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he use of immunological antibodies
conjugated to colloidal gold particles

for the detection of specific epitopes

has been used for several decades in both
light and electron microscopy.' This tech-
nology allows the direct visualization of the
gold nanoparticles, typically 5—20 nm in
size, with the transmission electron micro-
scope (TEM). For visualization with the light
or scanning electron microscope (SEM), a
silver enhancement procedure is used. This
involves using the gold nanoparticles as
nuclei to reduce silver ions in the silver-
enhancing solution to metallic silver parti-
cles. The size of the silver particles can be
controlled by varying the duration of the
enhancement procedure. This technology is
now used for the detection of epitopes with
applications in immunohistochemistry, immu-
noblotting, and immunoassay techniques.”
Metallic nanoparticles are also exten-
sively used in spectroscopy, particularly in
the emerging field of biospectroscopy. The
application of spectroscopy technology to
the field of biomedicine is a fast-moving
field of research.’ Unlike immunolabeling
and immunoassay techniques, which pro-
vide information on a single biomolecule
within a cell, spectroscopy has the potential
to simultaneously detect all classes of bio-
molecules, including proteins, lipids, carbo-
hydrates, and nucleic acids.® Gold and silver
nanoparticles can be used in Raman spec-
troscopy to enhance the spectral signal
from biological samples.” This technique,
surface-enhanced Raman spectroscopy (SERS),
is one of the most exciting areas in spectros-
copy today. It is known that this can occur
either with electromagnetic enhancement
dependent upon the excitation of plasmons
from the metal® or via chemical enhance-
ment if the molecule forms bonds with the
metal surface. The degrees of enhancement
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ABSTRACT

Silver nanoparticle attachoed to coll

We applied surface-enhanced Raman spectroscopy (SERS) to immunolabeled endothelial cells

to derive enhanced spectra of the biomolecular makeup of the cellular surface. A two-step

immunolabeling protocol with gold-conjugated antibodies coupled with silver enhancement

to attach silver nanoparticles to the cell surface was employed. This approach generated ~50-

fold SERS enhancement of spectral signals. The SERS spectra exhibited several SERS-enhanced

peaks associated with cell membrane components. The SERS detection of silver nanoparticles

proved more far more sensitive than conventional light microscopy techniques. The SERS

enhancement allowed us to carry out spectral mapping using wavenumbers associated with

membrane components that correlated directly with the distribution of silver nanoparticles.

SERS has the potential to detect immunolabeling at lower levels than is possible using

conventional immunolabeling methods while simultaneously providing unique, spatially

defined, biochemical information.
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can be influenced by many factors,” includ-
ing the presence of dimers,'®"" the shape
and size of the nanoparticles,'>'* the density
of nanoparticles,'® and the proximity of adja-
cent nanoparticles.'”” The excitation wave-
length is also a critical factor.'® Under opti-
mum conditions, the signal may be ampli-
fied by many orders with enhancements in
the range of 108 to 10> magnitudes.'®
Most of the work on SERS uses nanoparti-
cles conjugated to reporter molecules, which
results in an enhanced signal for the repor-
ter molecule attached to the nanoparticle.
This is an extremely powerful and sensitive
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technique and has a wide and increasing number of
applications in the biomedical field. However, it is also
possible to use metallic nanoparticles without reporter
molecules, in which case the enhanced Raman signal
can be obtained from the immediate locality surround-
ing the nanoparticle. The distance away from the
nanoparticle that the majority of the enhanced signal
is produced has been estimated to be ~15 nm."® This is
of particular interest to biomedical researchers be-
cause this technique has the potential to provide infor-
mation on all of the biomolecules in the immediate
locality of the nanoparticle, e.g., the molecular composi-
tion of the cell surface. This is information that is diffi-
cult to obtain in any other way. To many biomedical
researchers, SERS spectroscopy is seen as an exotic and
difficult technique, with no direct relevance to their
work. This is despite the fact that almost every biome-
dical researcher will use some form of immunolabeling
or immunoassay technique as a routine part of their
work with many employing the gold/silver enhance-
ment technique.

This paper combines two important technologies,
the established one of colloidal gold immunolabeling
and silver enhancement and the newly emerging one
of SERS spectroscopy. We had two objectives: first, to
determine whether cell labeling using conventional
immunogold labeling and silver enhancement techni-
ques could be used to enhance the biomolecular Ra-
man spectra from cell surfaces. Our second objective
was to determine if SERS was capable of detecting the
silver nanoparticles on immunolabeled cells at a higher
sensitivity than conventional methods. Specifically, we
wanted to compare the sensitivity of SERS for detect-
ing antibody-conjugated nanoparticles with that of
conventional light microscope-based methods.

In this paper, we used a model system, the corneal
endothelium. The corneal endothelial cells form a mono-
layer on Descemet's membrane on the inner surface of
the cornea where the apical surface of the endothelial
cells is readily accessible for antibody labeling. In addi-
tion, the corneal endothelium has a cell surface pro-
teoglycan composed of keratan sulfate chains, which
are easily accessible for immunolabeling.'?® A sche-
matic diagram of this model system is shown in Figure 1.
Critically, the corneal endothelial cells express cell
surface keratan sulfate to different degrees, so some
cells express very high levels, while others express such
low levels they are undetectable with light microscopy.
This differential labeling makes this model system ideal
to determine the sensitivity of SERS.

RESULTS

The endothelial cells exhibited the characteristic
differential expression of keratan sulfate, as previously
reported.’ Bright-field light microscopy results clearly
show labeling for keratan sulfate on the surface of the
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Figure 1. Schematic diagram of the immunolabeling pro-
cess on the endothelial cell surface. The figure shows the
primary antibody binding to keratan sulfate, the secondary
antibody conjugated to 5 nm colloidal gold, and the silver
nanoparticle.

endothelial cells (Figure 2A). Immunolabeled cells with
a higher density of silver nanoparticles appear darker
under light microscopy. Control samples show no label-
ing (Figure 2B). It is evident that the level of labeling
varies from cell to cell. In extreme cases, adjacent cells
vary between heavy labeling and levels that are un-
detectable by light microscopy, but can be detected
using scanning electron microscopy.

SEM micrographs (Figure 2C) show antibody label-
ing to be uniform across individual cell surfaces. The
silver nanoparticles appear bright under the electron
beam (Figure 2C). The sensitivity of SEM is much higher
than light microscopy, and under the SEM it is evident
that even the cells that appear unlabeled with the light
microscope do have some silver nanoparticles on their
surface. Figure 2D shows a control corneal sample; no
silver nanoparticles are present on the cell surface.
Figure 2E shows a higher magnification of a labeled
cell. Here, individual silver nanoparticles can be clearly
resolved. High-resolution SEM shows that the nano-
particles are often in very close proximity to each other
(Figure 2E inset). Figure 2F shows a histogram of the
size distribution of silver nanoparticles. The average
silver nanoparticle size was 227 nm. The highest den-
sity of silver nanoparticles found on a cell was 670
nanoparticles per 100 um? and the lowest, 51 nano-
particles per 100 um?.

Spectra were acquired from cells with the highest
density of silver nanoparticles, from cells with the lowest
density of nanoparticles at 0.1% laser power, and from
control samples at 0.1% and 100% power. Figure 3
shows median spectra from the highest density of label-
ing (blue), the lowest density of labeling (red), and
unlabeled control cells (brown) at 0.1% laser power and
unlabeled control cells at 100% power (pink). Wave-
numbers of the enhanced peaks at 720, 850, 1320,
and 1548 cm™ ' are indicated. Figure 3 shows that no
discernible spectrum was produced from the control
cells when using 0.1% laser power. In contrast the spec-
trum from the silver nanoparticle-labeled cells showed
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Figure 2. (A) Light micrograph of corneal endothelium immunolabeled for keratan sulfate. Labeled cells appear darker. There
is a high degree of variability of labeling within the cell population. Scale bar = 25 um. (B) The control shows no labeling. Scale
bar = 25 um. (C) Scanning electron micrographs of the apical surface of corneal endothelium immunolabeled for keratan
sulfate. Labeled cells appear brighter. Scale bar = 10 um. (D) The control shows no labeling on the endothelial cell surface.
Scale bar =10 um. (E) The silver nanoparticles appear as bright white dots on the cell surface. Scale bar = 1 um. The inset shows
individual nanoparticles at 5x higher magnification. (F) Histogram showing the range of silver nanoparticle sizes.
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Figure 3. Median spectra from cells with the highest density
of nanoparticles (blue), cells with the lowest density of
nanopatrticles (red), and unlabeled control endothelial cells
(brown) all at 0.1% laser power. The pink trace shows un-
labeled control cells at 100% power. Wavenumbers of the
enhanced peaks at 720, 850, 1320,and 1548 cm ' are labeled.

a large enhancement effect over the whole spectrum
with a ~50-fold increase in signal at 1320 cm ™.

The control cells (without nanoparticles) at 0.1%
power produced no discernible spectra, but at 100% laser
power a normal cell spectrum was produced. This spec-
trum was different from the silver nanoparticle enhanced
cell membrane spectrum at 0.1% power (Figure 3).

HODGES ET AL.

Regions for spectral mapping were chosen on the
basis of peaks that were enhanced in the presence of
the silver nanoparticle and that did not appear in the
control spectra.

Raman spectral imaging was performed by first
carrying out a grid analysis, with data collection at uni-
form points within this grid. The grid covered several
immunolabeled cells (Figure 4A). Once the data had
been collected, several key wavenumbers were selec-
ted that had shown large enhancement effects and
that did not appear on the control spectrum. The wave-
numbers chosen were 720 cm ™' (Figure 4B), 850 cm ™
(Figure 4C), 1320 cm™! (Figure 4D), and 1548 cm™!
(Figure 4E). These spectral maps all show an excellent
correlation with the distribution of silver nanoparticles
on the cell surfaces. Figure 4F shows a spectral map at
1320 cm ™! with a false color scale.

Figure 5 shows computational analysis of the spec-
tral data with PCA and LDA. Figure 5A shows that 2D
PCA-LDA produces a clear separation between the
control and labeled cells; both maximum and mini-
mum labeled cells are outside the 95% confidence
control cluster. There is, however, overlap between the
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Figure 4. (A) Light micrograph of several corneal endothe-
lial cells with varying densities of silver nanoparticles. The
other figures show spectral mapping of these cells at
wavenumbers as follows: (B) 720 cm™'; (C) 850 cm ™ ;
(D) 1320 cm™"; (E) 1548 cm . (F) False spectral false color

map at 1320 cm . Scale bars = 20 um.
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Figure 5. PCA and PCA-LDA of endothelial cell spectra
obtained from cells with maximal nanoparticle density
(triangles); cells with minimal nanoparticle density (circles);
and unlabeled control cells (squares). (A) PCA-LDA 2D scores
plot showing the distribution of the three data sets. A 95%
confidence interval has been drawn around data classes.
(B) PCA-LDA scores plot of the three data sets, along LD1.

minimum labeled cells and the maximum labeled cells.
Figure 5B shows a 1D PCA-LDA scores plot of all three
data sets; the control spectra show slight overlap with
minimally labeled cells but no overlap with maximally
labeled cells.

DISCUSSION

Our primary aim in this investigation was to deter-
mine if SERS biomolecular spectra could be obtained
from the cell surface after using an immunolabeling pro-
tocol to attach silver nanoparticles to the cell membrane.
Our results demonstrate that the silver nanoparticles
produced a ~50-fold SERS enhancement effect. These
spectra provide unique local biomolecular information
from the cell surface.

HODGES ET AL.

The endothelial cell membrane is composed of a
lipid bilayer made up of phospholipids with long fatty
acid chains containing both saturated and unsaturated
bonds. The basic structure of the cell membrane is a
bilayer of phospholipids. Embedded within the lipid
bilayer are numerous transmembrane proteins with
hydrophobic alpha helical structures “dissolved” within
the lipid bilayer itself. Also, present on the cell surface
are glycol-lipids and glycoproteins. In this investigation
we have concentrated our analysis on the peaks that
are enhanced in the presence of the silver nanoparti-
cles and that do not appear in the nanoparticle-free
control spectra. We know that these enhanced peaks
should be derived from the region adjacent to the
silver nanoparticles;'® this effectively means the cell
membrane. Identification of peaks is not always defi-
nitive, as biological Raman is a relatively new field.
However the Raman literature®' ~%° shows that the
enhanced peaks in our spectra are strongly associated
with known cell membrane components (Table 1). For
example the peak at ~720 cm™' is associated with
phospholipid heads. The peak at ~850 cm ™' covers a
region associated with lipids, carbohydrates, and phos-
pholipids. The peak at ~1320 cm ™' is probably derived
from amide Il associated with an alpha helical protein
conformation; there is a broad area from ~1250 to
1400 cm™ ', which is a region associated with several
different types of lipids. The peak at ~1450 cm ™ is also
a lipid associated region, but as this peak is also present
in the control, we speculate that it comes from lipid
types present in both the membrane and cytoplasm.
Finally, the peak at ~1548 cm ™' includes the amide II
peak derived from alpha helical membrane proteins.
Overall it is clear that the enhanced peak regions asso-
ciated with membrane components and taken together
provide evidence that the enhancement spectra are
derived from their immediate environment local to the
nanoparticles. There have been few previous experi-
mental studies on how far the SERS enhancement
effect is effective. However, a very useful paper by
Tong and co-workers'® has shown that most of the
SERS enhancement effect of gold nanoparticles comes
from within ~15 nm of the nanoparticle. The cell
membrane is only some 9 nm thick, less than 1% of
the overall cell thickness, and so would not normally be
expected to make much contribution to a conventional
Raman spectra. However, we show that by attaching
silver nanoparticles to the membrane it is possible to
obtain spectra information from this important and
complex structure.

Supporting evidence comes from the spectral map-
ping of the enhanced peak wavenumbers. Spectral
maps of the membrane component associated wave-
numbers, 720, 850, 1320, and 1548 cm ™', all show ex-
cellent correlation with the density of silver nanopar-
ticles on the cell surface. The maps show a fairly even
distribution of signal over the surface of the cell, as
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TABLE 1. Raman Wavenumber Assignments Associated with Enhanced Spectral Peaks from Silver Nanoparticle Labeled

Endothelial Cells

Raman peak wavenumber biomolecular assignment

719! phosphatidycholine®>
719! phospholipid head?'

720" lipid*?

733! phosphatidylserine>
840—70 cm™" glycolipid®*

865 cm ™! phospholipid®*

1254 cm ™" lipids>

1266 cm ™ lipids>

1270 am ™' fatty acids®>

1295 cm ™~ lipids>

would be expected with a cell membrane. However, by
enhancing the signal contrast to its maximum by using
false color imaging for wavenumber 1320 cm ™' we do
see some evidence of a difference in intensity around
the border of the labeled cell. This is in agreement
with previous work that also obtained different Raman
signal intensities from different regions of cells.>® Cell
membrane composition is known to be different at cell
borders, and our findings reflect this

If we now look at the second objective of this paper,
namely, to compare the sensitivity of SERS in the detec-
tion of nanoparticles relative to conventional light micro-
scopy, the results are very interesting. It is clear that the
SERS is able to detect silver nanoparticles via spectral
enhancement at lower concentrations than is possible
with conventional light microscopy, in fact, at levels
comparable to that of electron microscopy. Electron
microscopy has a very high level of sensitivity since the
nanoparticles can be directly imaged, and in theory a
single nanoparticle within a sample could be detected.
However, electron microscopy is a very time-consuming
technique, in both the preparation and examination of
the samples. In addition, the preparation protocol can
result in detrimental changes to the sample.' Thus, for
the detection of immunolabeling, SERS offers a more
sensitive alternative to light microscopy and a quicker
and less destructive alternative to electron microscopy.

This paper shows that SERS is a remarkable tech-
nique both for the detection of immunolabeling and in
providing unique spatially defined spectral informa-
tion. The sensitivity of this technique can be partly attri-
buted to the fact that we were able to maximize the
SERS effect on the cell surface by using the optimum
silver nanoparticle size and excitation wavelength.'”

MATERIALS AND METHODS

Specimens. Fresh bovine eyes, obtained from the local abat-
toir within 2 h of death, were transported to the laboratory on
ice. On arrival, the corneas were immediately dissected out and
fixed by immersion in 4% paraformaldehyde and 0.1% glutaralde-
hyde in phosphate-buffered saline (PBS) for a minimum of 30 min.

HODGES ET AL.

Raman peak wavenumber biomolecular assignment

1308 cm ™ lipid*?
B3’ lipid®’

1320 cm ™" amide 1112°

1384 cm ™" lipids®>
1440—55 m ™" saturated lipids”
1446 cm ™! lipid®’

1450 cm ™! phospholipid®®
1452 cm ™" lipid*?

1548 ¢m ™" amide 11%°

We also speculate that the fact that many of the silver
nanoparticles on the surface of our cells are in close
proximity (Figure 2E inset) contributes to the SERS
enhancement effect.>'”

CONCLUSIONS

This paper has demonstrated the usefulness and
sensitivity of SERS when applied to cell surfaces labeled
with silver nanoparticles. SERS has previously been
used to detect antigens on a variety of cell types.>*~3°
Other workers have used functionalized nanoparticles
and SERS to image inside live embryos.® However,
these workers have all used reporter molecules to
enhance the SERS signal from the nanoparticles. The
application of reporter molecules for SERS is reviewed
by Matschulat and co-workers.>” In contrast, in our
study the nanoparticles are not modified by any repor-
ter molecule. This means that although the sensitivity
of this technique is far less than if a reporter molecule
were used, the enhanced signal we are producing
comes from the immediate environment around the
nanoparticle, the endothelial cell membrane. Therefore
the enhanced spectra contain novel information about
the biomolecular composition of the cell membrane.

Overall, this investigation has shown that SERS
spectra can be obtained from cells labeled using an
immunogold-conjugated antibody to attach silver nano-
particles to the cell surface. The enhanced spectra pro-
vide unique biomolecular information from the cell
membrane adjacent to the nanoparticles. Also, for the
detection of nanoparticles SERS is more sensitive than
conventional light microscopy and so has great poten-
tial in investigations where the concentration of epitope
is too low to be detected with conventional methods.

Antibodies. The monoclonal antibody (5-D-4) to the keratan
sulfate glycosaminoglycan chain was obtained from ICN Bio-
chemicals Ltd. (Thame, UK). The secondary was a goat anti-
mouse IgG 5 nm gold-conjugated antibody (British Biocell
International, UK).

Immunolabeling Procedure. After fixation, intact corneas were
washed thoroughly in PBS buffer placed in 0.1 M glycine for
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15 min and then washed again in PBS. The corneas were then
incubated at room temperature with undiluted, normal goat
serum for 20 min. The goat serum was then removed, and the
corneal endothelium was incubated for 2 h at room tempera-
ture with the primary antibody at 1:100 dilution (5-D-4) in PBS
buffer (pH 7.4) containing 1% bovine serum albumin (BSA)
and 1% Tween 20. This was followed by a 30 min wash under
agitation in two changes of the buffer. The samples were then
incubated in the secondary antibody for 2 h at a dilution of 1:100
in PBS (pH 8.2) containing 0.5% BSA, 0.5% normal goat serum,
1% sodium chloride, 1% fish gelatin, and 1% Tween 20. This was
followed by at least three 30-min washes in buffer alone, which
was followed immediately by five 5-min washes in distilled
water. For the control, the primary antibody was replaced by
control mouse ascites fluid at an equivalent dilution.

Light Microscopy. The 5 nm colloidal gold particles were
enhanced for light microscopy by the use of a silver enhance-
ment kit (British Biocell International, UK). The enhancement
procedure was performed for 15 min at room temperature.
Corneas were then washed in distilled water, dehydrated
through an alcohol series, and transferred to Histoclear before
being mounted in DPX (Agar Scientific, UK), and photographed.
Under the light microscope the immunolabeled cells appear
dark, and unlabeled cells transparent. Samples had DPX re-
moved by immersion in propylene oxide and then were air-
dried. Samples were visualized by light microscopy prior to
spectroscopy analysis.

Scanning Electron Microscopy. Immunolabeled samples were
silver enhanced for 15 min, after which the samples were washed
in distilled water and dehydrated through an ethanol series,
then transferred to Peldri Il or HMDS (Agar Scientific, UK), which
was allowed to sublimate off. The samples were mounted on
stubs and were sputter-coated with gold before being exam-
ined under a JEOL 840 SEM (JEOL, Tokyo, Japan).

Optimization of Nanoparticle Size. Nanoparticle size was influ-
enced by the duration of the silver enhancement procedure.
Enhancement for 15 min resulted in a mean nanoparticle size of
227 nm with a range of sizes between 140 and 320 nm.

Raman and Surface-Enhanced Raman Spectroscopy. Spectra were
collected with a Renishaw inVia Raman microscope (Renishaw
Inc., UK) with a 100 mW diode 785 nm laser. A 1200 lines/mm
grating was used. The system was calibrated using the 520.5cm ™"
Raman band from a silicon wafer for wavenumber shifts. Fixed
corneal samples were placed on MirrlR low-E glass slides (Kevley
Technologies, USA), then visualized using bright-field micro-
scopy to differentiate cells with a high density of silver nano-
particles from cells with a low level of silver nanoparticles.
Raman spectra were collected in the range 400—2000 cm ™’
using 0.1% and 100% laser power, 15 s exposure time, four
accumulations, and a spot size of 1.2 um? (Leica 50 x objective,
numerical aperture 0.75). The laser power at the sample was 38
mW/um? using a 100% power setting and 0.038 mW/um? for
the 0.1% setting. The 100% setting was used only on cells with
no silver nanoparticles. Data were collected and cosmic rays
were removed using Renishaw Wire 3.1 (Renishaw Inc., UK). Spec-
tra were baseline corrected using a rubber band algorithm3®
(OPUS, Bruker Optics Inc., USA) computed with 10 iterations and
64 points and vector normalized (OPUS, Bruker Optics Inc., USA).
Small peaks at 853 and 875 cm ™' from ambient light were
excluded from some spectra.

Raman Spectroscopic Imaging. Raman images were taken in a
raster scan fashion using a Leica 50 objective (NA 0.75) and a
100 nm precision motorized stage (Renishaw Inc., UK) to posi-
tion samples to the beam and a 830 lines/mm grating. SERS
maps were collected overnight, generating several thousand
spectra. SERS images were collected using 0.1% laser power and
5 s exposure time between the ranges 407—1260 cm™'and
1250—2000 cm™". The step size was 0.6 um. WiRE software was
used to give a false colorimage of the collected data at a specific
signal to baseline wavenumber.

Computational Analysis. To analyze our data sets of spectra and
data points (wavenumbers), intricate algorithms for PCA or PCA-
LDA were applied. We used MATLAB R2009 (TheMathsWorks,
Natick, MA, USA) with a graphical user interface toolkit for
spectroscopy (http://biophotonics.lancs.ac.uk/software) on the
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same spectral data sets used in Figure 3. Further software details
are available in Patel et al., 2011.3° PCA is an unsupervised data
reduction technique producing a scores and loadings plot from
derived principal components (PCs) of the mean-centered,
processed spectra. Each PC was examined individually to deter-
mine which represented the best segregation of classes. Addi-
tional application of the supervised technique of LDA to the
output process of PCA for the first 10 PCs was used (PCA-LDA).
LDA maximizes the interclass variance in relation to the intra-
class variance based on predefined class labels, giving optimal
class segregation.®® A scores plot was produced to visualize
segregation of the classes, whereas derived cluster vector plots
determined the wavenumbers responsible for segregation.
Statistical significance of linear discriminants was carried out
using 95% confidence intervals.
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