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Background: Nanoparticles have recently gained inter-
est as exogenous contrast agents in a variety of biomedical
applications related to cancer detection and treatment.
The objective of this study was to determine the potential
of topically administered antibody conjugated gold nano-
rods (GNRs) for imaging squamous cell carcinomas
(SCCs) of the skin using near-infrared narrowband
imaging (NBI). Near-infrared (NIR) NBI images narrow
wavelength bands to enhance contrast from plasmonic
particles in a wide field portable and noncontact device
that is clinically compatible for real-time tumor imaging
and tumor margin demarcation.
Study design: We conjugated GNRs to Cetuximab, a
clinically approved humanized antibody that targets the
epidermal growth factor receptor (EGFR), which is over-
expressed on the surface of many tumor cells, especially
SCCs. We excised subcutaneous xenografts of SCCs
(A431) from Swiss nu/nu mice and divided the tumors
into two groups: (1) the targeted group (Cetuximab conju-
gated GNRs) and (2) the control group (polyethylene
glycol-conjugated GNRs). After topical application of
particles and incubation for 30 minutes, the tumors were
washed and imaged using NBI. In addition, we performed
two-photon imaging to quantify the binding of EGFR tar-
geted GNRs in tumors and their depth profile.
Results: The NBI images showed a visual increase in
contrast from tumors after topical administration of
targeted GNR. Targeted GNR tumors showed increased
contrast compared to tumors administered with the
control GNR. There was a statistically significant increase
in mean pixel intensity (�2.5�) from targeted GNR
tumors (n ¼ 6). Two-photon microscopy images of tar-
geted GNRs confirmed their binding affinity to the EGF
receptors over expressed in the A431 tumors.
Conclusion: We have demonstrated that a topical appli-
cation of gold nanorods targeted specifically to tumor
growth factor receptors results in a significantly higher
image contrast compared to nontargeted gold nanorods.
These results demonstrate the feasibility of near-infrared
NBI to image and demarcate tumor margins during surgi-
cal resection using topical administration of targeted
GNR. Lasers Surg. Med. 44:310–317, 2012.
� 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Squamous cell carcinoma (SCC) is the second-most com-
mon skin cancer after basal cell carcinoma (BCC) with
over 250,000 new cases detected every year [1]. However,
SCCs are more likely to be aggressive and invade the der-
mal skin layers. SCCs are typically removed using Mohs
surgery that involves sequential removal of small layers
of skin followed by examination under the microscope un-
til the samples indicate no residual features of SCC. Mohs
surgery requires multiple excisions, with preparation of
frozen sections and examination requiring 20–45 minutes
per excision [2]. In the case of large SCCs, several exci-
sions may be required, and the total visit time may extend
to several hours. Recently, several optical imaging techni-
ques have been developed to enable rapid detection of
nonmelanoma skin cancers noninvasively in surgical skin
excisions. The techniques include multispectral fluores-
cence polarization [3,4], confocal reflectance microscopy
[2,5,6], optical coherence tomography [7,8] and fluores-
cence spectroscopy [9]. Several of these imaging methods
have utilized extrinsic contrast agents such as acetic acid,
methylene blue, and toluidine blue dyes to enhance con-
trast of the SCC tumor relative to the surrounding normal
tissue.
Recently, we combined the advantage of gold nanoshells

as exogenous contrast agents along with near-infrared
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(NIR) narrow-band imaging for enhanced visualization of
tumors [10]. Narrow band imaging (NBI) is a diagnostic
technique clinically available today and used in several
imaging applications to image morphology near the sur-
face of tissue [11,12]. NBI uses a narrow band of wave-
lengths matched to the chromophores of interest to
highlight contrast between tissue constituents and exoge-
nous contrast agents. Clinical applications of NBI typical-
ly exploit contrast of target tissue due to blood by imaging
in narrow bands of hemoglobin absorption. In our tech-
nique, we image in multiple narrow wavelength bands to
exploit two sources of contrast: endogenous (blood) and
exogenous (nanorods). We image in the visible and NIR to
distinguish between blood and nanorods in the tumor,
respectively. In the current study, we have used NBI
combined with gold nanorods (GNRs) as contrast agents
to image ex vivo SCC tumors.
NIR-absorbing GNRs have considerable advantages

over molecular dyes and fluorophores as contrast agents
for NIR imaging applications. GNRs have tunable optical
properties and high optical absorption cross sections in
the NIR region, making them attractive probes for
in vitro and in vivo imaging [13,14]. GNRs are stable and
their photo-physical properties are much more robust
against photobleaching effects [15]. In vivo tumor target-
ing using GNRs has been achieved using a passive deliv-
ery mechanism known as enhanced permeability and
retention (EPR) [16]. It has been shown that the nanopar-
ticles when injected systemically or intravascularly,
extravasate from the leaky neovasculature and accumu-
late in tumors due to the EPR effect [17]. In an effort to
increase targeting contrast, recent efforts have focused on
active targeting strategies, wherein the nanoparticles’
surface is functionalized with antibodies to specifically
target tumors [18–20]. Loo et al. [20] demonstrated active
targeting using anti-HER2 conjugated gold nanoshells
to image breast carcinoma cells. El-Sayed et al. have
demonstrated active targeting of both nanospheres and
nanorods using anti-EGFR antibodies in vitro [21,22].
However, even with the systemic delivery of these
particles, only a small percentage (�2%) of the adminis-
tered nanoparticles reach the tumor target [23], and the
residual material may raise concerns for toxicity and
inadequate clearance from the body.
To reduce the quantity accumulating in vital organs

and improve nanoparticle contrast from tumors, we
topically applied antibody conjugated GNRs on tumor
xenograft models and imaged using NBI. Recently,
several research groups have used this delivery technique
to specifically target disease tissues. Nitin et al. [24]
evaluated the fluorescence contrast properties following
topical delivery of 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-glucose (2-NBDG) in freshly resected clin-
ical specimens of neoplastic oral mucosa using fluores-
cence imaging. Bickford et al. used gold nanoshells as
rapid diagnostic agents for imaging human breast tissue
sections that over-expressed HER2 receptors [25,26].
We targeted the epidermal growth factor receptor

(EGFR) over-expressed in SCCs (A431 cancer cells) using

GNRs conjugated to Cetuximab (C225, a humanized anti-
EGFR antibody that is currently approved for clinical
use). EGFR is a transmembrane receptor tyrosine kinase
stimulated by growth factors, such as transforming
growth factor (TGF)-a or EGF, that binds to the extracel-
lular domain of the receptor [27]. EGFR promotes multi-
ple tumorigenic processes, stimulating proliferation,
angiogenesis, and metastasis as well as protecting cells
from apoptosis [28]. EGFR is a viable molecular target
that has been shown to highly over-express in several
skin SCCs [29,30]. Several groups have used EGFR as
probes to target, image, and treat A431 cells and tumor
xenografts. Durr et al. used anti-EGFR antibody conju-
gated nanorods to detect and image A431 skin cancer cells
embedded in a three-dimensional tissue scaffold using
two-photon luminescence (TPL) microscopy [31]. Recent-
ly, Melancon et al. [32] used anti-EGFR antibody conju-
gated hollow gold nanoshells to target A431 cells in vitro
and in vivo and performed photo-thermal ablation of cells
in vitro.

In this article, we report topical administration of anti-
EGFR antibody conjugated GNRs (C225-GNRs) on A431
tumor cross-sections to target EGFR. We imaged the
GNRs bound to the SCC tumors using NBI in the NIR
region where there is optimal penetration of light through
tissue. We imaged the A431 tumor’s cross-sections topical-
ly administered with both C225-GNRs and pegylated
GNRs (control) using NBI. We show that C225-GNRs
provided significantly higher tumor contrast compared to
non-targeted pegylated GNRs (PEG-GNRs). In addition,
we determined the penetration depth of the topically
administered C225-GNRs and confirmed their binding
affinity in tumors using two-photon microscopy (TPM).

MATERIALS AND METHODS

Synthesis of Pegylated Gold Nanorods (PEG-GNRs)

The nanorods were provided by Nanospectra Bioscien-
ces Inc. (Houston, TX). GNRs were synthesized using the
method developed by Jana et al. [33]. Briefly, gold seed
particles were prepared by adding 250 ml of 10 mM
HAuCl4�3H2O to 7.5 ml of 100 mM CTAB with brief, gen-
tle mixing. 600 ml of freshly prepared, ice-cold 10 mM
NaBH4 solution was added and mixed the solution for
2 minutes. The nanorod growth solution was prepared
by adding 40 ml of 100 mM CTAB, 1.7 ml of 10 mM
HAuCl4�3H2O, and 250 ml of 10 mM AgNO3 followed by
270 ml of 100 mM ascorbic acid. To initiate nanorod
growth, 840 ml of the seed solution was added to the
growth solution, mixed gently, and left still for
40 minutes. Excess reactants were removed by centrifu-
gation and re-suspension in de-ionized (DI) water. For
in vivo applications, the GNRs were PEGylated by the
addition of 1 mM thiol-terminated methoxypolyethylene
glycol (mPEG-SH) (Laysan Bio, Arab, AL) and stirred the
solution overnight. The final PEGylated rod solution was
cleaned by diafiltration of the solution into DI water.
After cleaning, the particles were transferred via diafil-
tration into a 10% (wt/v) solution of trehalose to make the
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solution iso-osmotic with the blood. The GNRs are
24 � 7 nm in size with a strong plasmon resonance peak
centered at 776 nm as seen in Figure 1.

Bioconjugation of GNRs to Cetuximab (C225-GNRs)

We adopted a three-step process for the bioconjugation
of GNRs to Cetuximab. Our synthesis protocol utilizes the
classical thiol-maleimide chemistry and the details of the
conjugation process are as follows.

Step-1: Functionalization of GNRs with polyethy-
lene glycol (PEG). Prior to conjugation the CTAB coat-
ed GNRs were briefly sonicated to disperse the GNRs into
a homogenous suspension. Methoxy-PEG-thiol (mono-
functional PEG; mPEG-SH2K) and PEG bis Thiol (bifunc-
tional PEG; SH-PEG5K-SH) were mixed in the ratio of
4:1 to arrive at a final concentration of 2 mM. The freshly
made PEG solution was mixed with clean GNRs in the
ratio of 1:9, stirred thoroughly and incubated for 1–
2 hours at room temperature, with gentle shaking. At the
end of the incubation time the GNRs were centrifuged
at 10,000 rpm for 20 minutes to remove the unreacted
PEG and the pellets were resuspended in PBS to form a
uniform suspension of PEG-GNRs, with the terminal thiol
(-SH) group at one end of the bifunctional PEG available
for further conjugation with antibody.

Step-2: Activation of antibody. Cetuximab1

(152 kDa), an anti-epidermal growth factor receptor
(EGFR) antibody, is activated by reacting with a heterobi-
functional crosslinker, succinimidyl 4-[N-maleimido-
methyl] cyclohexane-1-carboxylate (SMCC; MW 334.32;
arm length 0.83 nm) to expose the maleimide groups for
the subsequent conjugation with PEG-GNRs containing
free thiol (-SH) moieties. Approximately 20-fold molar ex-
cess of SMCC was added to the antibody solution (2 mg/ml)
and incubated for 2 hours at 48C. At the end of the reac-
tion, the unbound cross linker molecules were removed by
eluting the reaction mixture through a desalting column
and the purified maleimide-activated Cetuximab was col-
lected in a clean tube for further reaction with PEG-GNR.

Step-3: Conjugation of CetuximabW to GNR. The
maleimide-activated Cetuximab (prepared from Step-2)

was mixed with the PEG-GNRs with free thiol moieties
(prepared from Step-1) such that the final concentration
of maleimide-activated Cetuximab is � 10 mg/ml. After
overnight reaction at 48C, the unbound antibody was re-
moved by centrifugation at 9,300 rcf for 20 minutes. The
centrifugation step was repeated three times and the pel-
lets were collected and reconstituted in sterile phosphate
buffered solution (PBS). The optical density of both PEG-
GNRs (plasmon resonance peak @ 776 nm) and C225-
GNRs (plasmon resonance peak @ 754 nm) was measured
using UV–Vis spectrophotometer (Beckman Coulter
DU720, Brea, CA) and their normalized extinction spectra
are shown in Figure 1.
The conjugation efficiency was evaluated by measuring

the zeta (z) potential of the final conjugates. The CTAB
coated GNRs used at the beginning of the conjugation pro-
cess showed a zeta potential in the range þ60 to þ80 mV.
After the functionalization of GNRs with SH-PEG the
zeta potential decreased to þ5 to þ10 mV. With the addi-
tion of Cetuximab1 to GNRs, the zeta potential further
decreased and reached near neutral values in the range of
þ4 to �5 mV. These values were consistent among differ-
ent conjugation batches indicating the efficiency of sur-
face functionalization and Cetuximab1 conjugation to the
surface of GNRs. Finally the conjugation efficiency was
validated using a BCA (bicinchoninic acid) protein assay
by quantifying the ratio of Cetuximab1 to GNR. Prior to
the protein estimation the optical density (OD) of PEG-
GNRs and C225-GNRs at the assay readout wavelength
was adjusted to the same value. PEG-GNRs and C225-
GNRs were subjected to assay protocol and the assay end
product was measured. With the known values of GNR/ml
(2 � 1011 GNR/ml at 1 OD) and the measured concentra-
tion of C225 in the C225-GNR samples, the ratio of C225
molecules per GNR was estimated as �110–140 C225
molecules/GNR.

Ex Vivo Mouse Skin Tumor Tissues

A431 cells (CRL-1555, ATCC, human epithelial carcino-
ma cell line) were grown in Dulbecco’s Modified Eagle’s
medium (30–2002, ATCC) with 10% fetal bovine serum
(30–2020, ATCC) at 378C under 5% CO2. When culture
reached 90% confluency, the cells were detached from the
flask by 0.25% trypsin–EDTA (30–2101, ATCC), centri-
fuged, and re-suspended in sterile PBS. Approximately
4 � 106 cells/50 ml were subcutaneously injected in the
right thigh of 4–5 week old nude mice (Swiss nu/nu).
When tumors attained a size of � 8–10 mm in diameter,
we sacrificed the mice and excised the tumors for topical
delivery of GNRs followed by imaging. The tumors were
frozen immediately after resection and imaged after a
month. A whole tumor was sliced vertically into two to
expose each cross-section for topical application of PEG-
GNRs and C225-GNRs, respectively. We sliced the tissue
samples using surgical scissors. We obtained 12 tumor
slices from a total of 6 whole tumors to perform topical
application of GNRs. The tissue cross-sections were
approximately 4 mm thick.

Fig. 1. UV–VIS extinction spectrum of PEG-GNRs and

C225-GNRs. [Color figure can be seen in the online version

of this article, available at http://wileyonlinelibrary.com/

journal/lsm]
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Topical Delivery of PEG-GNRs and C225-GNRs

We performed topical delivery of both PEG-GNRs and
C225-GNRs on A431 tumor cross-sections. The tumor sec-
tions were divided into the following two groups: (1)
Group 1 tumor cross-sections (n ¼ 6) received a topical
delivery of 60 ml of PEG-GNRs and was designated the
control group; (2) Group 2 tumor cross-sections (n ¼ 6)
received 60 ml of C225-GNRs. The optical density of PEG-
GNR solution was matched to that of C225-GNR
(OD ¼ 25) by diluting in PBS before topically applying on
tumors. Because PEG-GNRs have no targeting moiety,
they are treated as the control group in our experiments.
Prior to nanoparticle delivery baseline NBI images were
acquired. Following baseline imaging, the tumor cross-
sections were incubated with PEG-GNRs or C225-GNRs
for 30 minutes at 378C under 5% CO2. At the end of incu-
bation time, the tissues were washed three times with 1�
PBS for NBI and two-photon microscopy.

Near-Infrared Narrow Band Imaging

The schematic of the imaging system is shown in
Figure 2. The NBI system consists of (1) two light emit-
ting diodes (LED): green (530 nm) and NIR (780 nm) for
illuminating the blood vessels and GNRs, respectively; (2)
a filter wheel for wavelength selection; and (3) a 12-bit
CCD (Basler Pilot, Graftek Imaging, Austin, TX) to collect
reflected light from the sample. The filter wheel contains
two band pass filters (Semrock, Inc., Rochester, NY), (a)
VIS filter (CWL ¼ 536 nm, BW ¼ 40 nm) and (b) NIR
filter (CWL ¼ 769 nm, BW ¼ 41 nm) to image the blood
vessels and GNRs, respectively. The NBI system is a por-
table and noncontact device that can perform wide-field,

real-time imaging and is clinically compatible for real-
time tumor margin demarcation [10].

Two-Photon Microscopy

We performed two-photon microscopy of the tumor sam-
ples incubated with C225-GNRs and PEG-GNRs using a
custom-built NIR laser scanning multiphoton microscope
described previously [34]. Briefly, we used a femtosecond
Ti: Sapphire laser (Mira 900 with excitation wavelength
of 800 nm; Coherent, Inc., Santa Clara, CA) as the excita-
tion source, and the laser beam was raster scanned along
the sample using a pair of galvanometric scanning mir-
rors (6215HB; Cambridge Technology, Inc., Lexington,
MA) to produce 2D images. We detected the two-photon
luminescence from the GNRs using two photomultiplier
tubes (PMT) (H7422P-40, H7422P-50; Hammamtsu
Corporation, Bridgewater, NJ) through a dichroic beam
splitter (FF735-Di01; Semrock, Inc., Rochester, NY). We
applied an incident laser power of 40.8 mW and band
pass filtering of 6 dB gain. In order to determine the
penetration depth of the GNRs, we obtained images
(512 � 512 pixels) in the z-direction and created a stack of
images to analyze the particle penetration as a function of
depth.

RESULTS

NBI of A431 Tumors Topically Administered With
PEG-GNRs

Figure 3 presents a qualitative assessment of tumor
cross-sections incubated with the control PEG-GNRs. The
images show no perceivable contrast in the NIR using
NBI. The red color in the NBI images corresponds to
blood. We did not observe any PEG-GNRs in the post
delivery NIR NBI images after the PBS wash (Fig. 3f).

NBI of A431 Tumors Topically Administered With
C225-GNRs

Figure 4 demonstrates that tumors incubated with
GNRs targeted specifically to tumor growth factor recep-
tors (bottom row) resulted in a significantly higher image
contrast compared to the untargeted tumor (top row).
The red color in the NBI images corresponds to blood and
the green color corresponds to EGFR-targeted GNRs
attached to EGFRs expressed on A431 tumors. The com-
posite NBI images of tumors demonstrated that GNRs
targeted specifically to tumor growth factors resulted in
higher nanorod binding to tumor receptors and a signifi-
cantly higher image contrast compared to nontargeted
gold nanorods (PEG-GNR). In addition, the NBI images
highlight the regions of C225-GNR binding to the tumor
receptors compared to the standard color images.

Quantitative Analysis of Tumor Cross Sections
Incubated With GNRs

We quantified the image contrast obtained with tumor
images from both experimental groups. Prior to topical
application of GNRs, there was no significant difference
in mean reflectance intensity between C225- and PEG-
GNR treated tumors. As seen in the images from

Fig. 2. Schematic of NIR NBI system. [Color figure can be

seen in the online version of this article, available at http://

wileyonlinelibrary.com/journal/lsm]
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Figure 3, a topical application of PEG-GNRs did not lead
to an improvement in image contrast; the mean reflec-
tance intensity was nearly the same as the baseline mea-
sure. However, the mean reflectance intensity from
tumors treated with C225-GNR was approximately 2.5
times higher than the reflectance from tumors treated
with PEG-GNRs (P < 0.05) as shown in Figure 5.

Two-Photon Imaging Demonstrating EGFRBinding
of C225-GNRs

We performed two-photon microscopy of the tumor sam-
ples incubated with both PEG-GNR and C225-GNR to mi-
croscopically demonstrate the binding of EGFR
targeted GNR in tumors and to study their depth

Fig. 3. Images of EGFR over-expressing A431 tumor cross-

sections captured before and after the incubation of

PEG-GNRs. a–c: Visible, near-infrared, and overlaid NBI

images of A431 tumors before incubation with PEG-GNRs,

respectively. d: Corresponding standard color image of tumor

cross-section. e–g: Visible, near-infrared, and composite

narrow-band imaging images of A431 tumors incubated

with PEG-GNRs for 30 minutes at 378C, respectively.

h: Corresponding standard color image of tumor cross-section

incubated with PEG-GNRs. The red color in the NBI images

corresponds to blood. [Color figure can be seen in the online

version of this article, available at http://wileyonlinelibrary.

com/journal/lsm]

Fig. 4. Images of EGFR over-expressing A431 tumor cross-

sections incubated with and without C225-GNRs. a–c:

Visible, NIR, and overlaid NBI images of A431 tumors before

incubation with C225-GNRs, respectively. d: Corresponding

standard color image of tumor cross-section. e–g: Visible,

near-infrared, and composite narrow-band imaging images of

A431 tumors incubated with C225-GNRs for 30 minutes at

378C, respectively. h: Corresponding standard color image

of tumor cross-section incubated with C225-GNRs. The red

color in the NBI images corresponds to blood and the green

color corresponds to C225-GNRs attached to EGFRs

expressed on A431 tumors. [Color figure can be seen in the

online version of this article, available at http://wileyonlineli-

brary.com/journal/lsm]
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profile. Figure 6a and b represent cross-sectional view of
z-projected images of PEG-GNRs and C225-GNRs incu-
bated tumors, respectively. Panels c–f represent en-face
two-photon images of PEG-GNRs and C225-GNRs-
incubated tumors obtained at different depths. C225-
GNRs were mostly observed at depths of >100 mm from
the tumor surface as seen in Figure 6b. On the other
hand, we observed only traces of PEG-GNRs in the control
image. A large proportion of signal in the control image
can be attributed to instrument noise. This background
signal is also visible in the C225-GNR image (Panel f) at
320 mm. The two-photon images of targeted GNR
confirmed the specificity of C225-GNRs and their binding
affinity to the EGF receptors over expressed in the A431
tumors.

DISCUSSION

In this study, we have shown that anti-EGFR antibody
conjugated GNRs combined with near-infrared NBI could
yield significant contrast for optical imaging of SCC
tumors. We used GNRs conjugated to antibody Cetuxi-
mab1 (C225) for targeting EGFRs over-expressed in SCC
tumors. The antibody conjugation on the GNRs resulted
in a 22 nm blue shift in the extinction maximum as seen
in Figure 1. The shift in the plasmon resonance peak is
possibly due to the change in the local refractive index
resulting from antibody conjugation [35]. However, the
plasmon peak shift did not hinder imaging of both PEG-
GNRs and C225-GNRs due to the optimum bandwidth of
the NIR band pass filter utilized.
Topically delivered anti-EGFR antibody conjugated

GNRs provided enhanced visualization of A431 tumors

using near-infrared NBI. The topical delivery method is
a noninvasive approach and can potentially reduce the
interaction of particles with untargeted tissues. We have
shown that GNRs targeted to EGFR significantly high-
light the tumor tissue in the near-infrared NBI image
(Fig. 4f) compared to the NBI images of untargeted PEG-
GNRs (Fig. 3f). We observed that a small quantity (60 ml)
of C225-GNR delivered topically, is sufficient to produce
substantial contrast in the images, suggesting that this
delivery technique can reduce the amount of nanopar-
ticles required for imaging applications. Recently,
Aaron et al. [36] demonstrated molecular binding of
topically delivered anti-EGFR gold conjugates on human
cervical biopsies and imaged EGFR using reflectance
confocal microscopy. Bickford et al. [26] have shown that
topically administrated targeted gold nanoshells could
help detect HER-2 over-expressing cells in human breast
tissue sections using reflectance confocal microscopy.
In addition, Nitin et al. [37] evaluated the optical contrast
achieved after topical delivery of EGF-Alexa 647 that
targeted EGFR in oral lesions using wide-field fluores-
cence imaging. To our knowledge, we show the first
absorption based wide-field optical imaging of anti-EGFR
antibody conjugated GNRs targeted to EGFR in SCC
tumors. We could potentially combine the effectiveness
of the topical delivery method with wide-field NBI to aid
in tumor and tumor margin detection during Mohs
surgery.

The near-infrared and composite NBI images of tumors
incubated with C225-GNRs demonstrated enhanced con-
trast of the tumors due to the binding of C225 to the EGF
receptors. In addition, the comparison of color images and
composite NBI images in Figure 4 demonstrated the utili-
ty of NIR NBI for better visualization of targeted tumors.
We have used gold nanoparticles as contrast agent
because they produce localized heating and could cause
destruction of cancer cells when irradiated by a NIR laser
at their plasmon peak [17]. The NBI platform combined
with targeted gold nanorods could potentially guide pre-
cise photo-thermal therapy without causing damage to
surrounding normal tissue.

Using two-photon microscopy, we evaluated the surface
labeling as well as the potential penetration depth of the
EGFR-targeted nanorods. Recently, two-photon microsco-
py has been used to demonstrate effective binding of anti-
EGFR GNRs in A431 cells [31] and anti-HER2 gold nano-
shells in breast cancer cells [25]. The two-photon images
of PEG-GNRs in Figure 6 a, c–f (left columns) demonstrat-
ed that there is minimal signal from tumors incubated
with untargeted nanoparticles. We observed C225-GNRs
at depths >100 mm in the tumors. We believe this large
penetration depth could be the result of the long incuba-
tion time used in the study. Due to the excellent levels of
EGF binding at the current incubation times, we plan to
determine the shortest incubation time that can still pro-
vide good image contrast. In addition, we plan to conduct
studies with EGFR-negative cell lines and a nonspecific
control to further confirm the highly specific binding of
EGFR-targeted nanorods.

Fig. 5. Mean intensity values for samples of A431 tumors

incubated with PEG-GNRs and C225-GNRs. Differences

between EGFR over-expressing tumor incubated with PEG

conjugated GNRs and EGFR-targeted GNRs was statistically

significant (P < 0.05, n ¼ 6). Differences between the post

and preC225-GNR delivery and incubation was statistically

significant (P < 0.05, n ¼ 6). Error bars represent standard

deviations.
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Our results suggest that EGFR could be used as a
molecular marker for the assessment of SCC tumors and
potentially its margins. Therefore, it is important to un-
derstand the distribution of EGF receptors throughout
the tumor tissue. We observed a fairly homogenous
distribution of the conjugated nanorods on the tumors
due to the topical delivery approach. The nanorod distri-
bution is moderately homogenous compared to the accu-
mulation observed with passive tumor targeting of gold
nanoparticles shown in previous studies [10]. The tumor
microenvironment has vascular abnormalities and poor
lymphatics leading to high interstitial fluid pressure [38].
This interstitial hypertension restricts nanoparticle pene-
tration into the tumor core when injected systemically,
leading to a heterogeneous distribution in the tumor pe-
riphery [39]. However, we believe that the topical delivery
approach could help achieve a uniform nanoparticle dis-
tribution in tumors. The homogenous distribution of
GNRs suggests that this accumulation profile could bene-
fit bulk tumor therapy directed through drugs or photo-
thermal ablation.

CONCLUSION

In summary, topically delivered anti-EGFR antibody
conjugated GNRs are effective probes for EGFR expres-
sion in SCCs. Using near-infrared NBI and two-photon

microscopy, we demonstrated that anti-EGFR GNRs spe-
cifically bound to EGFRs over-expressed in A431 tumors
and improved optical visualization of SCC tumors. The
C225-GNRs attached to the over-expressed EGF receptors
providing an enhanced intensity of up to 2.5-fold. Our
data suggests that the combined use of targeted nanorods
and near-infrared NBI may potentially aid in tumor mar-
gin assessment based on EGFR-expression levels serving
as a valuable diagnostic tool during surgical resection of
SCC tumors.
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