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ABSTRACT

Human oral cancer cells are found to assemble and align gold nanorods conjugated to anti-epidermal growth factor receptor (anti-EGFR)
antibodies. Immnoconjugated gold nanorods and nanospheres were shown previously to exhibit strong Rayleigh (Mie) scattering useful for

imaging. In the present letter, molecules near the nanorods on the cancer cells are found to give a Raman spectrum that is greatly enhanced
(due to the high surface plasmon field of the nanorod assembly in which their extended surface plasmon fields overlap), sharp (due to a
homogeneous environment), and polarized (due to anisotropic alignments). These observed properties can be used as diagnostic signatures
for cancer cells.

Gold nanorods are unique class of metal nanostructures thatn our previous study, antibody conjugated gold nanorods
have been found to be very useful for biomedical and were demonstrated to be excellent contrast agents for both
biological applications. They have two surface plasmon cancer cell diagnostics and for selective photothermal therapy
absorption bandsa strong long wavelength band in the near- in the near-infrared region and thus have potential use for
infrared region due to the longitudinal oscillation of the in vivo applications:!

conduction band electrons, and a weak short wavelength band Gold nanorods also provide a novel type of surface
around 520 nm due to the transverse electronic oscilldtibn. enhanced Raman scattering (SERS) substfat&The well

The longitudinal absorption band is very sensitive to the developed synthesis of nanorods with different aspect
aspect ratio of the nanorods. By increasing the aspect ratioratio$> ?” provides the opportunity to tune the surface plas-
(length divided by width), the longitudinal absorption mon band to the excitation laser wavelength to obtain
maximum shifts to longer wavelength with an increase in maximum enhancement. The presencgldf} facets, which

the absorption intensity.® The longitudinal absorption band is not present in gold nanospheres, is shown to have
has a much higher sensitivity to the local dielectric environ- strong adsorption energies for adsorbed moleci§l&=? It
ment than the absorption band of spherical nanoparticles. has been calculated that the surface electromagnetic field of
Because of the enhanced surface electric field upon surfacerods is the highest compared with other shapes due to the
plasmon excitation, gold nanorods absorb and scatter electod’s high curvatures (called “the lightning rod” effeé?):!
tromagnetic radiation strongly. Using this enhanced, sensi-In addition, rods like to assemble with overlapping sur-
tive, and tunable optical absorption and scattering properties,face plasmon fields that can be defined as field aggre-

gold nanorods have been used in optical senifign gates’?=3¢ |n fact, the extremely large surface Raman

biomedical imaging}~*2and in photothermal theragj '+ 16 enhancement observed on plasmonic nanoparticles occurs
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Figure 1. Bright and dark field images of anti-EGFR antibody conjugated gold nanorods on HaCat normal and HSC cancer cells. As we
showed previously (refs 11, 69), dark field imaging is most appropriate for plasmonic nanoparticles targeting in nanobiology due to their
enhanced and selective scattering properties.

Gold nanorods are potentially useful in SERS for biologi- and polarized Raman spectra of the CTAB (hanorod capping
cal species, especially for single cell studies. It is well-known molecules) observed in the cancer cell samples, but not in
that most biological molecules have small Raman scatteringthe healthy cell samples, strongly suggest that gold nanorods
cross-sections that result in very weak signals. Resonanceare aggregated in an aligned assembly on the surface of the
Raman when the laser frequency is in resonance with thatcancer cells while they are randomly and individually
of an electronic transition of a chromophore has frequently distributed in the healthy cell samples.
been used to get enhanced signals. However, photochemical The synthesis of gold nanorods and their antibody conju-
damage frequently occurs when UV or visible lasers are used.gation have been described in detail befér&old nanorods
In addition, interference from the fluorescence from some with an aspect ratio of 3.9, the longitudinal absorption maxi-
of these residues frequently limits the use of this technique mum of which are around 800 nm, are used in this experi-
to the study of the fluorescent chromophores. An alternative ment. The nanorods are coated with poly(styrene sulfonate)
method is the enhancement of Raman scattering by the(PSS, MW = 18 000, Polysciences Inc.) polyelectrolyte
roughened metal surface, which is called surface enhancecbefore conjugation to anti-EGFR antibodies (Sigma) to
Raman scattering (SERS)* Individual or aggregated gold  reverse the surface charge of the nanof8dse antibodies
and silver nanoparticles have been used as SERS substratesre bound to PSS polyelectrolyte coated nanorods at=pH
in living cell studies®>#° By using gold nanorods, one can 7.4 by noncovalent interactiofs%2The anti-EGFR antibody
use a near-infrared laser to obtain maximum enhancementconjugated gold nanorods are stored in PBS buffer 4t.4
by overlapping the absorption maximum with the laser  One type of nonmalignant epithelial cell line, HaCaT
wavelength without cell damage because DNA and proteins (human keratinocytes) and one type of malignant epithelial
have no absorption in this region. cell line, HSC 3 (human oral squamous cell carcinoma), are

In the present study, gold nanorods having longitudinal cultured on cover slips in Dulbecco’s modification of Eagle’s
absorption maximum at 800 nm are conjugated to mono- medium, (DMEM, Cellgro) plus 10% fetal bovine serum
clonal anti-epidermal growth factor receptor (anti-EGFR) (FBS, Gem Cell) at 37C under 5% C@ The cells on the
antibodies. The antibody/gold conjugates are incubated with cover slips are rinsed with PBS buffer and then immersed
a normal skin cell line and an oral cancer cell line. The bright into the anti-EGFR conjugated nanorods solution (1nM) for
and dark field images, single cell absorption, and surface 30 min at room temperature. After the nanorod incubation,
enhanced Raman spectra of molecules within the surfacethe cells are rinsed with PBS buffer, fixed with paraform-
plasmon fields of the gold nanorods of normal and cancer aldehyde and sealed with another cover slip.
samples are measured and compared. The polarized Raman The bright and dark field images are taken under an
spectra of these samples are also measured. The strong, sharmverted Olympus 1X70 microscope. Bright field images are
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Figure 2. Surface plasmon resonance microabsorption spectra of anti-EGFR/gold nanorods from 20 different single cells for HaCat normal
(A) and HSC cancer cells (B).

taken with a 66 objective. For dark field imaging, a dark nanorods are more homogenously dispersed on the cancer
field condenser (UDCW) with a numerical aperture cell surface. The higher intensity of the nanorods on the
between 0.9 and 1.2 is used to deliver a narrow beam of cancer cells indicates a higher affinity of the nanorods to
white light from a tungsten lamp to the sample. A JO0  these cells. These differences in the absorption spectra of
1.35 oil Iris objective (UPLANAPO) is used to collect only  gold nanorods arise because the gold nanorods bind to the
the scattered light from samples. In this mode, samples with overexpressed EGFR present on the surface of cancer cells.
highly scattering property are shown as a bright objectin a  Figure 3 shows the surface enhanced Raman spectra from
dark background. different cells for both normal (A) and cancer (B) cells after
The Raman spectra are obtained with a Holoprobe seriesthe incubation with anti-EGFR/Au nanorod conjugates. Over
5000 microspectrometer (Kaiser Optical Systems, Inc., Ann 20 cells for both normal and cancer cells are measured. For
Arbor, MI) in a 180 reflective configuration using a 50 normal cells, 80% cells are found to give no Raman spectra
objective. The excitation wavelength is 785 nm from a diode and 20% cells give only weak spectra from the CTAB
laser, which is in resonance with the surface plasmon (hexadecyltrimethylammonium bromide) capping molecules
absorption of the gold nanorods. The spectral resolution in (see Figure 5 for peak assignments). For the cancer cells,
the Raman experiments is 5 chand the laser power used about 90% show very strong signals from not only the CTAB
is 25 mW. Each spectrum is obtained in 10 s collection time capping molecules but also from the PSS coating molecules
with six accumulations. For the polarized Raman experiment, and the anti-EGFR antibodies (See Figure 5 for peak
the cover slip with the cells is fixed on the center of a rotation assignments). 10% of the cancer cells show only the strong
stage with rotation resolution of’1The polarized Raman  CTAB signals. Figure 3 shows five spectra for each cell line.
spectra are obtained by rotating the sample with respect to From Figure 2, it can be seen that the absorption intensity
the electric field of the excitation laser at different angles of the cancer cell sample is twice as strong as the healthy
with an interval of 20. cell sample. This does not however give any information
Gold nanorods conjugated with anti-EGFR monoclonal about the difference in the concentrations because we have
antibodies are known to preferentially bind to human oral no information about the difference in the plasmon enhance-
cancer cells over normal celsThis difference in affinity ment factors due to the nanorod assembly on the cancer cells.
can be seen in the microscopic images in Figure 1 and theThe strong Raman spectrum observed in the cancer cells
absorption spectra from single cells in Figure 2. In bright could very well result from a small fraction of the rods on
field mode, gold nanorods can be identified by the weak red the cancer cell surface that has a very strong surface plasmon
color images due to the binding of the antibodies onto the field overlapping and rod alignment.
gold surface and the antibodies onto the cell surface. The overlapping of the surface plasmon fields of the
However, in dark field mode, gold nanorods strongly scatter different rods on the cancer cell surface results from the
the enhanced red light because the surface plasmon oscilbinding of the antibodies to its overexpressed EGFR. EGFR
lation has a frequency in the near-infrared region. Most of is overexpressed in many carcinomas on the order of
the nanorods bind to the cancer cell surface while they are 10°'—10° receptors/cef? exists in preformed dimme¥s*>and
randomly distributed in the different environments present is clustered on the cell surface in groups of-BD recep-
in the sample containing the healthy cells. tors®® Crystallizatiot” and FREP*%8 studies indicate the
Figure 2 shows that the absorption spectrum of gold receptors exist in preformed dimers with the two EGFR
nanorods in the sample incubated with the normal cells is monomers spaced less than 8 nm apart. This is much smaller
broader than that on the cancer cells. This suggests that théhan the decay distance of the nanorod surface plasmon
environments of the different rods in the two samples are fields, which can be on the order of the nanorod size.
different and the absorption maxima of their surface plasmon Thus nanorods attached to EGFR antibodies will be
oscillations are at different wavelength. The sharper absorp-brought into close proximity on the cell surface. This
tion spectrum of the cancer samples suggests that the goldbrganization (or aligned assembly) of the gold nanorods
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8000 incident laser is unknown in this experiment, the direction
of the sample that gives the maximum CTAB Raman
scattering around 1265 crhis set to be 0in the polarized
Raman spectrum. The SERS spectra are recorded in the range
from —90° to 9C¢° with every 20 of rotation of the sample
on the rotation stage relative to the incident laser polarization.
To clearly observe the variation of the intensity of the Raman
peak as a function of sample rotation, the specific peaks of
CTAB band at 1265 cnt, which is the strongest in Figure
4A, is selected and shown in Figure 4B. From Figure 4B,
the anisotropic nature can be seen with the minimum intensity
value of about 0.4 that of the maximum intensity. Figure
4C shows the peak intensity of the 1265 ¢nbband as a
function of rotation angle from-90° to 9C°. It can be seen
that the Raman intensity decreases as the rotation angle
changes from Oto 9C° or 0° to —90°. Obviously, the change
in the intensity of the 1265 cm band from the Raman
scattering of the CTAB molecules as a function of rotation
angle is due to the anisotropic orientation of the average
CTAB molecules relative to the incident laser polarization.
Because the molecules are attached to the gold nanorods,
20000 which enhance their Raman spectra, the nanorods themselves
must be aligned to give an anisotropic orientation in space,
which the electric field direction of the laser reveals. Thus
some (or all) the EGFR molecules on the cancer cell surface
10000 bind to the anti-EGFR antibodies in such a manner that
results in the observed anisotropic orientation of the attached
gold nanorods.

To assign the Raman bands of the anti-EGFR conjugated
. . _ . _ . . . gold nanorods on the cell surface, the surface enhanced
400 600 800 1000 1200 1400 1600 1800 Raman spectra of the molecules present in the sample are
Raman shift (cm-1) compared with the spectra of the CTAB capping molecules,
Figure 3. SERS of anti-EGFR antibody conjugated gold nanorods the ant-EGFR antibodies, and PSS powder. These spectra
ingubated with the HaCat normal cellg (A) Jar?d HS% cancer cells are compared with the observed su.rfac_e enhanced Raman
(B). Raman spectra from five cells for each cell line are shown. SPectrum of the cancer cell sample in Figure 5.
The bottom spectra from the cancer cell samples are stronger, The CTAB capping molecules show very strong SERS
sharper, and better resolved, suggesting the potential Qf usipg surfac%ignms (see Figure 5B). The band assignments made here
g_nhance_d Raman spectroscopy as a molecular type imaging for theare based on the studies of El-Sayed et’a@Pemberton et
|agnost|cs of cancer. .
al.>® and Murphy et af® The Raman lines at 1076 and 1140
cm™! are assigned t@asym (C—C) and vs,(C—C) vibra-
allows them to have overlapping surface plasmon fields that tions?>® respectively. The strongest line at 1265 €nis
bathe some of the molecules in the system, giving them assigned to thé(C—H) vibrations of the-CH,—N"(CHs)s
strong and sharp Raman spectra. The nonspecific bindingdroup*’ The two weak bands at 1446 and 1485 ¢rare
of gold nanorods to normal cells results in randomly Poth assigned to Cibending vibrationd! The 1000 cm?*
distributed nanorods on the cell surface and on the substrateline is assigned to the €N stretch in the head grou$.
This makes the nanorod density level and the overlapping After the adsorption of anti-EGFR antibody directly onto
surface plasmon fields in the normal cell sample much lower the rod surface, some new peaks appear. From the difference
and more heterogeneous than in the cancer cell sample. Thesspectra of (A) and (B) shown in Figure 5D, it can be seen
spectral fingerprint differences can very well be used as that the antibodies show strong peaks at 670, 898, and 1003
molecular diagnostics for the cancer cells. cm L. The 670 cm! band is attributed to €S stretching
Further support of the presence of more organized (or vibrations in the cystine residué¥5! The 898 cm! can be
aligned) assembly of the gold nanorods on the surface ofassigned to the €C stretching in the glycine and the 1003
the cancer cells is obtained from the results of the polarized cm™ to ring C—C stretch vibrations in the phenylalanine
micro-Raman experiments shown in Figure 4A. In this redisue$! %3 There is also a weak peak at 510 &mwhich
Figure, the apparent polarization dependence of the SERSs probably due to the-SS stretching vibrations in the cystine
from anti-EGFR conjugated gold nanorods on a single cancerresidue$! There are no observed Raman signals from the
cell is shown. Because the initial orientation of the gold antibody molecules alone in the absence of gold nanorods.
nanorods relative to the direction of the electric field of the The PSS charge reversing polyelectrolytes have a very strong
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Figure 4. Polarization property of SERS of anti-EGFR conjugated gold nanorods on the HSC cancer cells (due to the weakness of the
signal, no polarized spectrum from the healthy cells could be recorded). (A) The polarized Raman spectra at different angles relative the
electric field of the excitation laser; (B) the zoom in region of the strong band at 1265 afrthe gold nanorod capping molecules
(CTAB); (C) the dependence of the Raman intensity of the 1265'¢rand on the angle. The angle is defined as the relative angle from

the position at which CTAB shows the strongest intensity.

peak at 1130 cmt, which is assigned to the(SQ,) could be from the deformation vibrations of CO®f the
vibrations®* protein$?in the antibody or EGFR itself. The 851 citould

The SERS of the antibody conjugated gold nanorods on possibly be from the tyrosine ring breathing vibratiér$3©>-67
the cancer cells in Figure 5E shows combined signals from and the 1238 cnt could be from the tryptophan ring
the CTAB capping molecules, PSS bridging molecules, and vibrations®-:6768 The appearance of those peaks when the
antibody molecules. The CTAB still gives strong SERS anti-EGFR/gold nanorods are adsorbed onto cancer cells is
peaks, suggesting that its binding to the rods does not changgrobably due to the enhanced surface plasmon field resulting
by adding the antibody. For the PSS bridging layer, the from the aggregated configuration of the assembled rods on
strongest peak in the pure powder sample at 1130'd¢s the cancer cell surface. These bands could be from the protein
observed as a shoulder close to the CTAB(C—C) molecules of the anti-EGFR antibody and/or EGFR itself.
vibrations at 1140 cmt. Other Raman peaks in the pure PSS We cannot distinguish at this time. The surface plasmon
are not enhanced, suggesting that their corresponding bondgields can be felt for large distances away from the particles
are shielded from the rod surface by the CTAB. The cell themselves.
bound anti-EGFR shows a peak at 655 ¢mwhich is blue- In summary, by using light scattering imaging and
shifted by 15 cm! from the vibration of the antibody  microabsorption spectroscopy, it is found that the gold
adsorbed onto the gold nanorods. This could be due to thenanorods conjugated to anti-EGFR monoclonal antibodies
change in the strength of the surface plasmon field aroundare homogeneously aligned in their binding to the cancer
the C-S bond of the anti-EGFR as a result of its binding to cell surface due to the overexpression of EGFR on the cancer
the cancer cell EGFR. The glycine peak at 896 tuof the cell surface. The Raman band at 1265 ¢rof the CTAB
antibodies is shown as a weak peak at 893 ‘cafter cell molecules, which cap the nanorods bound to the cancer cells,
binding. shows a strong polarization character. This is due to the

Figure 5E also shows that several new peaks appear aftemanisotropic alignment of the assembled gold nanorods with
the incubation of the antibody/Au conjugates with cancer respect to the cell surface and resulting from the binding of
cells. These are 712, 851, and 1238 énThe 712 cm? the antibody to the overexpressed EGFR on the surface of
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