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ABSTRACT: Anisotropic gold nanorods provide a convenient
combination of properties, such as tunability of plasmon
resonances and strong extinction cross sections in the near-
infrared to red spectral region. These properties have created
significant interest in the development of antibody conjugation
methods for synthesis of targeted nanorods for a number of
biomedical applications, including molecular specific imaging and
therapy. Previously published conjugation approaches have
achieved molecular specificity. However, the current conjugation
methods have several downsides including low stability and
potential cytotoxicity of bioconjugates that are produced by
electrostatic interactions, as well as lack of control over antibody
orientation during covalent conjugation. Here we addressed
these shortcomings by introducing directional antibody conjugation to the gold nanorod surface. The directional conjugation is
achieved through the carbohydrate moiety, which is located on one of the heavy chains of the Fc portion of most antibodies. The
carbohydrate is oxidized under mild conditions to a hydrazide reactive aldehyde group. Then, a heterofunctional linker with
hydrazide and dithiol groups is used to attach antibodies to gold nanorods. The directional conjugation approach was
characterized using electron microscopy, zeta potential, and extinction spectra. We also determined spectral changes associated
with nanorod aggregation; these spectral changes can be used as a convenient quality control of nanorod bioconjugates.
Molecular specificity of the synthesized antibody targeted nanorods was demonstrated using hyperspectral, optical and
photoacoustic imaging of cancer cell culture models. Additionally, we observed characteristic changes in optical spectra of
molecular specific nanorods after their interactions with cancer cells; the observed spectral signatures can be explored for
sensitive cancer detection.

■ INTRODUCTION

Plasmonic gold nanoparticles have become an area of intense
focus in biology and medicine due to their small size and
intrinsic properties that offer the potential to solve otherwise
intractable problems.1−28 In general, plasmonic nanoparticles
are intrinsically multimodal contrast agents since they exhibit
strong scattering and absorption cross sections as well as
nonlinear optical phenomena such as two-photon luminescence
and second harmonic generation when excited at the plasmon
resonance frequency. Gold nanoparticles provide high contrast
in cellular and tissue imaging using confocal reflectance
microscopy,1,29 dark-field imaging,7,29−32 two-photon lumines-
cence,33−35 phase-sensitive optical coherence tomography,17

and photoacoustic imaging.13,14,36−43 Furthermore, gold nano-
particles have been used to transform light energy into heat in
photothermal therapy of cancer either by using near-IR (NIR)
absorbing gold nanoshells,3,5,44,45 nanorods,10 and nanoc-
ages15,46,47 or by applying molecular-targeted spherical nano-
particles which undergo molecular specific aggregation upon

interaction with cancer cells that results in strong absorption in
the red- to NIR-spectral region due to plasmon resonance
coupling.12,48 The use of NIR irradiation is essential for in vivo
applications because NIR light has the best tissue penetration
depth.49,50 In more recent developments, gold nanoparticles
have been explored as carriers of nucleic acids such as siRNA or
antisense DNA molecules that can be selectively activated or
released using light irradiation, which results in remotely
triggered gene silencing.51−53

Among all available nanoparticle geometries anisotropic gold
nanorods provide a convenient combination of properties for
biomedical applications.54−56 Plasmon resonances of gold
nanorods can be easily tuned in the red-NIR spectral region
by changing the nanorod aspect ratio57 that allows simulta-
neous imaging of multiple biomarkers.58,59 Strong NIR
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extinction cross sections of nanorods have been used for two-
photon luminescence33,34 and photoacoustic60−62 imaging of
thick biological samples as well as for photothermal destruction
of cancer cells.10,63,64 It was also observed that anisotropic
arrangement of epidermal growth factor receptor (EGFR)
targeted gold nanorods on the surface of cancer cells produces
surface-enhanced Raman scattering that could be used as a
marker of EGFR overexpressing cells.65 Furthermore, the
anisotropy property of nanorods has been explored for dynamic
imaging of rotational motion in 3D space.66

Surface modification of nanoparticles is critical for both in
vitro and in vivo applications, as uncoated nanoparticles are
colloidally unstable and often cytotoxic in biological sol-
utions.67−70 Conjugation of biomolecules to nanoparticles
furnishes important properties needed for biomedical applica-
tions, such as molecular targeting, stealth properties and surface
charge. Antibodies are the most widely used targeting moieties
due to their high affinity and availability for a large number of
established biomarkers.
Conjugation to gold nanorods is confounded by the presence

of surface layer of cetyl trimethyl ammonium bromide (CTAB).
In commonly used synthesis of highly uniform gold nanorods
the CTAB molecules promote crystal growth in one direction
that results in rod-shaped particles.71 CTAB layer on the gold
surface is stabilized by electrostatic interactions between gold
and CTAB as well as by hydrophobic interactions in a bilayer of
CTAB molecules. A recent review by El-Sayed’s group54

summarizes current methods of nanorod bioconjugation: (1)
electrostatic adsorption of biomolecules directly to the CTAB
layer; (2) coating of CTAB layer with one or more layers of
charged polymers followed by physisorption or covalent
attachment of targeting moieties; (3) bifunctional ligand

attachment where CTAB is first replaced by bifunctional linker
molecules followed by conjugation of biomolecules; and (4)
ligand exchange where CTAB is replaced by small thiolated
molecules (Figure 1). Although these conjugation methods
have been used to achieve molecular specificity, they have a
number of major shortcomings which have to be addressed in
order to further optimize gold nanorods for molecular specific
imaging and therapy. In the first two approaches, the CTAB
bilayer is still present on nanorods that can lead to long-term
cytotoxicity of the bioconjugates.72 In addition, the phys-
isorption approach requires a high concentration of antibodies
for synthesis of nanoparticle conjugates, results in random
orientation of antibodies at the gold surface, and can be prone
to antibody replacement by other molecules in biological
samples.73 In the third approach, the CTAB bilayer was first
replaced by small bifunctional linkers with thiol functional
groups for interaction with the gold surface and carboxyl groups
for covalent attachment of antibodies using carbodiimide
chemistry.58,74,75 In this strategy, antibodies are attached
through primary amine groups.76,77 Because the primary
amine groups are present in different portions of antibody
molecules, including antigen recognition sites on the Fab
region, this conjugation approach does not provide control over
antibody orientation on the nanoparticle surface, leading to
reduced activity of the attached antibodies. In addition, this
conjugation strategy is prone to aggregation because antibody
molecules have both the primary amine and the carboxyl
groups, which can act as cross-linking agents between gold
nanoparticles. The fourth approach has been used to produce
nonspecific biocompatible nanorods by replacing the CTAB
bilayer with biocompatible ligands such as polyethylene glycol
(PEG).78

Figure 1. Schematic representation of gold nanorod bioconjugation procedures from left to right: electrostatic adsorption of antibodies to CTAB
layer on gold nanorods; coating of CTAB nanorods by charged polymers followed by electrostatic adsorption of antibodies; replacement of the
CTAB layer using bifunctional ligands followed by covalent attachment of antibodies; the directional conjugation method proposed here that consist
of replacement of the CTAB layer with mPEG-thiol molecules followed by directional attachment of antibodies.
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Here we address the shortcomings of previously published
conjugation protocols by developing directional attachment of
antibodies to gold nanorods using a two-step method (Figure
1). First, the CTAB bilayer on nanorods is replaced with
methoxy-poly(ethylene)glycol thiol (mPEG-SH). Then, thio-
lated antibody molecules are attached via Fc portion which
does not have antibody binding sites using ligand exchange with
mPEG-SH. The directional conjugation is achieved by specific
reaction of the carbohydrate moiety located on the Fc portion
of most antibodies with a heterofunctional cross-linker; this
reaction results in antibodies with a dithiol group located in one
specific position in the Fc region. The dithiol enables antibody
conjugation directly to the gold surface. We showed that this
method produces stable bioconjugates with no aggregation and
no cytotoxicity. In addition, it requires a significantly reduced
amount of antibodies during the synthesis as compared to
physisorption methods. We also demonstrated that synthesized
antibody gold nanorod conjugates can be used for molecular
specific optical and photoacoustic imaging of epidermal growth
factor receptor (EGFR) molecules in cancer cell culture
models.

■ EXPERIMENTAL PROCEDURES
Gold Nanorod Synthesis. Gold nanorods were synthe-

sized by seed mediated growth mechanism using the previously
published protocol.71 Briefly, 100 μL of 4 mM AgNO3 (Acros
Organics, 41936) was added to 10 mL of 0.5 mM HAuCl4
(Sigma, 520918) dissolved in 0.1 M CTAB (Amresco, 0833)
solution. Then, 70 μL of 78.8 mM ascorbic acid (Acros
Organics, 401471000) was added to the reaction mixture as a
mild reducing agent; this constitutes the nanorod growth
solution. In parallel, a seed solution was prepared by mixing 0.6
mL of 10 mM ice-cold NaBH4 (Fisher, S678) to 10 mL of 0.25
mM HAuCl4 dissolved in 0.1 M CTAB solution. To initialize
the growth of nanorods, 12 μL of the seed solution was added
to the nanorod growth solution within 30 min of making the
seed solution. Then, the reaction mixture was kept at 30 °C for
at least 2 h for completion of nanorod synthesis. The nanorods
were washed twice with water by centrifugation at 18 000 × g
for 45 min. The final nanorod pellet was dispersed in water and
stored at room temperature. Nanorods were 20× concentrated
compared to the as-prepared nanorods.
Gold Nanorod Bioconjugation. The nanorods were

bioconjugated in two steps (Figure 2). The first step involved
replacement of the CTAB layer on nanorod surface with
methoxy-PEG-thiol (mPEG-SH). One hundred microliters of
0.5 mM mPEG-SH with molecular weight 2000 Da (Creative
PEGworks, PLS-605) were mixed with 1 mL of CTABNRs

(20× concentrated compared to as-prepared nanorods) and
sonicated using a water bath sonicator (Branson 1510R-MT)
for 30 min at room temperature. After sonication, free CTAB
and mPEG-SH molecules were removed by centrifugation
using 100 KDa centrifugal filters at 2500 × g for 15 min. Then,
the nanorods were washed one time with water to remove any
residual mPEG and CTAB. The prepared mPEG-NRs were
dispersed in 1 mL water and stored at room temperature.
In the second conjugation step, the carbohydrate moiety on

Fc portion of anti-EGFR clone 225 (Sigma, E2156) or RG-16
(Sigma, I0138) antibodies were thiolated following our
previously published protocol.79 Briefly, antibodies were
concentrated using 50 kDa MWCO centrifugal filter and
were dissolved in 100 mM Na2HPO4, pH 7.5 buffer at 1 mg/
mL. Then, 10 μL of 100 mM NaIO4 in water was added to 100
μL of antibody solution and the mixture was incubated in dark
for 30 min. The reaction was quenched by adding 500 μL of
phosphate buffered saline (PBS). At this point the carbohydrate
moieties on the Fc portion of the antibody were oxidized to
aldehyde groups.79,80 Then, 140-times molar excess of
heterofunctional linker dithiolaromatic PEG6-CONHNH2
(SensoPath Technologies, SPT-0014B) was added to the
antibody solution. The linker has hydrazide and dithiol groups
on opposing sites of the molecule. The hydrazide moiety
interacts with aldehyde groups of the Fc portion of the
modified antibody molecules. The reaction mixture was
incubated at room temperature for 1 h and then the thiolated
antibodies were collected using centrifugal filters and
resuspended in 0.1 M sodium phosphate buffer, pH 7.5. Two
hundred microliters of the thiolated anti-EGFR antibodies at
concentration of 1 mg/mL were mixed with 0.1 mL of mPEG-
NRs and the suspension was incubated at room temperature for
24 h under moderate shaking. Finally, the antibody−nanorod
conjugates were washed twice in 0.1 M sodium phosphate
buffer (pH 7.5) by centrifugation to remove unbound
antibodies. After the final wash, the antibody−nanorod
conjugates were redispersed in buffer or phenol free cell
culture media.
For fluorescence imaging experiments, the antibodies with

oxidized carbohydrate moieties were labeled with AlexaFlour
dye (Invitrogen, A-20186) before attachment of the heterofunc-
tional linker. The labeling was carried out using Invitrogen
antibody labeling kit.

Amount of Antibodies per Nanorod. Gold nanorods
were conjugated with fluorescently labeled antibodies in order
to quantify the number of antibodies per nanorod. First, a
calibration curve was plotted by measuring fluorescent emission
peak intensity as a function of known concentrations of
fluorescently labeled antibodies mixed with PEGylated nano-
rods at optical density of 0.1 cm−1. The calibration measure-
ments were carried out in the presence of nanorods to account
for a decrease in fluorescence signal due to absorbance by gold
nanorods. Then, suspensions of nanorod conjugates with
fluorescently labeled antibodies were thoroughly washed to
remove any residual free antibody molecules and were diluted
to the optical density of 0.1 cm−1 to match the calibration
measurements. The fluorescence emission of the conjugates
was measured and the number of conjugated antibodies was
determined using the calibration curve. To calculate the
amount of antibodies per nanorods, we carefully analyzed the
average size of the nanoparticles using transmittance electron
microscopy (TEM) and gold concentration using inductively

Figure 2. Schematic illustration of the directional conjugation
synthesis proposed here.
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coupled plasma mass spectrometry on an Agilent ICP-MS
system.
Specificity of Molecular Labeling. EGFR expressing

human A431 cells and EGFR-negative human MDA-MB-435
cells were cultured in phenol-free DMEM (Invitrogen, 11039)
and MEM (Invitrogen, 41061) culture media, respectively,
supplemented with 10% fetal bovine serum (FBS) at 37 °C in a
5% CO2 environment. Antibody conjugated gold nanorods
were incubated with either A431 cells or MDA-MB-435 cells
for two hours at room temperature at a concentration of
approximately 2 × 106 cells per milliliter of conjugated
nanorods (at the same nanorod concentration as as-prepared
nanorods). Unbound gold conjugates were separated from cells
by centrifugation at 200 × g for 3 min followed by washing cells
with cell culture media. The labeled cells were characterized by
UV−vis spectroscopy (BioTek Synergy HT) and optical
microscopy. Bright-field transmittance and fluorescence (Cy5
filter cube, ex/em −649/670 nm) images were taken with Leica
DM600 upright microscope, and the hyperspectral images were
acquired using a PARISS spectral imager (Lightform Inc.). For
all imaging, 20 × 0.5 NA objective and 100 W halogen light
source were used. The hyperspectral system was calibrated
using a standard low pressure Hg wavelength calibration lamp
(Lightform, Inc.). The hyperspectral images obtained from cells
were normalized by the lamp spectrum obtained from the part
of the microscope slide that did not have cells. RGB images
were taken using a 12-bit color mosaic CCD camera (SPOT
Pursuit XS, Diagnostic Instruments).
Cell Viability Study. Biocompatibility of nanorods was

characterized using MTS assay after incubation of A431, MDA-
MB-435, and murine macrophage (J774A.1) cells with either
0.3 nM CTAB-NRs or PEG-NRs in phenol-free DMEM cell
culture media supplemented with 10% FBS for 6 h at 37 °C.
After removal of nanorods and washing once with PBS, the
MTS reagent (mixture of MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(Promega, G111B) and PMS (phenazine methosulfate)
(Sigma, P9625) prepared in cell culture media) was added to
the cells treated with nanorods and to untreated control cells.
Absorbance at 490 nm wavelength is proportional to the
number of metabolically active live cells in a sample.
Tissue Mimicking Phantom Preparation. Gelatin-based

tissue mimicking phantoms with cell inclusions were fabricated
for combined photoacoustic and ultrasound imaging. To
simulate tissue background, 6% gelatin solution with 0.1 wt %
of 15 μm silica particles was used to prepare base and top layers
which encapsulated cell inclusions. Specifically, suspension of
A431 cells only and A431 cells labeled with anti-EGFR gold
nanorods were prepared at concentration of 4 × 107 cells/mL.
Each cell suspension was mixed with the same volume of 12 wt
% gelatin solution containing 0.2 wt % 15 μm silica particles at
37 °C. The mixture of cells and gelatin was placed on the base
layer of 6 wt % gelatin with 0.1 wt % silica particles. Then, the
top layer of gelatin/silica particles was added to complete the
phantom.
Photoacoustic Imaging Setup. The ultrasound and

photoacoustic imaging system consists of a microprocessor
unit that utilizes a custom-built LabVIEW program to allow
synchronization between the ultrasound pulser/receiver, data
acquisition unit, pulsed laser, and 3D motion axis. Figure 3
depicts the imaging setup used in this study. The images were
taken using 25 MHz single element focused transducer (f/# =
4, focal length = 25.4 mm), and the excitation light was

delivered by a 1.5 mm diameter optical fiber. A tunable OPO
laser with 7 ns pulse duration and 10 Hz pulse repetition rate
was used to generate photoacoustic signal. The 2D ultrasound
and photoacoustic images were obtained by mechanically
scanning over the region of interest with 100 μm lateral step.
To improve signal-to-noise ratio, 10 photoacoustic A-lines were
collected and averaged.

X-ray Photoelectron Spectroscopy (XPS). XPS data was
acquired using a Kratos AXIS Ultra DLD spectrometer
equipped with a monochromatic Al X-ray source (Al α,
1.4866 keV). High resolution elemental analysis was performed
on the O 1s, C 1s, N 1s, S 2p, and Au 4f regions with a 40 eV
pass energy, utilizing 0.1 eV steps, and dwell time of 4 s per
step. Charge compensation was used for the CTAB and PEG
controls, in addition to CTAB and PEG-coated nanorods. All
absolute energies were calibrated relative to gold and graphite.
The peak positions and areas are calculated using a standard
sum Gaussian−Lorentzian fit with a linear (O, C, N, S) or
Shirley (Au) background correction.

■ RESULTS
The overall schematic of the conjugation process is shown in
Figure 2. CTAB coated gold nanorods have high positive
surface charge due to the presence of cationic surfactant (Table
1). After replacement of CTAB with mPEG-SH the surface

potential decreases from 50 mV for CTAB-coated nanorods to
approximately 8 mV for mPEG-coated nanorods. These values
correlate well with previously published ones78 as we observed
the same decrease in the zeta potential after modification of
nanorods with mPEG-thiol molecules. TEM images of CTAB-
coated and PEG-coated nanorods show no change in
morphology of nanorods after removal of CTAB layer (Figure
4a).
To confirm that CTAB was replaced by PEG, high resolution

X-ray photoelectron spectroscopy (XPS) was performed on
CTAB-coated and PEG-coated nanorods. A similar analytical
analyses was recently reported by Griesser et al.81 The C 1s, O
1s, N 1s, S 2p, and Au 4f core level spectra from both nanorod
samples and from pure CTAB and PEG were collected and

Figure 3. Schematic of the experimental setup used to obtain
combined ultrasound and photoacoustic images.

Table 1. Changes in Surface Charge of Gold Nanorods after
Modifications with mPEG-Thiol Molecules and with
Antibodies

Type of nanorods Zeta potential, mV

CTAB-NRs 50.34 ± 0.8
PEG-NRs 8.33 ± 0.46
225-NRs −16.26 ± 1.55
RG16-NRs −24.34 ± 0.54
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analyzed. The spectra for CTAB-coated nanorods showed four
core level regions: O 1s (1.5 rel. at.%), C 1s (92.5 rel. at.%), N
1s (4 rel. at.%), and Au (2 rel. at.%) (Figure S1). The C 1s
spectrum consisted principally of (−CH2−CH2−)n function-
ality (285 eV), but displayed slight asymmetry. The very low
signal from Au is most likely due photoelectron scattering in
the dense CTAB bilayer. The spectra of PEG-coated nanorods
revealed five core levels: O 1s (19 rel. at.%), C 1s (65 rel. at.%),
N 1s (2 rel. at. %), S 2p (1 rel. at. %), and Au 4f (13 rel. at.%).
The C 1s spectrum of PEG-coated nanorods differed greatly
from that of CTAB-coated particles. The spectrum showed two
peaks corresponding to two chemical states (Figure S1). The
deconvolution of these two peaks revealed PEG functionality
((−CH2−CH2−O2−)n, 286.5 eV, 60 rel. at.% of C 1s) and
CTAB functionality ((−CH2−CH2−)n, 285 eV, 40 rel. at.%)
(Figure S1). Additionally, an order of magnitude increase in O
1s signal at 532.8 eV, interpreted as a C−O functionality,
clearly demonstrates the presence of (−CH2−CH2−O−)n
repeat units of PEG molecules.82 Furthermore, the increase
in Au signal indicates that the Au 4f core level photoelectrons

experience fewer scattering events. This is consistent with the
exchange of the CTAB bilayer for a less-dense PEG layer.
The percentage of residual CTAB molecules after replace-

ment with PEG was calculated using the XPS data and
previously reported footprints of mPEG polymers83 and CTAB
molecules.84 Because mPEG molecules can attach to surfaces at
high (brush conformation) or low (mushroom conformation)83

densities, the residual amount of CTAB on nanorod surface can
vary from ca. 2.3% to 7.1% as compared to the initial CTAB
surface coating for low and high PEG density, respectively
(Supporting info for detailed calculations). The corresponding
changes in zeta potential from ca. +50 mV for CTAB nanorods
to ca. +8 mV for PEG nanorods suggest a high density
confirmation of PEG molecules on the surface of nanorods
(Table 1). Zeta potential measurements indicate approximately
16% of residual positive charge on the surface of PEG-coated
nanorods as compared to CTAB nanorods while XPS
measurements show 7.1% of residual CTAB surface coverage
for a high density PEG conformation. This discrepancy might
be due to an increased contribution to the positive zeta

Figure 4. (a) Transmittance electron microscopy images of as prepared CTAB coated gold nanorods (left) and the nanorods after modification with
mPEG-thiol molecules (right). (b) Extinction spectra of as prepared gold nanorods (blue) and the nanorods after modification with 2 kDa mPEG-
thiol (red); clone c225 (purple), and RG16 (green) antibodies. (c) Comparison of extinction spectra of as prepared gold nanorods (blue) and
nanorods after ligand exchange using small molecular weight, 356 Da MW, mPEG-thiol molecules (orange). Aggregation of nanorods is evident
from profound spectral changes (orange spectrum).
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potential by the CTAB molecules adjacent to the gold surface
in a CTAB bilayer that is disrupted by PEG molecules.
After completion of CTAB replacement with mPEG-SH,

dithiol-linked antibodies were added to the PEGylated
nanorods. The linker was attached to the Fc antibody moiety
to achieve directional conjugation on the gold surface. Two
types of antibodies were used in this study: EGFR specific clone
225 and nonspecific antirabbit IgG clone RG-16. Conjugation
of antibodies results in decrease in zeta potential to −16 and
−24 mV in the case of clone 225 and clone RG-16, respectively
(Table 1). The observed negative zeta potential changes
correlate well with literature85 and provide indirect evidence of
antibody conjugation. We achieved 6.5 ± 1.8 antibodies
conjugated per nanorod based on fluorescence emission spectra
of nanorod−conjugates prepared with fluorescently labeled
antibodies.
Extinction spectra show ca. 8 nm blue shift of the

longitudinal peak of the PEGylated nanorods as compared to
CTAB-nanorods with no peak broadening (Figure 4b).
Attachment of antibodies results in approximately 6 nm red
shift of the longitudinal peak relative to the PEGylated
nanoparticles for both 225 and RG-16 modified nanorods.
The observed spectral shifts can be attributed to changes in the
refractive index of the local environment surrounding the
nanorods. This effect has been well documented in the
literature.86,87 The spectral characterization also provides an
important and simple way to monitor possible aggregation of
plasmonic nanoparticles during a conjugation procedure. This
process can be easily monitored using characteristic spectral
changes associated with nanorod aggregation that include three
major features: significant broadening and strong red shift of
the longitudinal peak as well as increase in transverse to
longitudinal (T-to-L) peak ratio (Figure 4c). The molecular
targeted nanorods synthesized using conjugation strategy
proposed here show mean value of T-to-L peak ratio increase
of less than 9% (Table 2). In addition, the full-width at half-

maximum of the longitudinal peak does not increase with the
PEGylation or antibody conjugation as evident from Figure 4b
and Table 2. These spectroscopic data confirm that nanorods
do not aggregate during conjugation with antibodies.
It is important to note that the molecular weight of mPEG-

SH molecules used to replace CTAB layer during the first
conjugation step is very important. In this study, 2 KDa mPEG-
SH was used to produce stable molecular targeted nanorods.
The use of lower molecular weight 356 Da mPEG-SH led to
nanoparticle aggregation as evident from significant broadening
and a more than 100 nm red shift of the longitudinal peak and
an increase of more than 250% in the T-to-L peak ratio (Figure
4c and Table 2). The use of higher molecular weight 5 kDa
mPEG-SH resulted in stable nanorod suspensions. However,
attempts to conjugate antibodies to these nanorods failed as

they did not label EGFR expressing cells. This can be attributed
to a steric hindrance effect that did not allow antibodies to
replace high molecular weight PEG molecules from nanorod
surface.
CTAB coated gold nanorods are known to have cytotoxic

effects.88,89 Therefore, we characterized cellular toxicity of
nanorods after replacement of CTAB with mPEG-SH
molecules. The cell viability study was performed using two
different cancer cell lines (EGFR expressing A431 and EGFR
negative MDA-MB-435) and a macrophage cell line (J774A.1).
As expected, the CTAB-coated nanorods were highly toxic in
all cell lines (Figure 5). Replacement of CTAB with mPEG-SH
resulted in biocompatible nanorods which did not exhibit
cytotoxic effects in any of the cell lines studied (Figure 5).

Molecular specificity of the antibody conjugated nanorods
was evaluated in two cell lines: EGFR-positive A431 and
EGFR-negative MDA-MB-435 cells. Molecular targeted nano-
rods were conjugated with anti-EGFR clone 225 antibodies and
nanorods conjugated with nonspecific clone RG-16 antibodies
were used as control. Figure 6 shows dark-field and
transmittance hyperspectral images of labeled cells and
controls. Only EGFR-positive A431 cells labeled with
antiEGFR nanorods show distinct spectral signatures in the
500−800 nm range which corresponds to gold nanorods. There
is no detectable difference between unlabeled cells and both the
EGFR-positive A431 cells labeled with nontargeted RG-16
conjugated nanorods and the EGFR-negative MDA-MD-435
cells labeled with anti-EGFR nanorods. Conjugates of nanorods
with fluorescently labeled anti-EGFR antibodies were also used
to label both the EGFR positive and the EGFR negative cell
lines; a strong fluorescent signal was observed only from
labeled EGFR-positive A431 cells (Figure S2). These results
demonstrate molecular specificity of gold nanorods conjugated
with anti-EGFR antibodies.
Dark-field reflected image of A431 cells labeled with

molecular targeted nanorods appears greenish yellow to orange
as compared to unlabeled cells due to light reflection by the
nanorods (Figure 6, second row). Analyses of bright-field
transmittance and hyperspectral transmittance images revealed
strong absorbance above 700 nm throughout labeled cells. The

Table 2. Spectral Characteristics of Gold Nanorods and
Gold Nanorod Conjugates

FW at HM,
nm

% increase in transverse to
longitudinal peak ratio

CTAB-Nanorods 109.7 ± 7.4
mPEG(2K Da)-
Nanorods

100.5 ± 7.5 8.1 ± 2.1

225Ab-Nanorods 107 ± 4.6 8.9 ± 2.8
mPEG(356 Da)-
Nanorods

337.3 ± 66.1 277.4 ± 44.0

Figure 5. Cytotoxicity of as prepared CTAB coated and 2 kDa mPEG-
thiol coated nanorods in different cell lines. The y-axis shows
normalized cell viability. The viability of control samples is normalized
to 100. Values statistically different (p < 0.05) from controls are
labeled by *; values that do not show statistically significant difference
from controls (p > 0.05) are labeled by #.
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absorbance spectra of the nanorod labeled cells is broadened
with the full-width at half-maximum of 150 ± 7.6 nm as
compared to 107 ± 4.6 nm in the case of nanorods in
suspension. In addition, the T-to-L peak ratio increases by 52 ±
21.31% relative to isolated nanorods. These optical changes can
be attributed to EGF receptor mediated aggregation of
nanorods. The same effect has been observed and thoroughly
characterized by our group in the case of EGFR targeted
spherical plasmonic nanoparticles.1,29,90

It is of interest to note that there is a perception of an
increased absorption at cellular boundaries in hyperspectral
transmittance images (Figure 6). This effect is due to light
diffraction at the interface between cells and the surrounding
medium. However, these boundary regions in control samples
do not exhibit spectral signatures of gold nanorods.

EGFR-positive A431 cells labeled with anti-EGFR nanorods
exhibit strong contrast in photoacoustic imaging (Figure 7).

Multi wavelength photoacoustic imaging was used to obtain
spectral characteristics of the labeled cells. The intensity of the
photoacoustic signal decreases as a function of wavelength in
the 700−800 nm wavelength region; this behavior is in good
agreement with extinction spectra of the labeled cells (compare
Figure 6, second row, and Figure 7). Note that gold nanorods
with 700 nm extinction maximum were used in these imaging
experiments. As expected, the unlabeled A431 cells did not
produce any photoacoustic signal.

■ DISCUSSION
Directional conjugation involves achievement of a high level of
control over an orientation of a biomolecule on nanoparticle
surface. Orientation is particularly important in the conjugation
of antibodies to the particle surface as many potential
orientations of the antibody lead to a loss of antibody binding
function, but in general orientation is also quite important for
other proteins and molecules. Directional conjugation can be
accomplished for molecules that have uniquely accessible
functional groups. In the case of antibodies, one such functional
group is the carbohydrate moiety located on the heavy chain of
most antibodies. It was previously demonstrated that periodate-
mediated oxidation of the carbohydrate group located on the

Figure 6. Optical characterization of molecular specificity of antibody
conjugated gold nanorods in cell cultures. Columns from left to right:
reflected dark-field images; transmittance hyperspectral image with
color coded peak wavelength in the 500−800 nm spectral region;
transmittance hyperspectral image with color coded integrated
absorbance in the 500−800 nm region; absorbance spectra integrated
over the regions highlighted by white squares in the previous column.

Figure 7. Combined ultrasound (US) and photoacoustic (PA) images
of tissue mimicking cell phantoms. The phantom on the left consists of
A431 cells labeled with anti-EGFR gold nanorods and the phantom on
the right has unlabeled A431 cells. The plot at the bottom shows PA
signal intensity integrated over the phantom area as a function of
excitation wavelength.
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Fc- region of an antibody to an aldehyde can be used for
oriented conjugation of monoclonal antibodies to an
immunopurification matrix containing hydrazide functional
groups; the resulting matrix yielded the antigen-binding activity
close to the theoretical value of 2 mol of bound antigens per 1
mol of a conjugated antibody. 80 In this study a heterofunc-
tional linker with hydrazide and dithiol groups on opposing
sites of the molecule was used to achieve directional
conjugation of antibodies to gold nanorods. The hydrazide
moiety interacts with the aldehyde on the antibody and the
dithiol enables conjugation directly to the gold surface.79 It is
important to note that linkers with two adjacent sulfhydryl
groups such as thioctic acid provide greater stability as
compared to a single sulfhydryl group.85 It has been shown
that molecules conjugated using single sulfhydryl-containing
linkers can be replaced in biological environment by an excess
of naturally present sulfhydryl-containing biomolecules such as
glutathione.51

Previously published methods of synthesis of gold nanorod
bioconjugates have several downsides including lower in vivo
stability of bioconjugates produced by electrostatic interactions,
cytotoxicity due to presence of CTAB in final nanorods
conjugates, and lack of control over antibody orientation during
conjugation. In addition, most literature reports provide
insufficient characterization of prepared conjugates that makes
assessment of nanorod conjugates quality difficult.
Important information pertaining to the aggregation state

and stability of nanorod conjugates can be obtained from
nanorod extinction spectra before and after conjugation. For
example, percentage change in the transverse to longitudinal
(T-to-L) peak ratio is one spectral parameter that can be used
in evaluation and comparison of nanorod conjugation
approaches; other parameters include spectral shift and full-
width at half-maximum of the longitudinal peak. In addition,
zeta potential measurements can provide insight into changes
of surface composition during conjugation reaction steps.
Unfortunately, most previously published reports do not
include analyses of nanorod extinction spectra before and
after conjugation with antibodies. The importance of this
characterization can be illustrated using an example from a
recently published conjugation approach where bioconjugated
nanorods were prepared by, first, replacing the CTAB layer
with 11-mercapto undecanoic acid (MUDA) and then
attaching antibody fragments through primary amino groups
to the carboxylic acid groups of MUDA using EDC
chemistry.58 The nanorods with geometrical aspect ratios 2.3
and 3.5 showed approximately 64.7% and 23.5% increase in the
T-to-L peak ratio after CTAB replacement with MUDA,
respectively, as can be calculated from the published spectra.
These changes can indicate potential aggregation of nanorods
during the conjugation procedure. In contrast, molecular
specific nanorods synthesized using the technique reported
here undergo increase in the mean value of T-to-L peak ratio of
less than 9% (Table 2). In addition, there are no changes in the
full-width at half-maximum of the longitudinal peak during
conjugation procedure or after antibody conjugation.

■ CONCLUSIONS
In this study, we have developed a robust conjugation
technique for reproducible synthesis of molecular specific
gold nanorods and have fully characterized conjugates using
zeta potential, UV−vis spectra, electron microscopy, and
hyperspectral optical imaging. Furthermore, the nanorod

bioconjugates were prepared by attaching the Fc portion of
antibodies to the nanorod surface that has two important
advantages: first, directional attachment of antibodies through
nonbinding Fc moieties provides maximum possible binding
efficiency of the conjugates; second, since the Fc moieties in the
conjugates are oriented toward nanorod surface, they are not
available for interaction with Fc receptors that are present in
some human cells including macrophages, consequently, this
could significantly improve stealth properties of the nano-
particles providing longer residence time and diminishing
potential immunogenicity in in vivo applications. We demon-
strated that molecular specific gold nanorods synthetized here
can be used to image cancer cells using optical and
photoacoustic imaging modalities. Additionally, we observed
characteristic changes in optical spectra of molecular targeted
nanorods after their uptake by cancer cells; the observed
spectral signatures can be explored for sensitive detection of
interactions between molecular specific nanoparticles and cells.
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