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Abstract. Herein, we report a simple approach for increasing the photothermal conversion

1. Introduction

passivated GNRs with biocompatible capping ligands
such as phosphatidylcholine (PC) [26], polyethylene
glycol (PEG) [27,28] etc., for cell-related studies. Modi ed ligands should also provide stability for GNRs in
the aqueous phase [29,30].
Studies have shown that GO, in comparison with
single-walled nanotubes (SCNT) [31], is a more e ective photothermal system, and, on the other hand,
has a better biocompatibility with biological environment [32]. It also in a longer period of time, stays in
circulation.
However, the toxicity of GO and its biocompatibility have not been fully understood still.
Several latest reports uncovered that as-prepared
GO showed dose-dependent toxicity in vitro against
cells [33]. After intravenous injection, GO would dominantly accumulated in lungs of mice over long periods
of time, inducing obvious pulmonary toxicity [34,35].
Coating of biocompatible polymers on graphene may
help to circumvent these problems.
Functionalization of graphene sheets with various
chemical groups and inorganic nanoparticles, such as
Ag, Au, TiO2 , and Fe3 O4 , can further enhance the

Gold nanorod;
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eciency of Gold Rods (GRs) as a result of interaction between gold rod and graphene
oxide. For preparation of these hybrid materials, gold rods were synthesized and modi ed
using functionalized polyethylene glycol-triazine (PEG-T). Then functionalized gold rods
(GR-P) were attached to Graphene Oxide (GO) sheets by - stacking. It was found that
GR-P coating can improve the stability of GO in aqueous solutions. Moreover cellular
experiments showed that GR-P coating on GO induce remarkably reduced cell toxicity.
Gold rod-graphene oxide (GR-P-GO) hybrid materials hold great promise for application
in various biomedical elds such as photothermal cancer therapy.
c 2014 Sharif University of Technology. All rights reserved.

The gold nanorods (GNRs) and Graphene Oxide (GO)
have attracted considerable attention because of their
unique optical, chemical, and physical properties and
prodigious potential applications in a various areas
including biosensing [1-4], surface enhance Raman
scattering [5,6], photoacoustic imaging [7-9], gene delivery [10-13], drug delivery [14-20], photothermal cancer
therapy [21-24] etc. GNRs and GO have been used as
heat sources for hyperthermia, due to their strongly
enhanced absorption in NIR regions and producing
heat via non-radiative electron relaxation dynamic.
So GNRs and GO are good candidates for ecient
photothermal ablation of tumors. Nevertheless, the
clinical applications of GNRs have been limited, due
to high cytotoxicity of CTAB that covers the surface
of GNRs and is essential for their stabilization and
also prevents the aggregation of GNRs [25]. Therefore, it is necessary to modify the surface of CTAB*. Corresponding author. Tel: +98 9163603772
E-mail address: adeli@sharif.edu (M. Adeli)
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properties of graphene. Hybrid materials, consisting of
nanoparticles distributed on the surface of graphene,
could potentially display not only the unique properties
of nanoparticles [36,37] and those of graphene [38-41],
but also additional novel properties due to the interaction between the nanoparticles and the graphene.
As a result and based on the above explanation,
incorporation of GNRs into GO lead to hybrid materials with unique properties.
The nal goal of the current study is to investigate
the photothermal e ect of a GR assembly incorporated
into a Graphene Oxide (GO) sheet, which is an ideal
substrate material for meeting our objective because
of its high thermal conductivity ( 5; 000 Wm 1 K 1 )
and strong transmittance of light ( 97:7%) [42,43]. In
this work, hybrid materials, consisting of modi ed GR
with Polymer (GR-P) and GO, were synthesized and
characterized. In order to prepare GR-P-GO hybrid
materials, GR-P was staked onto the surface of GO using a polyethylene glycol spacer. This system exhibits
a useful absorbance of NIR light and consequently
production of the heat.

2. Experimental section
Tetrachloroauric acid (HAuCl4 .3H2 O) was purchased
from Sigma, and sodium borohydride, silver nitrate, ascorbic acid, cetyltrimethyl ammonium bromide
(CTAB), cysteamine (CY), cyanuric chloride, sodium
hydride, methanol, dichloromethane and polyethylene
glycol (PEG1000 ) were purchased from Merck.
Infrared (IR) experiments were performed using
a Nicolet 320 FT-IR. Ultraviolet (UV) spectra were
recorded on a Shimadzu (1650 PC) scanning spectrophotometer. Ultrasonic bath (Model: 5RS, 22
KHz, Made in Italy) was used to disperse materials
in solvents. The particle size, polydispersity and zeta
potential of materials were determined using Dynamic
Light Scattering (DLS) (zetasizer ZS, Malvern Instruments). Surface imaging studies were performed using
Atomic Force Microscopy (AFM) to estimate surface
morphology and particle size distribution. Samples
were imaged with the aid of Dualscope/Rasterscope
C26, DME, Denmark, using DS 95-50-E scanner with
vertical z-axis resolution of 0.1 nm.

2.1. Synthesis of GR

GR was synthesized using a NaBH4 -ascorbic acid
mixture [44]. In this typical synthesis, 10 mL of
growth solution was prepared by dissolving HAuCl4
(concentration 1 mM-100 mM) in aqueous CTAB
solution. Next, AgNO3 (concentration 0.1 mM-20 mM)
and ascorbic acid solution (two equivalents with respect
to gold salt) were mixed. The orange color of the gold
salt disappears due to the reduction of Au3+ to Au+ by
ascorbic acid. Finally, 1-1000 mL of NaBH4 (0.01 M)

solution was rapidly mixed and the color of the solution
changed to deep brown/violet within a few minutes.

2.2. Preparation of polyethylene glycol triazine
(PEG-T)

A solution of PEG and sodium hydroxide in water was
added to a solution of cyanuric chloride in 50 mL of
dichloromethane at 0 C. Then, the mixture was stirred
at 0 C for 1 h and at room temperature for 1 h and
was re uxed for an additional 6 h. The puri ed product
was obtained as a white solid in a 100% yield [45-47].

2.3. Preparation of GR-P

The GRs were easily modi ed by alkanethiols. Chemical modi cation of GRs was achieved according to
the following procedure: 150 L of 25 mM aqueous
solution of cysteamine was added to 5 mL of the
GRs suspension and it was stirred for at least 20 min
at room temperature. Then, GRs were collected by
centrifugation at 8700 rpm for 12 min and resuspended
in 5 ml distilled water. Then, 3 ml gold rodscysteamine (GR-CY) solution, in ice bath, was added
dropwisely to 1 ml of PEG-T (0.7 mM) solution. The
mixture was stirred for 30 min. The resulting solution
was under ultrasound for 1 h at 23 C and was left to
stand for 30 min at room temperature. Then it was
puri ed by centrifugation for 10 min at 8700 rpm and
resuspended in 5 ml distilled water and stored at 4 C.

2.4. Preparation of GR-P-GO hybrid material

GO produced according to the Hummers method [48],
especially synthesized from natural graphite can be
easily dispersed in water. According to, a desired
amount of GO powder (0.5 mg) was dispersed into 5 mL
of distilled water and it was treated by mild ultrasound
for 15 min in order to form a homogeneous suspension.
150 L of GR-P was added to the suspension under
stirring, and the mixture was sonicated for 30 min and
was stored at room temperature for a night. Then it
was puri ed by centrifugation for 15 min at 11000 rpm,
and resuspended in 5 ml distilled water, and was stored
at 4 C.

2.5. Preparation of GR-GO hybrid material

0.5 mg of GO powder was dispersed into 5 mL of
distilled water and it was treated by mild ultrasound
for 15 min in order to form a homogeneous suspension.
100 L of GR was added to the suspension under
stirring. The mixture was sonicated for 30 min and
was stored at room temperature, then puri ed by centrifugation for 15 min at 11000 rpm and resuspended
in 5ml distilled water and storage at 4 C.

2.6. Cell viability assay (MTT)

Colorimetric assay is a popular method in quantifying cell survival percentage. In principle, the absorbance of formazan which was produced from the
mitochondrial oxidation of 3-(4, 5-dimethylthiazolyl-
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2)-2,5-diphenyltetrazolium bromide (MTT) in living
cells is directly proportional to the number of living
cells. Brie y, HeLa cells were seeded into 96-well plates
with 200 mL medium (DMEM) and incubated for 24 h
at 37 C under a 5% CO2 atmosphere. Then, 20 L
GR, GR-P, GO, GR-GO and GR-P-GO were incubated
for 24 h, 48 h and 72 h, respectively. After that,
0.05 mg of MTT was added to each well and the plates
were incubated for 2 h. Next, the MTT solutions
were removed and 100 L DMSO (Dimethylsulfoxide)
was added to each well. Then the absorbances of
the wells at 490 nm were measured with a microplate
reader. The obtained cell viability was expressed as
a percentage relative to cells incubated with medium
only.
Cell viability was calculated using the equation:
Cell viability (%) = (Ints/Intscontrol)  100;
where \Ints" is the colorimetric intensity of the cells
incubated with the samples, and \Intscontrol" is the
colorimetric intensity of the cells incubated with the
Media only (positive control).

3. Results and discussion
In this work, GRs with CTAB capping agent were
synthesized and then CY was used to replace CTAB
molecules on the surface of GRs. Functionalized
polyethylene glycol was then conjugated to the surface
of the resultant cysteamine-modi ed GRs (GR-CY)
(Scheme 1).
GRs were deposited onto the surface of GO using
electrostatic interaction between the negative GO and
positive GRs surfaces (Scheme 2(a)). For preparation
of GR-P-GO hybrid materials, GR-P was staked onto
the surface of GO by interactions between  systems
of triazine and graphene oxide (Scheme 2(b) and (c)).
IR spectra were used to prove the synthesis of
GR-P and GR-P-GO and evaluate interactions between
their species. Figure 1 shows the IR spectrum of GR,
CY, GR-CY, PEG-T and GR-P. As we discussed in
the previous section, GR has been established in the
medium by CTAB surfactant. In IR spectrum of GNR
(Figure 1(a)) absorption bands at 2981, 2848.57 cm 1
and 1342 cm 1 are corresponded to the stretching
vibration of C-H and C-N bands, respectively. Also
CH2 and CH3 bending vibration appeared at 1481 and
1360 cm 1 , respectively. In absorption spectrum of
CY, symmetric stretching bond of N-H, asymmetric
stretching bond of N-H, N-H bending vibration, C-N
stretching and S-H stretching are shown at 3288, 3352,
1585, 1022 and 2550 cm 1 , respectively (Figure 1(b)).
The vibration bond of S-H group that is seen as a
weak bond in systeamine spectrum disappeared at IR
spectrum of GR-CY (Figure 1(c)), and this shows the

Figure 1. IR Spectra of a) GR, b) cysteamine, c)
GR-CY, d) PEG-T, and e) GR-P.

formation of covalent bond between thiol group and GR
surface. Figure 1(d) shows the IR spectrum of PEG-T.
The absorption bond of C-O stretching at 1106 cm 1
and C=N of triazine ring at 1724 cm 1 are appeared.
In IR spectrum of GR-P, the double peak of NH2 of CY
on the GR surface at 3398 cm 1 is changed to a single
peak upon conjugation to the triazine group. Figure 2
shows the IR spectrum of GO, GR-GO and GR-P-GO.
In IR spectrum of GO, six absorbance bands assigned
to the stretching vibration of acidic OH, C=O, C-O
(epoxy), C-O-C, C-OH, and C=C of aromatic ring can
be seen at 3421, 1722, 1225, 1054, 1420 and 1627 cm 1 ,
respectively (Figure 2(a)). Presence of vibration bands
at 2920 and 2856 cm 1 corresponded to the C-H group
of surfactant CTAB on GR surface in the IR spectra of
GR-GO prove stacking of the GR on the surface GO
(Figure 2(b)). Comparison of the absorbance bands
of di erent species of GR-P-GO with the IR spectrum
of this compound and shifted absorption bands shows
the interaction between modi ed GR and GO. In IR
spectrum of this system, absorption bands of OH and
C=O acidic groups of GO are shifted from 1728 and
3407 cm 1 to 1726 and 3417 cm 1 , respectively. It
shows that one of interactions between GR-P and
GO is hydrogen bonding between acidic OH of GO
and nitrogen atom in triazine ring. On the other
hand, vibration of C=C of GO shifted from 1627 cm 1
to 1620 cm 1 in GR-P-GO hybrid material proving
interactions between terminated triazine in PEG and
aromatic rings of GO (Figure 2(c)).
In UV-vis spectra, in general, GNRs have two
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Scheme 1. Synthetic route for preparation of modi de gold rod: a) Water, 25 C, 1h; and b) water, 0-25 C, 1 : 300 .
distinctive adsorption bands, namely, the transverse
band and the longitudinal band, corresponding to the
oscillation of free electrons along the short and long
axis of GNR, respectively. In GR aqueous solution,
the GRs have two absorption maxima, one at 520 nm,
is attributed to the transverse surface plasmon resonance, and the other one at 720 nm corresponds
to the longitudinal surface plasmon (SPL) resonance
(Figure 3(a)). The modi cation of GRs by CY and
functionalized poly ethylene glycol was monitored by
UV-Vis absorption spectra as shown in Figure 3(b)
and (c). The longitudinal and transverse plasmon

bands shifted from 720 nm to 870 nm and 520 nm to
530 nm, respectively, upon binding of cysteamine onto
the surface of GRs (GR-CY), because of increasing the
aspect ratio and size of GRs. After modi cation by
polymer, a red-shift can be observed in the transverse
band from 530 (Figure 3)) to 546 nm, because of the
end-to-end assembly of GRs.
Also Figure 3 shows that aqueous solutions of GR,
GR-CY and GR-P are completely stable at room temperature over several months and there is no observed
aggregation.
The UV-vis spectra of GO was recorded (Fig-
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Scheme 2. Synthetic route for preparation of GR-GO and GR-P-GO hybrid nanomaterials: a), b), and c) water, 25 C,

2 : 300 .

Figure 3. UV-vis spectra of a) GR, b) GR-CY, and c)

GR-P and aqueous solutions of a) GR, b) GR-CY, and c)
GR-P in 25 C.

Figure 2. IR Spectra of a) GO, b) GR-GO, and C)

GR-P-GO.

ure 4(a)) showing a similar absorption peak at 230240 nm, which was originated from the -plasmon of
carbon [49,50]. Successful GR and GR-P loading on
GO were evidenced by UV-vis spectra of GR-GO and
GR-P-GO hybrid nanomaterials (Figure 4) in which
the characteristics of GR and GR-P absorption peaks
were clearly identi ed (Figure 3(b) and (c)). The UVvis peaks at 520 nm and 720 nm, and also 546 nm
and 870 nm were then used to determine the concen-
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Figure 4. UV-vis spectra and UV-vis expanded spectra
of GO, GR, GR-P-GO, and GR-GO and aqueous solutions
of a) GO, b) GR-GO, and c) GR-P-GO at 25 C.

Figure 6. TEM image of GO.
Table 1. Zeta potential values of samples.
Sample Zeta potential (mV)
GR
GR-P
GO
GR-GO
GR-P-GO

Figure 5. TEM image of GR.
trations of GR and GR-P in GR-GO and GR-P-GO
samples after subtraction of absorbance contributed by
GO. These changes can be seen in UV-vis expanded
spectra clearly (Figure 4). In addition, Figure 4 shows
that aqueous solutions of GO, GR-GO and GR-P-GO
hybrid nanomaterials were stable at ambient conditions
over several months, and no precipitation was observed.
TEM images were prepared by deposition of a
suitable amount of the concentrated GRs (centrifuged
and resuspended in distilled water) onto the carboncoated copper grid. Figure 5 shows TEM image of
synthesized GRs. The average dimension of GRs was
estimated to be 360 nm long and 130 nm wide which
represents an aspect ratio of 2.77. This feature can
be also characterized by the longitudinal peak in the
absorption spectrum.
Figure 6 shows a TEM image of GO sheets. The
suspended graphene membranes presented here consist
of single layer or bilayer sheets with average dimensions
of 2 m.
The morphology of GO before and after loading
GR-P was characterized with AFM, as shown in Figure 7(a). GO shows a height of 1.3 nm, suggesting
a single layer graphene sheet [51]. Figure 7(b) shows
AFM images of GR-P-GO hybrid materials. A Smooth
surface can be seen for pristine GO (Figure 7(a)), while

+33.18
+8.29
-20.51
-10.23
-31.98

many protuberances are observed for GR-P-GO hybrid
(Figure 7(b)). These protuberances can be seen clearly
in Figure 7(c) and (d). As can be observed, GRsP uniformly are placed on the surface of GO. AFM
phase contrast image of the GR-P-GO hybrid materials
con rms this result. Phase contrast images show
a network-like shape with two phases for GR-P-GO
hybrid material. Dark parts are assigned to the GRs-P
on the surface of GO and bright points correspond to
GO. It was also observed that the average thickness of
GR-P-GO sheets was 3.46 nm, while single layer GO
sheets were 1.3 nm. The increased sheet thickness was
attributed to the GR-P coating on graphene.
The zeta potential of synthesized hybrid materials
was investigated in water and at 25 C by Dynamic
Light Scattering (DLS). Useful information about interaction between GR, Polymer, and GO were obtained
using zeta potential. Table 1 shows the zeta potential
of GR which is 33 mV due to the presence of cationic
surfactant CTAB. Replacing this surfactant by polymer
changes GR's zeta potential to 8.26 mV. The positive
zeta potential of polymer is due to the protonation of
nitrogen atoms of triazine rings. Due to the presence
of carboxylic groups on the surface of GO its zeta
potential is -20.51 mV. The zeta potential of GRGO hybrid material is -10.23 mV, because charge of
surfactant of GR and CTAB is positive, and it is
negative for GO.
Emission spectra of the GR, GR-P, GO and GRP-GO under excitation by a 480 nm light are depicted
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Figure 7. Topographic and pro le AFM images of (a) GO and (b) GR-P-GO. Topographic (c), and the phase contrast
(d) images of the region are shown inside the topographic AFM image of GR-P-GO.
in Figure 8. In this spectrum, free GR and GR-P
exhibit a maximum luminescence emission at 523 nm
and 578 nm, respectively. Because of the increasing
aspect ratio of modi ed GRs, the emission spectrum
is shifted to longer wavelengths, and its intensity
decreases. However, GR-P-GO exhibits signi cant
quenching at 578 nm emission band at the same excitation wavelength. These results indicate that there
is a strong - stacking interaction between triazine of
PEG-T in GR-P and aromatic rings of GO in GR-PGO hybrid materials.
The ability of GRs and their modi ed forms
to increase temperature of medium has also been
investigated. Table 2 corresponds to the temperature
of aqueous solutions of materials irradiated by 650

nm laser source with a power of 100 mW. It should
be mentioned that the intensity of the present NIR
laser is 10 times lower than the laser intensity (>
2 W/cm2 ) commonly used in previous reports. A low
power source and the lower wavelength that materials respond were selected, because these two factors
dominate the eciency and safety of photothermal
systems. Solutions of GR, GR-P, GO, GR-GO and GRP-GO (800 L) were irradiated in the plastic tubes.
As can be seen, GR-P-GO hybrid materials increase
temperature of solutions more that their precursors.
There is a de ciency of information on the enhanced
photothermal e ect of GR, and to the best of our
knowledge, this report is the rst to demonstrate the
increase in the photothermal eciency derived from the
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Table 2. Measured temperature of aqueous solutions of
the sample after irradiation by a laser source at
wavelength of 650 nm with a power 100 mW.
T1 -T2
Time Wavelength
Sample
GR
GR-P
GO
GR-GO
GR-P-GO

( C)

25.2-28.4
25.2-31.7
25.2-27.3
25.2-33.6
25.2-39.1

(min)
3
3
3
3
3

(nm)
650
650
650
650
650

Figure 10. Electric led distribution around gold rod on
graphene oxide substrate.

Figure 8. Luminescence spectra of a) GR, b) GR-P, c)
GO, and d) GR-P-GO.

Figure 11. Electric led distribution spectrum at point A
for two cases of Gold Rod (GR) and GR in vicinity of
graphene oxide.

Figure 9. Cellular viability of HeLa cells, assessed by an
MTT assay, after exposure to GR, GR-CY, GR-P, GO,
GR-GO and GR-P-GO for 24, 48 and 72 h.
addition of GR-P onto the surface of GO. Therefore,
the synthesized hybrid material can be used as new
photothermal therapy systems with a high treatment
ecacy.
All materials show a time-dependence toxicity
(Figure 9). Interestingly, toxicity of materials increases
abruptly in the rst two days incubation, showing that
this materials uptake by cells quickly. A reason for this
observation could be the big size of materials. In this
gure, because of higher dispersion and stability of GRP in comparison with GR, the cellular uptake of GR-P
is higher. Therefore, it reveals higher level of toxicity
than GR. Also, due to the GO hydrophobic surface,
GO exhibits higher cellular uptake and toxicity than
GR-GO and GR-P-GO. On the other hand, GR-GO is
bigger than GR-P-GO, hence the cellular uptake is low
and toxicity is less.

In order to model interaction of light with GR and
GO, Maxwell's equations have been solved numerically.
The chosen method is Finite-Di erence Time-Domain
technique [52]. In this method, in order to consider
dispersion behavior of permittivity of GR, we have
used the Drude-Lorentz model. In order to obtain the
coecients of the model, the relation should be tted
with parameters obtained by measurement [53], given
by:
"(!) = "1

2
2
X
"p !p2
!D
+
: (1)
!2 + i D ! p=1 !p2 + 2i!p !2

Figure 10 shows electric eld distribution around GR
in vicinity of GO layer. Figure 11 presents calculated
electric eld spectrum (at point A of Figure 10), for two
cases, simple GR and GR in vicinity of GO substrate.
It can be seen from the spectrum of electric eld that,
in the presence of GO as substrate, enhancement of
electric eld is more. Also presence of peak around
760 nm will result in absorption of light in near IR
region.
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4. Conclusion
In summary, we o er a simple approach for increasing
the photothermal conversion eciency of GRs by interactions between gold rod and graphene oxide. Due to
the ecient absorption of NIR light and consequently
production of heat, the synthesized hybrid material can
be used as a new and promising system for biomedical
applications such as photothermal therapy.
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