized (stealth) lipo-

somes in a human tumor xenograft, Cancer Res. 54 (1994)

3352–3356.

[22] S.K. Hobbs, W.L. Monsky, F. Yuan, W.G. Roberts, L. Griffith,

V.P. Torchilin, R.K. Jain, Regulation of transport pathways in

tumor vessels: role of tumor type and microenvironment, Proc.

Natl Acad. Sci. USA 95 (1998) 4607–4612.

[23] H. Maeda, The enhanced permeability and retention (EPR)

effect in tumor vasculature: the key role of tumor-selective

macromolecular drug targeting, Adv. Enzyme Regul. 41

(2001) 189–207.

[24] H. Maeda, J. Fang, T. Inutsuka, Y. Kitamoto, Vascular

permeability enhancement in solid tumor: various factors,

mechanisms involved and its implications, Int. Immunophar-

macol. 3 (2003) 319–328.

[25] H.F. Dvorak, J.A. Nagy, J.T. Dvorak, A.M. Dvorak,

Identification and characterization of the blood vessels of

solid tumors that are leaky to circulating macromolecules,

Am. J. Pathol. 133 (1988) 95–109.

[26] S.J. Oldenberg, R.D. Averitt, S.L. Westcott, N.J. Halas,

Nanoengineering of Optical Resonances, Chem. Phys. Lett. 28

(1998) 243–247.

[27] D.G. Duff, A. Baiker, A new hydrosol of gold clusters.

1. Formation and particle size variation, Langmuir 9 (1993)

2301.

[28] National Research Council, Guide for the Care and Use of

Laboratory Animals, National Academy Press, Washington,

DC, 1996.

[29] M. Wang, V. Bronte, P.W. Chen, L. Gritz, D. Panicali, S.A.

Rosenberg, N.P. Restifo, Active immunotherapy of cancer with

a nonreplicating recombinant fowlpox virus encoding a model

tumor-associated antigen, J. Immunol. 154 (1995) 4685–4692.

D.P. O’Neal et al. / Cancer Letters 209 (2004) 171–176176


	Photo-thermal tumor ablation in mice using near infrared-absorbing nanoparticles
	Introduction
	Materials and methods
	Synthesis of thiolated polyethylene glycol (PEG-SH)
	Gold-silica nanoshell fabrication
	Tumor inoculation
	Nanoshell injection and laser treatment

	Results and discussion
	References


