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Gold nanorods (GNRs) are able to efficiently convert absorbed light into localized heat within a short
period of time due to the surface plasmon resonance effect. This property, along with their easy
bioconjugation, allows the use of GNRs in photothermal therapy as selective photothermal agents
to target cancer cells. In this study, GNRs were combined with an antibody against anti-epidermal
growth factor receptor (EGFR), a receptor that is frequently overexpressed in brain tumors, and
the potential of the nanoconjugate (EGFR-GNRs) to eliminate tumor cells was assessed in vitro.
Two human glioblastoma cell lines (U373-MG and 1321N1) expressing EGFR at different levels
were incubated with unfunctionalized GNRs and EGFR-GNRs, and then exposed to irradiation
with a continuous-wave laser at 808 nm. The pretreatment with the EGFR-GNR nanoconjugate
significantly increased the cell death rate after laser irradiation compared to unconjugated GNRs.
No photothermal cell destruction was observed in the absence of GNRs. Our data suggest that the
EGFR modification improves GNR-mediated cell death after laser irradiation, even when EGFR is
present at low doses in cancer cells, and may have the potential to be used clinically as a tool to
help complete resection of brain tumors during surgery.

Keywords: Gold Nanorods, EGFR, Optical Hyperthermia, Biofunctionalization, Glioblastoma
Cell Lines.

1. INTRODUCTION
Glioblastoma multiforme (GBM) is the most common
and deadliest form of malignant primary brain tumors in
adults.1 GBM are usually highly malignant because tumor
cells, with both oligodendroglial and astrocytic compo-
nents, proliferate quickly and are supported by a large net-
work of blood vessels.2 The World Health Organization
has classified GBM as a class IV malignancy.3 This clas-
sification refers to the tumors high rate of proliferation,
increased angiogenesis, invasiveness into the surrounding
tissues, and fatal outcome. The poor prognosis associated
with GBM is a direct effect of the tumors diffuse prolifer-
ation, along with its resistance to traditional treatments.4–7

Current standard therapy for GBM consists of surgery
followed by radiotherapy combined with chemotherapy.
Studies have shown that near-complete tumor resection

∗Author to whom correspondence should be addressed.

improves patient prognosis by preventing tumor recurrence
and by avoiding the need for a second surgery. However,
achieving a maximal extent of resection can be quite dif-
ficult due to the invasive nature of the tumor. Therefore,
the complete success of tumor removal requires the devel-
opment of new effective therapies for the total elimination
of invasive tumor cells.8

Hyperthermia is a noninvasive anticancer approach in
which biological tissues are exposed to temperatures
higher than normal (41–47 �C) to promote selective
destruction of abnormal cells.9 Because of their poor vas-
cular network and reduced heat tolerance, tumors are
selectively destroyed in this temperature range. Thus,
hyperthermia for anticancer treatment could inhibit tumor
cell proliferation by destroying cancer cells or by making
them more sensitive to the effects of conventional antitu-
mor therapies, such as radiation or chemotherapy.9

Gold nanoparticles, in combination with laser light,
have been used successfully to achieve controlled thermal
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damage in tumor tissue.10–12 Gold nanostructures possess a
unique optical property: they strongly absorb light due to
surface plasmon resonance converting absorbed light into
localized heat.13�14 This strategy has been used to develop
thermotherapy for cancer treatment. More specifically, gold
nanorods (GNRs) are of special interest because they have
large light-absorption cross-sections. GNRs exhibit two
distinct surface plasmon oscillations: the longitudinal band,
a strong band in the near-infrared region, and the transverse
band, a weak band in the visible region.13 Only the longi-
tudinal band is sensitive to size changes, and can be shifted
from visible to near-infrared by adjusting the aspect ratio
(length/width) during the process of synthesis.13

In addition, GNRs have shown a good biocom-
patibility12 and quick clearance in blood, while exhibiting
longer retention times in tissues such as liver, spleen and
kidneys.15�16

The biofunctionalization of GNRs with molecules to tar-
get cancer cells has proven highly effective. GNRs have
been conjugated to antibodies to specifically target and
destroy different types of human carcinomas.17�18 The bio-
functionalization results in accumulation of GNRs on the
cell surface, rendering the tumor cells highly susceptible
to photothermal damage.10

Epidermal growth factor receptors (EGFRs), also known
as ErbB receptors, are often overexpressed on cancer
cell surfaces and can lead to activation of multiple path-
ways linked to malignancy.19 EGFR overexpression is
linked to recurrent and high-risk cases in multiple types
of cancer.20�21 Therefore, EGFRs are important diagnostic
markers and targets for therapeutic intervention.22 Approx-
imately 40–50% of GBM tumors contain amplifications
of the wild-type EGFR gene, making EGFR overexpres-
sion the most common mutation in GBMs.6�23�24 There-
fore, EGFR can be proposed as an effective target for
molecular labeling of GBMs.
This article describes the advantages of using EGFR-

biofunctionalized GNRs versus unfunctionalized GNRs to
achieve better results in eliminating tumor cells by pho-
tothermal therapy.

2. EXPERIMENTAL DETAILS
2.1. Optical Hyperthermia Device
The continuous wave laser (MDL H808, PSU-H-LED
power source; Changchung New Industries, Changchun
Jilin, China) works at 808 nm, with a maximum output
power of 5 W, a beam height from base of 29 mm, a beam
diameter with an aperture of 5–8 mm3, and laser head
dimensions of 155× 77× 60 mm3. GNRs (10× 43 nm;
PEG-10-808-100, NanoSeedzTM, OD/ml: 10) were tuned
to the laser source, with a surface plasmon resonance peak
(longitudinal band) at 808 nm. Temperature control was
achieved using a precision thermometer (F100; Automatic
Systems Laboratories, Redhill, UK). The laser was con-
nected to the system via a multimode optical fiber with a

core diameter of 600 �m, a length of 1.5 m, and a power
transmission of 90–99% (600 �m MM fiber; Changchung
New Industries). The optical fiber was fixed to the lower
region of the well irradiating the samples through a colli-
mating lens (78382; Newport, Irvine, CA) for a period of
40 and 75 min at 2.5 W/cm2.

2.2. Preparation of Anti-EGFR Antibody-Conjugated
Gold Nanorods

The anti-EGFR-GNR conjugates were prepared according
to a modification of the method described by Sokolov.25

Briefly, the gold nanorods were washed in H2O and diluted
in 20 mM HEPES buffer (pH 7.4) to a final concentration
0.6 mg/ml. The polyclonal antibody anti-EGFR (30 �g/ml;
Abcam) and polyethyleneglycol to prevent aggregation
(5 mg/ml; Sigma) were added. The solution was mixed
for 48 h at room temperature, centrifuged at 6000 rpm for
18 min and the pellet was resuspended in 1 ml PBS buffer
(pH 7.4). The solution was centrifuged again for 18 min-
utes at 6000 rpm and redispersed in Dulbeccós modified
Eaglés medium supplemented with 5% heat-inactivated
fetal bovine serum, 2 mM L-glutamine, 100 U/ml peni-
cillin and 100 �g/ml streptomycin (Life Technologies,
Grand Island, NY).

2.3. Dot-Blot and Bradford Protein Assay
To test the efficiency of the coupling reaction of the
anti-EGFR antibody to the GNRs, 1 �l drops of each solu-
tion used in the preparation of the EGFR-GNR conjugate
(anti-EGFR antibody, GNRs alone, medium containing
unbound anti-EGFR antibody, and EGFR-GNR conjugate)
were deposited onto a nitrocellulose membrane strip (Bio-
Rad). After drying at room temperature, dot-blots were
first blocked for 1 h at room temperature with 5% skim
milk in Tris-buffered saline (500 mM NaCl in 20 mM Tris,
pH 7.4) containing 0.05% Tween 20 (TTBS), and then
incubated for 1 h with a goat anti-rabbit-peroxidase con-
jugate antibody (1:5000; Life Technologies). Immunore-
activity was detected using the ECL Western blotting
detection system (Amersham Biosciences). In addition,
protein concentrations in coupling reaction (total and
unbound antibody) were determined by an improved Brad-
ford protein assay permitting quantification of low protein
concentrations,26 in order to confirm dot blot results. The
binding efficiency was calculated as previously described
in Ref. [27] resulting to be about 90% and 11.5+/−4
molecules of anti-EGFR bound per nanoparticle.

2.4. Cell Cultures
Human brain astrocytoma cell lines (U373-MG; ECACC
89081403, and 1321N1; ECACC 86030402) were
maintained in Dulbeccós modified Eaglés medium sup-
plemented with 10% heat-inactivated fetal bovine serum,
2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml
streptomycin (Life Technologies, Grand Island, NY). The
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cell lines were maintained at 37 �C in 5% CO2 and 95%
air in a humidified atmosphere and passaged twice a week.

2.5. Western Blotting
1321N1 and U373-MG cell lines were harvested using
trypsin/EDTA (Invitrogen), washed twice with PBS, and
resuspended in lysis buffer (1% Triton X-100, 150 mM
NaCl, 20 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 mM
EGTA) in the presence of protease inhibitors (complete
mini-EDTA-free protease inhibitor mixture tablets, Roche
Applied Science) for 30 min at 4 �C and centrifuged at
maximum speed for 20 min at 4 �C. Protein concentration
in the supernatants was determined using the Bradford pro-
tein assay (Bio-Rad). Proteins (25 �g) were separated in a
8% SDS-polyacrylamide gel and transferred to a nitrocel-
lulose membrane. Blots were then incubated overnight at
4 �C with monoclonal antibodies against �-actin (1:5000;
Sigma) or rabbit polyclonal anti-EGFR antibody (1:200;
Abcam). Secondary antibodies were used at 1:10,000 (Bio-
Rad) for peroxidase anti-mouse antibody and 1:3000 for
peroxidase anti-rabbit antibody (Vector). Immunoreactiv-
ity was detected using the ECL Western blotting detection
system (Amersham Biosciences).

2.6. Immunocytochemistry
Cells were fixed in 4% paraformaldehyde in phosphate
buffer (pH 7.5), blocked for 1 h in 10% normal goat
serum in TTBS, and incubated overnight at 4 �C with
an anti-EGFR antibody (1:40, Abcam) followed by incu-
bation with a biotinylated goat anti-rabbit IgG antibody
(1:100, Vector Labs) and fluorescein streptavidin (exci-
tation 495 nm; emission 515 nm, 1:300, Vector Labs)
for 1 h. Cell nuclei were counterstained with Hoechst
33258 (0.2 mg/ml; Molecular Probes, Eugene, OR).
Images were captured using a Leica DMIRB microscope
equipped with a digital camera Leica DC100 (Nussloch,
Germany).

2.7. Confocal Laser Scanning Microscopy
For phase-contrast microscopy observations, an initial den-
sity of 5× 104 cells/cm2 was seeded in 0.5 ml of cell
culture medium onto glass coverslips in 24-well plates
and allowed to grow for 24 h prior to adding GNRs and
EGFR-GNR conjugates at 0.06 mg/ml. After 75 min of
incubation in the presence of GNRs, the medium was
removed, and the cells were washed twice with phosphate-
buffered saline solution, and fixed in 4% paraformalde-
hyde. Cells were stained with phalloidin (1:500, Sigma)
to visualize the cytoskeleton, and then incubated with
goat anti-rabbit FITC-conjugated antibody (1:300, Jack-
son Immunoresearch) to detect EGFR-GNRs. Cell nuclei
were counterstained with ToPro (1:500, Invitrogen). GNRs
were detected by reflection under excitation with a laser of
488 nm and by collecting the emission in the 426–446 nm

range. Images were captured using a Zeiss LSM510 con-
focal microscope.

2.8. Total-Reflection X-ray Fluorescence (TXRF)
Spectrometry

To determine the affinity of EGFR-GNRs for U373-MG
and 1321N1 cells, Au ion concentration was assessed by
TXRF, as previously described in Ref. [16]. To this end,
U373-MG and 13121N1 cells (2.5× 105 cells/ml) were
incubated with GNRs and EGFR-GNRs at 0.06 mg/ml for
75 min. Cells were then washed three times with PBS to
remove unbound GNRs. Before the element analysis, cells
were detached using trypsin and dissolved in aqua regia
for 12 hours at 120 �C. The amount of Au ion isolated in
the cells was measured using TXRF.16

2.9. Transmission Electron Microscopy (TEM)
U373-MG cells were seeded (2.5× 105 cells/ml) into
6-well plates. After incubation with GNRs and EGFR-
GNRs (0.06 mg/ml) for 12 hours, the medium was
removed, and cells washed with PBS 1× solution. Cells
were fixed in 4% paraformaldehyde and 2% glutaralde-
hyde in phosphate buffer 0.1 M, pH 7.4 for 2 hours. Cells
were then scraped from the culture dish and centrifuged
at 1500 rpm for 5 minutes; the supernatant was removed.
Cell pellets were embedded in Epon Araldite resin (poly-
merization at 65 �C for 15 hours). Thin sections (70 nm)
containing the cells incubated with GNRs were placed on
the grids and stained for 1 minute, each with 4% uranyl
acetate (1:1, acetone: water) and 0.2% Raynolds lead cit-
rate (water), and air-dried. Images were obtained with a
JEOL JEM1010 transmission electron microscope.

2.10. Cell Viability After Hyperthermia Treatments
U373-MG and 1321N1 cells (5× 104 cells/cm2) were
seeded in 24-well plates in 0.5 ml of cell culture medium
and allowed to grow for 24 h prior to adding GNRs and
EGFR-GNRs at 0.06 mg/ml for 40 and 75 min. After that
time, cells were washed to eliminate excess GNRs, and
fresh medium was added. Cells were exposed to laser irra-
diation at 2.5 W/cm2 for 40 and 75 min. After laser irra-
diation, cells were washed in PBS and cultured for 24 h
under standard conditions for recovery. For the controls
(cells without laser irradiation), cells were incubated in
cell culture medium alone and in cell culture medium with
0.06 mg/ml of each type of GNRs for 40 and 75 min.
Cell viability was determined by the MTS assay using
the CellTiter 96H AQueous One Solution Cell Prolifer-
ation Assay kit (Promega) following the manufacturer’s
instructions.

2.11. Statistical Analysis
Results are shown as the mean±standard error of the mean
of data from three to four experiments. Data were analyzed
by single-factor analysis of variance followed by the post
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hoc Tukeýs honestly significant difference test. A signifi-
cance level of p < 0�05 was chosen, and Sigmaplot 12.5
Software (Systat Software) was used for all statistical tests.

3. RESULTS AND DISCUSSION
In this study, a general strategy was used to evaluate the
efficacy of biofunctionalized GNRs compared to unfunc-
tionalized GNRs in photothermal therapy. To provide clin-
ically relevant anticancer functionality, antibodies against
EGFR were selected to target tumor cells, since this recep-
tor is overexpressed in many tumor types.19–25 The GNRs
used in the present study showed a high cytocompatibil-
ity and typical accumulation and elimination kinetics after
their intravenous administration in mice, as it was previ-
ously described.12�16 Moreover, when the culture medium
was irradiated with laser using the same parameters as in
this study, temperatures above 50 �C were obtained in the
presence of GNRs and below 39 �C in samples without
nanorods.12

3.1. Biofunctionalization of Gold Nanorods with
Anti-EGFR Antibody

Anti-EGFR antibodies were immobilized onto GNRs as
previously described in the methods section. The prepa-
ration of gold bioconjugates was based on non-covalent
binding of the anti-EGFR antibody at its isoelectric point
to GNRs leading to the formation of a very stable
complex.25 The efficiency of the antibody binding to GNRs
was determined by a dot-blot assay (Fig. 1(A)). Dot-
blot analysis suggested a high level of anti-EGFR bind-
ing to GNRs, since only small traces of free anti-EGFR
were found in the unbound fraction; a high amount of
anti-EGFR antibody present at the beginning of the cou-
pling reaction could be detected conjugated to the GNRs
in the GNRs-EGFR fraction after the coupling reaction
(Fig. 1(A)). These results were also confirmed by the Brad-
ford protein quantification assay. The binding efficiency
was estimated to be about 90% with 11.5±4 molecules of
antibody bound per nanorod, as it has been described in
more detail in the experimental section.

Figure 1. A. Dot-blot assay to determine the effectiveness of EGFR
antibody binding to GNRs. One �l of GNRs biofunctionalized with anti-
EGFR antibody (EGFR-GNRs), GNRs, EGFR antibody, and unbound
fraction from the coupling reaction were placed onto the nitrocellulose
membrane. B. Western blot of U3733-MG and 1321N1 cells stained for
EGFR and �-actin (used as a loading control).

3.2. Expression of EGFR in Human Glioblastoma
Cell Lines

To explore the possibility of EGFR targeting in glioblas-
toma cell lines, we determined the levels of EGFR
expression in two glioblastoma cell lines (U373-MG and
1321N1) by Western blotting (Fig. 1(B)) and immuno-
cytochemistry (Fig. 2). Both cell lines showed EGFR
expression at different levels: the U373-MG cell line
showed a high EGFR expression while 1321N1 cells
exhibited a lower EGFR expression (Figs. 1(B) and 2).
The ability of GNRs conjugated to anti-EGFR antibody

to bind to the EGF receptor on the plasma membrane of
the two glioblastoma cell lines was assessed by confocal
fluorescence microscopy. After exposing U373-MG and
1321N1 cells to anti-EGFR-GNRs for 75 min, the pres-
ence of GNRs bound to glioblastoma cells was detected by
reflection (blue), and the presence of anti-EGFR antibody
bound to GNRs was shown in green by immunofluores-
cence (Fig. 3).
U373-MG cells (with a high EGFR expression in the

plasma membrane) were heavily labeled with EGFR-GNR
conjugates (Fig. 3(A)) and easily distinguishable from
1321N1 cells (Fig. 3(B)), which were weakly labeled
with the conjugates, since they exhibit a lower expres-
sion of EGFR in the plasma membrane. Unfunctionalized
GNRs were bound to both glioblastoma cell lines to a
much lesser extent than EGFR-GNRs (inserts in Figs. 3(A)
and (B), marks in blue). These results were also con-
firmed by determining the Au ion content in U373-MG
and 1321N1 cell lines after incubation with GNRs and
EGFR-GNRs for 75 min. TXRF element analysis showed
that the number of EGFR-GNRs in both cell lines was
higher than that obtained when cells were incubated with
unmodified GNRs under the same conditions (Fig. 4(A)).
Moreover, cells with a higher EGFR expression (U373-
MG cells) showed a higher gold concentration when incu-
bating with EGFR-GNRs (Fig. 4(A)). The results from
the TEM observation showed that GNRs (Fig. 4(B)) and
EGFR-GNRs (Fig. 4(C)) entered into U373-MG cells after
being treated with them for 12 hours. The result indicated
that the EGFR-GNRs targeted the EGFR-expressing tumor
cells proportionally to their expression levels. In general,
the anti-EGFR modification allowed more GNRs to enter
both cells; although Au ion can also be detected at lower

Figure 2. Immunocytochemical staining for EGFR (green) in U373-
MG (A) and 1321N1 (B) cell lines. Cell nuclei were counterstained with
Hoechst (blue). Scale Bar: 50 �m.
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Figure 3. Confocal fluorescence images of U373-MG (A) and
1321N1 (B) cell lines after incubation with EGFR-GNR conjugates.
GNRs are shown by laser scanning confocal reflectance in blue. The
EGFR antibody conjugated to GNRs was stained in green using an anti-
rabbit-FITC antibody. The cellular cytoskeleton was stained with phal-
loidin (red). Images show higher EGFR-GNR binding to U373-MG (high
EGFR expression) cells than to 1321N1 cells (low EGFR expression).
Unfunctionalized GNRs exhibited minimal binding to both cell lines
(inserts in A and B). Scale bar: 20 �m for all images.

concentrations, in both cell lines when using unmodified
GNRs (Fig. 4(A)).

In the present study, we used biofunctionalized EGFR-
GNRs as heat-inducing agents under laser radiation in order
to obtain a high rate of death of glioblastoma cells. It has
been described that many solid tumors (especially glioblas-
tomas) over-express the EGF receptor.28–30 Therefore; the
use of functionalized EGFR-GNRs could promote a selec-
tive and localized binding of nanoparticles to tumor cells.

Figure 4. Cellular uptake of GNRs and EGFR-GNRs by U373-MG
and 1321N1 cells, Au ion concentration was measured by TXRF after
preincubating cells (2×105 cells) with gold nanorods at 0.06 mg/ml for
75 min (A). TEM images of U373-MG cells treated with GNRs (B) and
EGFR-GNRs (C). Scale bar: 80 nm.

The effectiveness of photothermal therapy has also been
described in other tumor cell lines, including human oral
epithelial cells,31 squamous epithelium carcinoma cells,32

epithelial cervical carcinoma,33–35 and squamous epithelial
cells.36 Therefore, the use of EGFR expression as a tumor
marker and its application in photothermal therapy in com-
bination with GNRs has been widely studied. However,
to date there are few studies in which efficient methods
based on functionalized GNRs for the effective treatment
of glioblastoma have been described. EGFR-GNRs have
only been used to spatially delineate human glioblastoma
for classifying normal and malignant brain tissue regions.7

The different EGFR expression levels observed in the
two cell lines analyzed in this study allowed us to deter-
mine the effectiveness of GNR biofunctionalization with
EGFR to promote cell death after irradiation with a laser.

3.3. Cytotoxicity Induced by Laser Irradiation in the
Presence of Anti-EGFR-GNRs and GNRs

The effectiveness of the optical hyperthermia to induce cell
death by laser irradiation in the presence of functionalized
(EGFR-GNRs) or unfunctionalized (GNRs) GNRs was
determined by assessing cell viability. To study cell death
in response to the optical laser-induced hyperthermia,
U373-MG and 1321N1 cells were incubated for 40 and
75 min with GNRs-EGFR and GNRs. After the incuba-
tion period, GNRs-EGFR and GNRs were removed, fresh
culture medium was added, and cell viability was ana-
lyzed after the irradiation of glioblastoma cell lines with
a continuous-wave laser at 2.5 W/cm2 for 40 min. Incre-
ments (�) in cell death resulting from the laser irradiation
after the preincubation of both cell lines with both types
of nanoparticles (functionalized and unfunctionalized) are
shown in Figure 5. Only slight increases in cell death rates
were observed when cells were irradiated at 2.5 W/cm2 in
the absence of GNRS (Control in Fig. 5), a common range
power used in other studies.37–40 However, this power is
higher than the maximal permissible exposure (MPE) of
skin per American National Standard for Safe Use of
Lasers regulation (0.4 W/cm2�.41 Therefore, it is highly
needed to design more efficient nanomaterials for future
in vivo applications. When U373-MG cells—which express
EGFR at high levels—were incubated with EGFR-GNRs
for 40 min and then irradiated, the cells showed a signifi-
cant increase in cell death compared to cells irradiated in
the absence of GNRs. Moreover, when the same cells were
incubated with EGFR-GNRs for a longer period of time
(75 min), the increase in cell death was significantly dif-
ferent from both cells irradiated without GNRs and cells
irradiated with unfunctionalized GNRs (Fig. 4(A)). How-
ever, in the 1321N1 cells—which express EGFR at a low
level—a significant increase in the percentage of cell death
only occurred when cells were preincubated for 75 min
with the EGFR-GNRs conjugate (Fig. 4(B)), which is con-
sistent with the decreased expression of the EGF receptor
observed in this cell line (Fig. 2(B)).
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Figure 5. Increase in cell death produced by laser irradiation in U373-MG (A) and 1321N1 (B) cell lines. Cells were incubated with culture medium
(Control), unfunctionalized GNRs (GNRs), and GNRs conjugated to anti-EGFR antibodies (GNRs-EGFR) for 40 and 75 min, and were then irradiated
with a continuous-wave laser at 5 W for 40 min. Cell viability was assessed by the MTS assay. Specific basal cell death rates for each condition
(without laser irradiation) resulted in 17.7+/−1.8% and 18.6+/−1.2% for U373-MG cells incubated with GNRs for 45 and 75 min respectively;
33.2+/−1.8% and 35.7+/−1.1% for U373-MG cells incubated with EGFR-GNRs for 45 and 75 min respectively; 10.1+/−3.7% and 11.2+/−5.2% for
1321N1 cells incubated with GNRs for 45 and 75 min respectively; 20.8+/−4.3% and 17.2+/−6.2% for 1321N1 cells incubated with EGFR-GNRs
for 45 and 75 min respectively. Control cells in each cell line were considered as 100% cell viability. Each value represents the mean±SEM of n= 3
independent experiments. ANOVA, Tukey post hoc, ∗p < 0�05 compared with cells irradiated without GNRs, #p < 0�05 compared with cells treated
with unfunctionalized GNRs.

In photothermal therapy, the biofunctionalization of
GNRs with molecules that specifically recognize tumor
cells may provide additional support for surgery for com-
plete removal of brain tumors, thus achieving the removal
of tumor cells that otherwise would be invisible to surgical
resection.
In the cell line that highly expressed EGFR (U373-MG),

when cells were irradiated with laser after preincubation
with GNRs-EGFR for 40 and 75 min, a statistically sig-
nificant increase in cell death with respect to cells irra-
diated in the absence of GNRs occurred; this effect was
not achieved when the same cells were incubated with
unfunctionalized GNRs. Furthermore, when the cells were
preincubated for 75 min with EGFR-GNRs, a significant
increase in cell death was observed compared to cells
preincubated with unfunctionalized GNRs, demonstrating
the significance of an adequate biofunctionalization of the
nanorods. In 1321N1 cell line—which showed a lower
expression of EGFR than the U373-MG cell line,—when
cells were incubated with the EGFR-GNR conjugate for
75 min and subsequently irradiated, a significant increase
in cell death compared to both control cells and cells
treated with unfunctionalized GNRs occurred. However,
in this cell line, no significant increases in cell death
rates were obtained when shorter preincubation times with
EGFR-GNRs were tested. The difference in the percent-
age of cell death rates observed in both cell lines might
be due to different susceptibilities of the cells in response
to an increase in temperature, as we have proved by sub-
jecting the cells to a heat shock (60 �C for 5 min) in a
conventional oven. After the heat shock, cell death rates
were determined, resulting in 8.03+/−1.83% for U373-
MG and 15.68+/−1.00% for 1321N1 cells. However, in

both cell lines, the pretreatment with EGFR-GNRs is more
effective than using unfunctionalized GNRs to produce cell
death after laser irradiation, even in cells with low EGFR
expression. The highest absolute cell death rates (65.7%
and 77.2% for U373-MG and 1321N1 cells, respectively)
were obtained when both cell lines were irradiated after
treatment with EGFR-GNRs for 75 min.

4. CONCLUSIONS
The results described here indicate that the biofunctional-
ization of GNRs with EGFR provides an effective method
to induce high mortality rates after laser irradiation in cells
expressing EGFR at both high and low concentrations,
demonstrating the efficacy of using infrared photothermal
therapy to eliminate human glioblastoma cells via biofunc-
tionalized GNRs. These in vitro studies have increased
the understanding of cellular responses to photothermal
therapy, although due to the particular type of cancer,
located in the brain, many challenges remain to deter-
mine the effects of hyperthermia treatments in vivo. Due
to the limited capacity of laser penetration in tissues, this
method can provide additional aid to surgery to completely
remove EGFR-expressing brain tumours using nanoparti-
cles with an appropriate biofunctionalization. This method
could thus complete the total removal of the tumor cells
that otherwise would be invisible to surgical resection.
This combination of active molecular localization and sub-
sequent photothermal treatment of tumor cells may be a
feasible application for the treatment of a variety of EGFR-
overexpressing tumors, including cervical, colorectal, ovar-
ian, melanoma, lung, pancreas, and prostate cancers.42–47

In all these types of tumors and due to their anatomical
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location, laser irradiation following injection of functional-
ized GNRs could prevent the need for more invasive treat-
ments, such as surgical resection, and this method may
complement methods to achieve complete tumor removal.
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