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Photothermal Therapy
Targetable Gold Nanorods for Epithelial Cancer Therapy 
Guided by Near-IR Absorption Imaging

Jihye Choi, Jaemoon Yang, Doyeon Bang, Joseph Park, Jin-Suck Suh,  
Yong-Min Huh,* and Seungjoo Haam*
Well-designed nanoparticle-mediated, image-guided cancer therapy has attracted 
interest for increasing the efficacy of cancer treatment. A new class of smart 
theragnostic nanoprobes employing cetuximab (CET)-conjugated polyethylene glycol 
(PEG)ylated gold nanorods (CET-PGNRs) is presented; these nanoprobes target 
epithelial cancer cells using near-infrared light. The cetyltrimethylammonium bromide 
bilayer on GNRs is replaced with heterobifunctional PEG (COOH-PEG-SH) 
to serve as a biocompatible stabilizer and to increase specificity. The carboxylated 
GNRs are further functionalized with CET using 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide/N-hydroxysuccinimide (EDC-NHS) chemistry. To assess the potential 
of such GNRs, their optical properties, biocompatibility, colloidal stability, in vitro/in 
vivo binding affinities for cancer cells, absorption imaging, and photothermal therapy 
effects are investigated. CET-PGNRs exhibit excellent tumor targeting ability and 
strong potential for simultaneous absorption imaging and photothermal ablation of 
epithelial cancer cells.
1. Introduction

Recently, great advances in nanomedicine have introduced 
a novel concept, theragnosis, to serve simultaneously as a 
therapeutic and a diagnostic well-tailored nanoplatform. This 
relatively new concept considers efficient delivery of thera-
peutic agents concurrently with real-time monitoring of the 
tumor region.[1]
746 wileyonlinelibrary.com © 2012 Wiley-VCH Verlag Gm

DOI: 10.1002/smll.201101789

J. Choi, D. Bang, J. Park, Prof. S. Haam
Department of Chemical and Bimolecular Engineering  
Yonsei University  
Seoul 120–749, Republic of Korea  
E-mail: haam@yonsei.ac.kr

Prof. J. Yang, Prof. J.-S. Suh, Prof. Y.-M. Huh
Department of Radiology  
Yonsei University  
Seoul 120–752, Republic of Korea  
E-mail: ymhuh@yuhs.ac

Prof. J. Yang, Prof. J.-S. Suh, Prof. Y.-M. Huh, Prof. S. Haam
YUHS-KRIBB Medical Convergence Research Institute  
Seoul 120–752, Republic of Korea
One of the most promising approaches is utilizing gold 
nanorods (GNRs) because GNRs are strong potential pho-
tothermal therapeutic agents that can convert absorbed 
energy into heat and are valuable contrast agents using high 
absorption.[2,3]

Localized photothermal therapy, the first function of 
GNRs, has been considered a non-invasive approach for 
cancer treatment in which biological tissues are exposed to 
a sudden raise to a high temperature, which promotes pro-
tein denaturation or the disruption of organized biomole-
cules in the nucleus and cytoskeleton.[4] Extensive work on 
thermal therapies, such as the use of a variety of heat sources 
including laser light,[5] radiofrequency,[6] and microwaves,[7] 
has been previously introduced. The major goal of this work 
has been to develop minimally invasive thermal treatments 
and to conform a lethal dose of heat with as little damage 
as possible to surrounding normal tissues. However, radiofre-
quency and microwave therapies give rise to tissue problems. 
Energy deposition is often much slower with these methods, 
requiring increased treatment time and producing less sharp 
lesion boundaries.[7] Although these heat sources are able 
to penetrate deep-tissue, they may require high energy due 
to their permeable nature. This could produce undesirable 
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Scheme 1. Schematic illustration of CET-PGNRs as near-infrared (NIR) absorption imaging and photothermal therapeutic agents for treatment of 
epithelial cancer.
photothermal effects in surrounding tissues.[8] In contrast, 
laser irradiation at near-infrared (NIR) wavelengths can pen-
etrate tissue with sufficient intensity and spatial precision 
for localized photothermal therapy. GNRs display long life-
times and their transverse surface plasmon band is located 
at approximately 520 nm, whereas the longitudinal surface 
plasmon band is located in the NIR region.[9]

In addition to photothermal therapy, a new application 
of GNRs is optical molecular imaging using NIR absorption. 
NIR optical imaging using NIR light offers potentially non-
invasive and real-time characterization of diseased tissues 
using optical imaging probes, including quantum dots and 
fluorescent dye-doped nanoparticles. However, despite their 
widespread use, fluorescent dyes are easily susceptible to 
phtobleaching,[10] and quantum dots are difficult to function-
alize in a controlled manner and are potentially toxic to cells, 
thus posing a concern for in vitro and in vivo applications.[11] 
Therefore, GNRs designed to date have provided potential 
theragnostic nanoprobes for early diagnosis and minimally-
invasive treatments.

Herein, we demonstrate a new class of NIR absorption 
imaging and therapy probes using GNRs for the treatment 
of epithelial cancer. To increase specificity against targeted 
cancers, we modified the surface of the polyethylene glycol 
(PEG)ylated GNRs (PGNRs) with cetuximab (CET), an 
anti-epidermal growth factor receptor (EGFR) and a chi-
meric monoclonal antibody (mAb) that specifically blocks the 
EGF binding site. EGFR is an important molecular marker. 
When upregulated, its signaling promotes cell prolifera-
tion, metastasis, angiogenesis, and blocking of apoptosis, 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 8, No. 5, 746–753
which ultimately leads to multiple tumorgenic processes.[12] 
Therefore, early detection of EGFR is also crucial for effec-
tive treatment. For the assessment of the feasibility of CET-
PGNRs to serve as a smart combination agent for imaging 
and therapy, we investigated their in vitro/in vivo imaging and 
therapeutic efficacies, optical properties, biocompatibility, col-
loidal stability, and affinity for tumor cells. A diagram of the 
CET-PGNRs is provided in Scheme 1.

2. Results and Discussion

2.1. Synthesis and Characterization of CET-PGNRs

Using a seed-mediated growth method, we synthesized GNRs 
as NIR absorption imaging and photothermal therapeutic 
agents for treating epithelial cancer.[13] To apply GNRs as 
biomedical probes, the cationic surfactant cetyltrimethylam-
monium bromide (CTAB) used on the surfaces of GNRs 
must be eliminated and replaced, because the release of cati-
onic CTAB molecules can induce cytotoxicity by disrupting 
cellular membranes.[14] Thus, we synthesized PGNRs by 
exchanging CTAB with heterobifunctional polyethyleneglycol 
(COOH-PEG-SH) as a stabilizer. The gold-thiol reaction was 
initiated by the oxidative addition of the S-H bond to the 
gold, followed by the reductive elimination of the hydrogen. 
The morphologies of the prepared GNRs and PGNRs were 
also examined by transmission electron microscopy (TEM), 
and their optical plasmon peaks were analyzed by UV–vis 
spectrometry. Both GNRs and PGNRs showed aspect ratios 
747www.small-journal.combH & Co. KGaA, Weinheim
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Figure 1. UV–vis absorption spectrum and TEM image (inset) of the  
CET-PGNRs.
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(longitudinal/transverse) of approximately 4.0 (see Sup-
porting Information (SI), Figure S1, inset). Two main absorp-
tion bands were apparent: a transverse absorption band at  
520 nm resulting from coherent electronic oscillation along the 
short axis, and a longitudinal band at 800 nm (Figure S1, SI).  
We observed that surface modifications of the GNR solution 
did not greatly affect the intrinsic morphology and optical 
properties of the GNRs.

To evaluate the chemical structure of PGNRs, 1H–NMR 
spectra were obtained (Figure 2a). The characteristic peak 
of PEG, due to the ethylene glycol chain (–CH2CH2O–), was 
observed at 3.6 ppm (Figure 2a, grey line), whereas those of 
CTAB (3.2 ppm, 1.3 ppm, and 0.9 ppm) were not detected 
(Figure 2a, black line). These results indicate that the GNRs 
were successfully enveloped in heterobifunctional PEG 
without inclusion of CTAB molecules.

For targeted delivery of PGNRs to epithelial cancer 
cells, CET was conjugated to the surface of PGNRs by con-
jugation between the primary amine (–NH2) groups and the 
carboxylic acid groups (–COOH) using 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide/N-hydroxysuccinimide (EDC-
NHS) chemistry. N-hydroxysulfosuccinimide (sulfo-NHS) 
was used to allow the carbodiimides to form active ester 
48 www.small-journal.com © 2012 Wiley-VCH Verlag Gm

Figure 2. a) 1H-NMR spectra of PGNRs (grey line) and CTAB (black line). b
CET-PGNRs.
functional groups with carboxylated groups. Sulfo-NHS 
esters are hydrophilic active groups that react rapidly with 
the amines of CET. In the Fourier transform infrared (FT-
IR) spectrum (Figure 2b), a characteristic peak for the amide 
bond was observed because the carboxylated surface of the 
GNRs reacts with an amine in the antibody during the EDC-
NHS reaction to produce a stable amide linkage. These char-
acteristic peaks were observed at 1680 cm−1 (C=O stretch),  
3300 cm−1 (–N–H stretch), and 1640 cm−1 (–N–H bend). These 
data strongly demonstrate that the desired CET-PGNRs were 
successfully synthesized when CET was covalently attached 
to the outer ends of the PEG monolayer via carboxylic acid 
bonds (Scheme 1).

To quantify CET conjugation to the surface of PGNRs, a 
bicinchoninic acid (BCA) protein assay kit (Pierce) was used. 
Fifty equivalent CET molecules were conjugated on each 
PGNR. CET specifically binds to the EGF binding site of 
EGFR, which is overexpressed in high density on cancer cell 
surfaces.[12] Thus, CET-PGNRs will be a reliable marker of 
epithelial cancer. TEM images and the absorption spectra of 
CET-PGNRs were similar to those obtained for GNRs and 
PGNRs (Figure 1).

We also observed the colloidal stability of GNRs, 
PGNRs, and CET-PGNRs motionlessly incubated in 100% 
goat serum (i.e., blood plasma without fibrinogen or other 
clotting factors) at 37 °C for 72 h. Furthermore, we evalu-
ated the stability of CET-PGNRs over a wide range of pHs 
(7–12) and at various sodium chloride (NaCl) concentra-
tions (0.01–0.1 m). CET-PGNRs remained stable even after  
3 weeks. CET-PGNRs did not aggregate or precipitate even 
in high salt concentrations (NaCl; 0.01–0.1 m) because the 
PEG chains on the surface of the CET-PGNRs protected 
them from attack by ions and proton concentration changes. 
Consequently, CET-PGNRs demonstrated excellent colloidal 
stability (Figure S2, SI). To validate the photothermal therapy 
potential of CET-PGNRs, we measured the temperature 
change of CET-PGNR solutions under NIR laser irradiation 
(λ = 808 nm, 2.45 W/cm2) for 10 min (Figure 3). The photo-
thermal heat generated by irradiation of CET-PGNRs with 
NIR light increased the temperature of the solution from  
30 to 60 °C, which is a sufficient increase to induce cell 
damage. By contrast, in the absence of CET-PGNRs, the 
change in temperature of the solution was minimal (30 to 
bH & Co. KGaA, Weinh

) FT-IR spectrum of 
35 °C). Our results indicate that CET-
PGNRs can produce a sufficient plasmon 
resonance effect for photothermal therapy 
of cancer.

Furthermore, for utilization as an 
optical imaging agent and photothermal 
therapy probe, we evaluated the optical 
contrast efficacy of CET-PGNRs. The 
surface plasmon absorption of GNRs 
can be tuned to NIR absorption imaging 
(high absorbance, black color). Therefore, 
with increased dilution of CET-PGNRs, 
the NIR absorbance signal decreased 
(violet→blue→yellow→red). Where there 
was no NIR absorption without nano-
probes (CET-PGNRs), the absorbance 
eim small 2012, 8, No. 5, 746–753
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Figure 3. Temperature profile for CET-PGNRs (grey line) and DI water 
(black line) irradiated by NIR laser (λ = 808 nm, 2.45 W/cm2) for  
10 min. 
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Figure 4. Growth inhibition assay of A-431 cells treated with CET-PGNRs, 
PGNRs, and GNRs, respectively.
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signal was not observed with transparency (Figure S3, SI). 
Therefore, CET-PGNRs provide both specific image contrast 
and, when clinically indicated, can mediate cancer treatment 
based on NIR thermal ablation therapy.

2.2. Assessment of GNR Cytotoxicity in vitro

We performed an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay to assess whether GNRs, 
PGNRs, and CET-PGNRs exhibit any deleterious biolog-
ical properties against cells. A-431 (EGFR over-expressing 
cells) and MCF-7 (EGFR under-expressing cells; controls) 
were used. Cell viability was examined after incubation with 
various concentrations of GNRs, PGNRs, and CET-PGNRs 
for 24 h, respectively. As shown in Figure 4 and Figure S4 in 
the SI, compared to GNRs, the PGNRs and CET-PGNRs 
exhibited a 10-fold lower cytotoxicity, particularly at a high 
nanoparticle concentration (7.75 μg Au/mL). These results 
indicate that the innocuously surface-modified GNRs are 
biocompatible.
Figure 5. a) Cellular uptake efficiencies for A-431 and MCF-7 cells after treatment with CET-PGNRs 
(each data point represents the mean value for n = 5). b) Cross-sectional TEM image of A-431 
cells incubated with CET-PGNRs (inset: magnified image of the cytoplasm) (P*< 0.0003).
2.3. In vitro Targeted Photothermal  
Ablation of Epithelial Cancer Cells

To verify the targeting ability of CET-
PGNRs against EGFR on ephithelial 
cancer cells, the binding affinity of CET-
PGNRs was examined against A-431 and 
MCF-7 cells by measuring the Au concen-
tration using inductively coupled plasma 
atomic emission spectroscopy (ICP-AES). 
CET-PGNRs bound to A-431 cells with 
an approximately 23-fold higher affinity 
than to MCF-7 cells (Figure 5a). The suc-
cessful internalization of CET-PGNRs 
into A-431 cells via receptor-mediated 
endocytosis was clearly observed by TEM 
(Figure 5b). To determine the affinity of 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 8, No. 5, 746–753
PGNRs as a control against the EGFR, A-431 and MCF-7 
cells were incubated with PGNRs for 0.5, 1, and 2 h at 37 °C. 
The amount of Au isolated in the cells was measured using 
ICP-AES. Consequently, the amount of PGNRs taken up 
was the same between A-431 and MCF-7 cells. Compared to 
the CET-PGNRs in MCF-7 cells, PGNRs bound to both cell 
lines with lower affinity because of the relatively low expres-
sion of EGFR by MCF-7 cells compared to A-431 cells. 
PGNRs without a targeting moeity were also hardly taken up  
(Figure S5, SI). These data demonstrate that CET-PGNRs 
were efficiently taken up by the target cells (A-431) due to 
the proper binding ability of CET to EGFR, because such 
internalization within cells is a potentially important factor 
for effective and localized photothermal treatment and 
absorption imaging of cancer.

We next evaluated the in vitro photothermal ablation 
capacity of CET-PGNRs for A-431 and MCF-7 cells upon 
NIR laser irradiation (λ = 808 nm, 2.45 W/cm2). Cell viabilities 
were evaluated by staining with calcein AM (a membrane-
permeable green fluorescent cell marker that is hydrolyzed 
by endogenous esterase and consequently emits fluorescence 
749www.small-journal.combH & Co. KGaA, Weinheim
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Figure 6. Fluorescence microscopic images of A-431 and MCF-7 cells stained with calcein AM upon NIR laser irradiation (λ = 808 nm, 20 W/cm2) after 
treatment with a,d) laser only as a control, b,e) CET-PGNRs, or c,f) PGNRs. White dotted circle indicates laser beam location (scale bar = 200 μm).
in the cytoplasm of live cells). After 10 min of NIR laser treat-
ment, significant cell death (dark hole) was apparent only in 
A-431 cells treated with CET-PGNRs and the cells outside 
of the laser area remained viable (Figure 6b), whereas none 
of the other control groups showed distinct damage to the 
cancer cells (Figure 6a,c–f). Therefore, these results dem-
onstrated the feasibility of CET-PGNRs as photothermal 
therapy agnet.

2.4. In vivo Photothermal Ablation of Epithelial Cancer Cells 
Guided by NIR Absorption Imaging

In vivo NIR absorption imaging studies were performed 
to evaluate the possibility of using CET-PGNRs as a smart 
imaging probe to detect epithelial cancer based on EGFR 
expression. CET-PGNRs (54 μg Au/100 μL) were intrave-
nously injected into epithelial cancer xenograft mice, and 
NIR absorption imaging was conducted for 6 h (Figure 7a). 
As predicted no NIR absorption was observed in xenograft 
mice without nanoprobes (CET-PGNRs), but after injec-
tion of the nanoprobes, specific targeting of CET-PGNRs 
to the tumor region was observed via a significant increase 
in the absorption signal (high absorbance, blue color) that 
was maintained for 6 h. The injected CET-PGNRs exhibited 
strong absorption over a narrow band in the NIR region 
due to the enhancement of the absorption of electromag-
netic irradiation with the surface plasmon resonance (SPR) 
frequency of the nanoparticles. In other words, when the 
whole body was exposed to NIR laser irradiation, the surface 
plasmon absorption of GNRs that had specifically accumu-
lated in the tumor region could be tuned for NIR absorption 
imaging. However, when PGNRs were injected into tumor-
bearing mice, no change in the absorption signal at the tumor 
site was observed (Figure S6, SI). Numerically, the relative 
0 www.small-journal.com © 2012 Wiley-VCH Verlag Gm
total photon counts from CET-PGNRs in tumor tissue at  
6 h were 10-fold higher than those from PGNRs (Figure 7b). 
Upon ex vivo NIR absorption imaging of sacrificed organs, 
only tumor tissue treated with CET-PGNRs presented strong 
NIR absorption intensity (Figure 7c). The difference between 
PGNR and CET-PGNR uptake by tumor tissue was quanti-
fied using ICP-AES. In agreement with the NIR absorption 
images, the amount of Au in tumor tissue from mice injected 
with CET-PGNRs was 8-fold greater than that in tumor tissue 
from mice injected with PGNRs (Figure 7d). These results 
indicate that CET-PGNRs effectively delivered GNRs to the 
targeted tumor tissue with high specificity in vivo.

To assess the specificity of CET-PGNRs, blocking studies 
were performed by injecting CET (0.2 nmol) 24 h before 
injection of the CET-PGNRs. When CET-PGNRs were 
injected, the absorption signal at the tumor site showed 
little variation from the absorption signal before treatment 
(Figure S6, SI), indicating the strong affinity of CET-PGNRs 
to epithelial cancer cells.

Finally, we tested the in vivo photothermal ablation 
potential of CET-PGNRs in tumor-bearing xenograft mice. 
EGFR-overexpressing A-431 cells were transplanted into 
the proximal thigh region of nude mice, and CET-PGNRs 
were intravenously injected into the tail vein. Mice were 
subsequently exposed to NIR laser irradiation (λ = 808 nm, 
2.45 W/cm2) for 20 min. After NIR laser irradiation, histo-
logical analysis was performed on excised tumor tissue. The 
results confirmed that CET-PGNR-treated tumors exposed 
to laser irradiation exhibited severe cellular damage com-
pared to non-treated controls. The tumor region injected 
with CET-PGNRs and laser irradiated was characterized 
by extensive pyknosis (green arrow) and cell vacuolization 
(white arrows), but the control tumors were showed little 
damage (Figure 8a). To verify the specific accumulation of 
CET-PGNRs within tumor tissue, the silver enhancement 
bH & Co. KGaA, Weinheim small 2012, 8, No. 5, 746–753
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Figure 7. Non-invasive NIR absorption images of real-time tumor specificity of CET-PGNRs. a) In vivo time-dependant biodistribution of tumor 
tissues injected with CET-PGNRs or PGNRs (control). The white dotted circles indicate the tumor regions. b) Photon counts corresponding to tumor 
specificity of CET-PGNRs (grey cycle) and PGNRs (black square). c) Ex vivo image of organs (liver, kidney, brain, and tumor) treated with CET-PGNRs or 
PGNRs. d) Quantification of the in vivo biodistribution of CET-PGNRs (grey column) and PGNRs (black column) in tumor tissues. Data were calculated 
based on the amount of Au (μg) in the organ using ICP-AES.
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Figure 8. a) Hematoxylin and b) silver staining eosin. Tumor region was characterized by 
extensive pyknosis (black arrows) and cell vacuolization (white arrows) only in mice treated 
with CET-PGNRs after NIR laser irradiation (λ = 808 nm, 1 W/cm2).
staining method was used. This reaction 
is highly specific for Au in GNRs, which 
will nucleate the deposition of dense silver 
particles, which will then precipitate spon-
taneously by self-nucleation, producing 
a dark brown background signal. In this 
study, a dark brown signal was present 
only in the tumor tissue treated with CET-
PGNRs, whereas control (non-treated) 
tissue did not show any precipitated silver 
(Figure 8b). Taken together, these in vivo 
results imply that CET-PGNRs may serve 
as an efficient theragnostic probe.

3. Conclusion

In summary, we described the develop-
ment of CET-PGNRs and the in vitro and 
in vivo evaluation of their functionalities 
in simultaneous NIR absorption imaging 
and photothermal therapy for epithelial 
carcinoma. Consequently, the advanta-
geous features of CET-PGNRs allowed 
us to achieve outstanding selective NIR 
751www.small-journal.com
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tumor imaging and obtain positive therapeutic results, dem-
onstrating the utility of this nanoprobe design in future bio-
medical applications.

4. Experimental Section

Materials: Gold(III) chloride trihydrate (HAuCl4), CTAB, sodium 
borohydride, silver nitrate, l-ascorbic acid, and EDC (commercial 
grade) were purchased from Sigma-Aldrich. NHS was purchased 
from Pierce. CM-PEG-SH (molecular weight, Mw 3400) was pur-
chased from Laysan Bio, Inc. CET (Erbitux) was purchased from 
Roche Pharmaceutical, Ltd. Dulbecco’s phosphate-buffered saline 
(PBS, pH 7.4) was purchased from Hyclone. All other chemicals 
and reagents were of analytical grade. Ultrapure deionized (DI) 
water was used for all of the synthetic processes.

Synthesis of CET-PGNRs: GNRs were synthesized according to 
the seed-mediated growth method in fresh aqueous CTAB solu-
tion.[2] To prepare PGNRs, GNRs were coated with heterobifunction-
alized PEG as a stabilizer. CM-PEG-SH (30 mg) was added to 2 mL 
GNR solution (228.5 μg of Au/200 μL) and stirred for 24 h at room 
temperature. The mixture was centrifuged at 15 000 rpm for 30 min 
to remove unbound CM-PEG-SH molecules and re-suspended in  
4 mL of PBS.The absorbances of GNRs and PGNRs were measured 
using a UV–vis spectrometer (Optizen 2120UV, MECASYS). The 
morphology of GNRs was evaluated using a high-resolution trans-
mission electron microscope (JEM-2100 LAB6, JEOL Ltd.), and the 
chemical structure of the PGNRs was analyzed using a 1H-NMR 
spectrometer (JUM-ECP300, JEOL Ltd.), with chloroform-d and deu-
terium oxide as solvents, respectively. The quantity of Au in GNRs 
was determined using ICP-AES (Thermo Electron Corporation).

To conjugate CET to carboxylated PGNRs, EDC (2.9 μmol), 
Sulfo-NHS (2.5 μmol), and CET (200 μL at 1 mg/mL) were added 
to 2 mL of PGNR solution (1299 μg Au/mL) and reacted at 4 °C for 
6 h. After the reaction, side products were removed by centrifuga-
tion at 15 000 rpm for 30 min and re-dispersed in 4 mL PBS. The 
conjugation of immunoglobulin G (IgG) onto PGNRs was conducted 
as described above.

Quantitative Analysis of the Amount of Antibody on CET-PGNRs: 
Protein concentrations from the antibody-conjugated PGNRs (CET-
PGNRs) were measured using the BCA assay (Pierce) for the colori-
metric detection and quantification of total protein. This method 
combines the reduction of Cu2+ (BCA reagent B) to Cu1+ by protein 
in the biuret reaction with the colorimetric detection of the cuprous 
cation (Cu1+) using a unique reagent that contains BCA (BCA rea-
gent A). The working reagent was prepared by mixing 50 parts BCA 
reagent A with 1 part BCA reagent B (50:1, Reagent A:B). Twenty-
five microliters of CET-PGNR solution was pipetted into individual 
wells of a 96-well plate, and then 200 μL working reagent was 
added to each well. The well contents were mixed by shaking on a 
plate shaker for 30 s. The plate was covered, incubated at 37 °C for 
30 min, and cooled at room temperature. Absorption was meas-
ured using an enzyme-linked immunosorbent assay (ELISA) reader 
(Spectra MAX 340, Molecular devicer) at a wavelength of 562 nm.

Evaluation of the Photothermal Sensitivity of CET-PGNRs by NIR 
Laser Irradiation: To investigate the photothermal effect induced 
by NIR laser irradiation of CET-PGNRs, 1 mL CET-PGNR solution 
(1057 μg Au/mL) and DI water (as a control) were prepared in 
glass vials. Each solution was exposed to NIR coherent diode laser 
52 www.small-journal.com © 2012 Wiley-VCH Verlag Gm
light (808 nm, 2.45 W/cm2, UM30K, Jenoptik) for 10 min, and the 
elevation of the solution temperature was monitored by a thermo-
couple (187 True RMS Multimeter, Fluke).

Assessment of in vitro Cell Viability using the MTT Assay: Cell 
viability was quantified by a colorimetric assay based on the mito-
chondrial oxidation of MTT using a cell proliferation kit (Roche). 
The epidermoid carcinoma cell lines A-431 and MCF-7 were 
obtained from American Tissue Type Culture (ATCC), and cells were 
plated at a density of 104 cells/mL of 96-well plate and incubated 
at 37 °C under a 5% CO2 atmosphere. The cells were incubated 
for 24 h with CET-PGNRs, PGNRs, or GNRs; re-suspended in 100% 
media (8 μg Au/mL); and then rinsed with 100 μL PBS (pH 7.4,  
1 mm). The cells were then treated with 10 μL freshly-prepared MTT 
solution and incubated for an additional 4 h before treatment with  
100 μL solubilization solution (10% sodium dodecyl sulfate in 
0.01 M HCl). After 24 h, the absorbance of each well was meas-
ured using an ELISA plate reader (Spectra MAX 340, Molecular 
Devices) at an absorbance wavelength of 575 nm and a reference 
wavelength of 650 nm.

Binding Affinity of CET-PGNRs to EGFR in vitro: To determine the 
affinity of CET-PGNRs and PGNRs (6.885 μg Au/mL) to EGFR, A-431 
cells (EGFR over-expressing cells) and MCF-7 cells (EGFR under-
expressing cells) at 8 × 105 cells/well were incubated with CET-
PGNRs for 2 h at 37 °C. Treated cells were washed three times with 
PBS to eliminate unbound antibody. Washed cells were detached 
using trypsin and dissolved in aqua regia for 12 h at 160 °C. The 
amount of Au isolated from the cells was measured using ICP-AES.

Moreover, the successful internalization of CET-PGNRs into 
A-431 cells was conducted using cellular TEM. For sample prepa-
ration, A-431 cells (2 ×106 cells/well) were seeded into wells of 
6-well plates for 24 h. A-431 cells were rinsed with PBS (pH 7.4, 
1 mm) and CET-PGNRs (6.885 μg Au/mL) were added in minimum 
essential media supplemented with 10% fetal bovine serum, 1% 
antibiotic/antimycotic, and non-essential amino acids (Gibco, 
Invitrogen, USA). After incubation for 12 h at 37 °C, cells incu-
bated with CET-PGNRs were trypsinized, centrifuged, and washed 
three times with blocking buffer (0.03% bovine serum albumin 
and 0.01% NaN3 in PBS). Then, samples were fixed according 
to standard fixation and embedding protocols for resin section 
TEM.[15] Sections (10 μm) were cut using a LEICA Ultracut UCT 
Ultra-microtome (Leica Microsystems). All samples were observed 
using TEM (JEM-1011, JEOL) at an acceleration voltage of 80 kV.

In vitro Photothermal Ablation of Cancer Cells with NIR Laser 
Irradiation: Both A-431 and MCF-7 cells (2 × 105 cells/well) were 
incubated with CET-PGNRs and PGNRs (20 μg Au/mL) at 37 °C for 2 h  
in a 48-well plate. The cells were rinsed with PBS (pH 7.4, 1 mm), 
and 1 mL phenol red in Dulbecco’s modified eagle medium (DMEM) 
was added to each well. For the laser irradiation experiment, the 
cells were exposed to a NIR-coherent diode laser (20 W/cm2) for 
10 min and washed with PBS. Then, the distribution of live cells 
was observed using an optical system microscope (Olympus BX51) 
after cellular staining with calcein AM (1 μm, Molecular Probes).

In vivo NIR-Absorption Imaging of CET-PGNRs and PGNRs: To 
image time-dependent nanoparticle accumulation, additional 
tumor-bearing mice (n = 2) were injected via the tail vein with CET-
PGNRs or PGNRs (50 μg Au/100 μL) as described above. Accumu-
lation of nanoparticles was imaged by positioning each mouse 
on an animal plate in the eXplore Optix system (ART Advanced 
Research Technologies, Montreal). Laser power and count time 
bH & Co. KGaA, Weinheim small 2012, 8, No. 5, 746–753
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settings were optimized at 1 μW, and the temporal point spread 
function (TPSF) integration time was set at 1 s per point. Excita-
tion and emission spots were raster-scanned in 0.5-mm steps over 
the selected regions of interest to generate emission wavelength 
scans. A pulsed laser diode (734 nm) was used to excite the Cy7 
molecules. Time-dependent absorption of CET-PGNRs and PGNRs 
was confirmed by measuring NIR absorption intensity across the 
whole body.

In vivo Photothermal Ablation using a NIR Laser: BALB/c-Slc 
nude mice at 4–6 weeks of age were anesthetized by intraperi-
toneal injection of a Zoletile/Rompun mixture. Collected A-431 
cells (5 × 106 cells) suspended in 50 μL PBS (pH 7.4, 1 mm) were 
injected subcutaneously into the proximal thigh region of male 
mice obtained from the Institute of Medical Science (University of 
Tokyo). All experiments were conducted with the approval of the 
Association for Assessment and Accreditation of Laboratory Animal 
Care (AAALAC) International.

Two weeks after inoculation, xenograft mice were anesthetized 
and CET-PGNRs or PGNRs (50 μg Au/100 μL) was intravenously 
injected into the tail vein. After 6 h, the tumor site was exposed 
to a NIR coherent diode laser (1 W/cm2) for 20 min. Subsequently, 
mice were sacrificed, and tumor tissue was excised and fixed using 
a 4% paraformaldehyde solution.

Histological Analysis: Histological evaluation was con-
ducted using hematoxylin and eosin (H&E) staining. Tissues were 
embedded in paraffin after being dehydrated using increasing 
alcohol concentrations and cleared in xylene. Slices (thickness = 
10 μm) were mounted onto glass slides, and for nuclear staining, 
slides were placed twice in a container filled with hematoxylin for 
10 min. Tissues were rinsed in water for 10 min to remove hema-
toxylin, and the cytoplasm was stained with eosin and dehydrated 
in the same manner as described above. After washing three 
times for 30 min, 2 or 3 drops of the sample were added onto the 
slide and then covered with a coverglass. To visualize the extent 
of CET-PGNR loading, an additional slide was stained using the 
HQ silverTM enhancement kit (Nanoprobes, USA). Because alde-
hyde-containing reagents were used for fixation, the sample was 
quenched before labeling. Then, the specimens were incubated 
for 5 min in 20 mL sodium borohydride (1 mg/mL) in PBS (pH 
7.4, 1 mm). HQ silver was prepared immediately before use, and 
equal amounts of initial reagent and enhancer reagent (10 mL of 
each) were used to develop specimens for 20 min. Samples were 
then rinsed with DI water twice for 5 min. All of the stained tissue 
sections were analyzed using a virtual microscope (Olympus BX51, 
Japan) and Olyvia software.
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Figure S1. UV-Vis absorption spectra of GNR solution (black line) and PGNR solution (red line). 

Insert: TEM image of (i) GNRs and (ii) PGNRs. 
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Figure S2. (a) Colloidal stability test of GNR, PGNR, and CET-PGNR solutions. Nanoparticles were 

incubated in 100% goat serum at 37 °C for 72 hours. Red dotted circle indicates that GNRs aggregated 

under this condition. Photographs and UV-Vis absorption spectra of CET-PGNR solutions under 

various (b) pH and (c) NaCl conditions.  
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Figure S3. Concentration-dependent NIR absorption images of CET-PGNRs in aqueous solution.  
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Figure S4. Growth inhibition assay for MCF-7 cells treated with CET-PGNRs, PGNRs, and GNRs, 

respectively (0.008 to 80 µg Au/mL). 
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Figure S5. Nanoparticle targeting efficacy as assessed by cellular uptake of particles. A-431 and 

MCF-7 cells were treated with CET-PGNRs or PGNRs for 0.5, 1, and 2 hours. The amount of Au in 

each sample was measured using ICP-AES.  
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Figure S6. In vivo non-invasive NIR absorption images of time-dependent biodistribution after 

intravenous injection of (a) CET-PGNRs, (b) PGNRs (control), and (c) CET-PGNRs after blocking 

with free CET.   
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Figure S7. Histological examination of control tumor tissue sections with no treatment and no laser 

irradiation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




