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Ultrasensitive Raman measurements in single living cells are pos-
sible through exploiting the effect of surface-enhanced Raman scat-
tering (SERS). Colloidal gold particles (60 nm in size) that are de-
posited inside cells as ‘“SERS-active nanostructures” result in
strongly enhanced Raman signals of the native chemical constitu-
ents of the cells. Particularly strong field enhancement can be ob-
served when gold colloidal particles form colloidal clusters. The
strongly enhanced Raman signals allow Raman measurements of a
single cell in the 400-1800 cm ! range with 1-pm lateral resolution
in relatively short collection times (1 second for one mapping point)
using 3-5 mW near-infrared excitation. SERS mapping over a cell
monolayer with 1-pum lateral resolution shows different Raman
spectra at almost all places, reflecting the very inhomogeneous
chemical constitution of the cells. Colloidal gold supported Raman
spectroscopy in living cells provides a tool for sensitive and struc-
turally selective detection of native chemicals inside a cell, such as
DNA and phenylalanine, and for monitoring their intracellular dis-
tributions. This might open up exciting opportunities for cell biol-
ogy and biomedical studies.

Index Headings: Surface-enhanced Raman scattering; Gold colloids;
Cells; DNA.

INTRODUCTION

Raman scattering is a vibrational spectroscopic tech-
nique in which incident laser light is inelastically scat-
tered from a sample and shifted in frequency by the en-
ergy of its characteristic molecular vibrations. The Ra-
man spectrum provides high informational content on the
chemical structure of the probed substances, which makes
this method a very promising tool in biomedical spec-
troscopy.'?

Within the recent decade, Raman spectroscopy was
also successfully applied to living cells.’>-* Measurements
on cell monolayers using confocal Raman systems with
about 1-pm spatial resolution show clear differences in
the Raman spectra of the cell nucleus and the cell cyto-
plasm.3-® Excellent Raman spectra of DNA in the nucleus
of a living cell are measured using a laser Raman micro-
scope, where the sample is inside the laser cavity.*

Raman scattering is an inefficient effect, with typical
nonresonant Raman cross-sections on the order of 10-3°
cm? per molecule. Since many chemicals are present in
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a cell at very low concentrations and since the applicable
excitation laser intensity is limited by effects of cell de-
generation, the Raman signal observed from a single cell
is extremely weak. Typical collection times for a spon-
taneous Raman spectrum inside a living cell using 5-10
mW laser excitation in a confocal Raman system can be
hundreds of seconds, summing up to very long data ac-
quisition times for a “Raman map’’ of a cell, thus making
it difficult to study viable cell lines.’

In surface-enhanced Raman scattering (SERS), Raman
signals can be enhanced by many orders of magnitude
when the probed molecules are attached to metallic na-
nostructures and Raman scattering takes place in the high
local optical fields of these structures.!:!°-13 Areas of en-
hanced local optical fields occur due to resonances of the
applied optical fields with the surface plasmon oscilla-
tions of the metallic nanostructures. In addition to this
“electromagnetic field enhancement,”” the electronic in-
teraction between the Raman molecule and the metal can
result in an increase of the Raman cross-section itself,
called ‘“‘chemical or electronic enhancement.” Several
mechanisms are discussed to account for this chemical
SERS enhancement, such as a resonance Raman effect,
which becomes operative due to possibly shifted and
broadened electronic levels in the adsorbed molecule
compared to the ‘“‘free’” one or due to a new (charge
transfer) electronic transition in the metal-molecule sys-
tem.!%!3 In many experiments on nanometer-scaled silver
or gold structures, the ‘““chemical effect’” provides a very
small contribution and the total SERS enhancement is
determined by electromagnetic field enhancement.!!'4-!7
In the visible and near-infrared frequency range, silver
and gold colloidal clusters or island films of these ma-
terials can result in electromagnetic SERS enhancement
factors up to 10 or 12 orders of magnitude.!#-17

Of course, the field enhancement effect is also operative
in fluorescence. The effect of surface-enhanced fluorescence
has been observed for a few molecules/ions.!8-2! However,
in many cases, the metal provides strong nonradiative
decay channels. This fluorescence quenching effect can
overcompensate the field enhancement, and the net fluo-
rescence signal observed for molecules attached to a me-
tallic nanostructure is much smaller than that measured
without the metal. That also explains why in many ex-
periments the surface-enhanced resonance Raman
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(SERRS) spectrum does not show the expected fluores-
cence background.?>?

SERS studies have also been performed on living
cells.?0-2° In these experiments, colloidal silver particles
were incorporated inside the cells and SERS was applied
to monitor the intracellular distribution of drugs in the
whole cell and to study the antitumor drugs/nucleic acid
complexes. Surprisingly, these experiments show SERS
spectra of the drugs/DNA complex represented by Raman
lines of the drugs, but no SERS spectra of the native cell
constituents themselves were detected. Weak SERS bands
attributed to phenylalanine and amide I and III bands
were measured in the strong SERS spectra of dimethyl-
crocetin (DMCRT) in a living HL 60 cell in contact with
a gold island film.?* In Ref. 31, silver nanocolloids were
produced selectively within Escheri coli bacteria or on
its wall, resulting in SERS spectra of the constituents
forming the cell wall, such as proteins, peptides, and ami-
no acids.

In general, due to its chemical inactivity, gold should
be the more suitable metal for incorporation inside living
cells. It was shown that gold colloidal clusters have com-
parably good SERS enhancement factors as silver clus-
ters when near-infrared (NIR) excitation is applied.®
Moreover, NIR would be the desired excitation range for
Raman measurements of cells because the lower-energy
photons reduce the fluorescence background in biological
samples and also the risk of cell degeneration.>®

In this paper we report NIR-SERS studies inside living
cells using colloidal gold as the SERS active substrate.
In contrast to previous SERS studies inside living cells
using colloidal silver, we measure strong SERS signals
from the native chemical constituents of a cell. In this
way, this work should provide a tool for the sensitive and
structurally selective detection of native chemicals inside
a cell and their intracellular distribution, suggesting many
applications in biomedical research.

EXPERIMENTAL

Differentiated intestinal epithelial cells HT29 (gift of
the Harvard Digestive Diseases Center) were grown ei-
ther on 25-mm round coverglasses or on formvar-carbon
coated electron microscopy grids using high-glucose Dul-
becco’s modified Eagle medium (DMEM) supplemented
with 10% fetal calf serum, 100 units/mL penicillin, and
100 pg/mL streptomycin (all Gibco BRL products, Life
Technologies, Grand Island, NY). Cells were grown to
confluency at 37 °C in a humidified atmosphere of 5%
CO, in air. Monolayers were loaded with colloidal gold
either by sonication (see below) or by fluid-phase uptake.
For fluid-phase uptake, approximately 24 hours before
the experiments the culture medium was supplemented
with the colloidal gold suspension either at approximately
3300 particles per cell or at 330 particles per cell. Im-
mediately before the experiments, free gold was removed
by rinsing the monolayers in Hank’s Balanced Salt So-
lution (HBSS) without sodium bicarbonate or phenol red,
buffered at pH 7.4 with 10 mM HEPES (both from Sig-
ma, St. Louis, MO). Cells remained in the same buffer
throughout the measurements. Another method for incor-
porating gold nanoparticles into the cell is by sonication.

Ultrasound has been shown to rupture the cell plasma
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Fic. 1. Typical unprocessed surface-enhanced Raman spectra mea-
sured with 1-pm spot size at different places on a cell monolayer in-
cubated with colloidal gold.

membrane and permit entry of the colloidal gold parti-
cles, followed be self-annealing of the ruptured mem-
brane edges within a few seconds. Raman spectra shown
in this work are taken from cells in which 60-nm gold
nanoparticles were incorporated in the cells by fluid-
phase uptake during the growing process. The salts in the
buffer solution induce the formation of small colloidal
aggregates with sizes of a few hundred nanometers. Clus-
ter—cluster aggregation inside the cell results in the for-
mation of larger gold colloidal clusters, as we discuss
below. Evidence that cells are alive after treatment with
the colloidal gold comes from phase contrast inspection
of the cultures showing that cells incubated with colloidal
gold are visibly growing and that there is no evidence of
cell rounding, apoptotic activity, or cell detachment from
the growth surface when compared with control mono-
layers.

Raman measurements were carried out on single cells
using a microscope for focusing the 830-nm excitation
laser to a spot size of about 1 wm. The same microscope
objective was also used for collecting the Raman scat-
tered light. A single stage spectrograph and a charge-
coupled device (CCD) detector were used for spectral
dispersion and collection of the scattered light. Applica-
tion of 2-5 mW of near-infrared excitation did not result
in any cell degeneration. Good signal-to-noise SERS
spectra were measured in one second collection time. For
mapping experiments, the cell monolayer sample was
moved in 1-wm raster steps under the laser focus cover-
ing an area of 30 X 30 wm?. The experimental system is
described in more detail in Ref. 9.

RESULTS AND DISCUSSION

Figure 1 shows typical unprocessed surface-enhanced
Raman spectra measured with 1-pwm spot size within the
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Fic. 2. Electron micrographs of colloidal gold particles inside a cell
monolayer (a). The higher magnification shows that the gold particles
are aggregates of 60-nm colloidal spheres (b).

30 X 30 wm? area at different places on a cell monolayer
incubated with colloidal gold. The one second collection
time spectra show a very good signal-to-noise ratio, al-
lowing for the possibility of much shorter collection
times. The SERS signal appears on the order of thousands
of counts per second compared to signals of counts per
second measured in ‘“‘normal” Raman spectroscopy of
single cells.

The Raman lines can be assigned to native chemical
constituents in the cell nucleus and cytoplasm, such as
DNA, RNA, phenylalanine, tyrosine, etc. In general, all
900 spectra measured at different places are distinct, re-
flecting the inhomogenity of a cell. As Fig. 1 shows, dif-
ferences between the spectra appear regarding relative
Raman amplitudes and Raman line width and sometimes
also regarding several weaker Raman lines, which con-
tribute to the spectra.

The 1120 cm ™! line can be assigned to an O-P-O DNA
backbone vibration,>* where this line is slightly shifted
to larger wave numbers in SERS compared to ‘““‘normal”
Raman scattering.’®* Raman lines around 1300 cm~! are
related to adenine and guanine vibrations, but RNA also

a) 10 pm

Phase contrast image of two living cells (a) and the image of the total SERS signal (b).
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has strong surface-enhanced Raman bands in this fre-
quency region.** The spectral region around 1000 cm™!
is determined by phenylalanine (1004 cm~!) and a C-O
DNA backbone vibration at 980 cm~!. The bands at about
830 cm ! can be assigned to a sugar—phosphate backbone
vibration, where the frequency of this line is slightly dif-
ferent for B- and A-form DNA.* The absence of a strong
SERS line at 735 cm ™!, which relates to the adenine ring
breathing mode, indicates that native, and not denatured,
DNA contributes to the spectra.’*3>f SERS spectra also
show the conformationally sensitive guanine lines around
650/670 cm~'.# The strong SERS line at 650 cm~! in the
upper spectrum is very likely due to a superposition of a
strong tyrosine vibration* and the guanine line.

SERS can be a selective effect showing predominately
those molecules or molecular groups that are in the very
close vicinity of the colloidal gold clusters.?'-3 In contrast
to ““normal’” Raman spectra of living cells, where strong
Raman bands appear around 1450 cm~! (protein CH de-
formation vibration) and at 1650 cm~' (amide I), in the
SERS spectra of living cells these bands seem to exhibit
almost no enhancement. In a few spectra, a very weak
SERS band appears at about 1450 cm~'.

Figure 2 shows electron micrographs of the colloidal
gold particles inside a cell monolayer. The colloidal par-
ticles form small colloidal clusters in sizes between 100
nm and a few micrometers, where the largest clusters can
also be seen in the phase contrast microscope views in
Fig. 3. The higher magnification in Fig. 2b shows that
the gold clusters are made of 60 nm colloidal gold
spheres. From NIR-SERS experiments performed on calf
thymus DNA attached to such gold colloidal cluster, we
can infer a minimum enhancement factor of 103-10* for
DNA on colloidal gold based on the assumption that all
DNA molecules in the sample contribute to the SERS
signal.! SERS spectra and enhancement factors of DNA

b)

1 In SERS spectra of DNA, for an open double strand, the 735 cm~!
band appears stronger due to better contact between the bases and the
colloidal gold or silver compared to native DNA. The appearance of
the strong adenine ring breathing line therefore indicates denaturation
of the DNA 3%
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Distribution of phenylalanine (a) and DNA (b) over a 30 X 30 wm? cell monolayer based on the signals of the 1004 cm~' Phe- (a) and

1120 cm~! O-P-O DNA backbone (b) line. SERS spectra are measured at the places of the maximum signals of the two peaks.

on colloidal gold clusters are in agreement with results
on colloidal silver clusters.33

Figure 3 shows a comparison between a phase contrast
image of two living cells on a glass plate and the image
of the total Raman signal. The figure shows that the
SERS signal does not appear over the entire cell and that
parts of the cell show no Raman signal. Since it is un-
likely that there are regions of the cell that do not contain
Raman scatterers, it follows that the lack of a SERS sig-
nal results from the absence of colloidal gold particles in
those regions. The variations in the scattering signal pow-
er in the “SERS-active” or gold occupied cell regions
may appear due to a nonuniform electromagnetic SERS
enhancement factor inside the cell or may also reflect a
very inhomogeneous distribution of the scattering sub-
stance inside the cell. At this point, we cannot separate
these two effects.

In order to solve this problem and to image a particular
substance using SERS, the signal of a specific Raman
line must be normalized to the SERS enhancement factor
operative at the appropriate location. The surface-en-
hanced Raman lines appear on a broad background,

which we ascribe to ‘‘surface-enhanced’ fluorescence
signal of the cell. With the applied 830-nm excitation, the
cell fluorescence is certainly only weakly excited and it
might additionally be quenched by the colloidal gold; but,
on the other hand, fluorescence also takes place in en-
hanced local fields, as was briefly discussed in the intro-
duction. Therefore, the lateral distribution of the broad
fluorescence signal (with contributions from many fluo-
rophores) should monitor the distribution of the field en-
hancement. Therefore, the signals are normalized to the
average fluorescence signal between 400 and 1700 cm™!
relative to the 830-nm excitation.

As an example of SERS imaging, Figs. 4a and 4b show
the distribution of phenylalanine and DNA over a 30 X
30 pwm? cell monolayer based on the normalized signals
of the 1004 cm~! Phe- and 1120 cm™! O-P-O DNA
backbone line, respectively. Also shown in Fig. 4 are
SERS spectra taken from regions of the maximum signals
of the two lines. In general, the cell nucleus should con-
tain a larger amount of DNA, whereas phenylalanine
should be mainly present in the cytoplasm,*® which ex-
plains why the maximum signals of the two Raman lines
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appear at different places. It should be noted that the
SERS image over a cell monolayer shown in Figs. 4a
and 4b, of course, shows the distribution of the native
cell constituents only in regions where colloidal gold is
present. For further developing this spectroscopic tech-
nique, technologies should be explored that generate a
uniform distribution of the SERS-active nanostructures
over the cell.

To summarize, the reported experiments demonstrate
the feasibility of measuring surface-enhanced Raman
spectra of native constituents within a single viable cell
using colloidal gold particles as SERS-active nanostruc-
tures and generating a surface-enhanced Raman image
inside a living cell. The strong Raman signal allows Ra-
man mapping over a single cell in very short times com-
pared to normal Raman measurements and provides also
the opportunity of Raman screening of many cells in rel-
atively short times. A SERS spectrum provides rich struc-
tural information about the cell and allows observation
of small structural modifications, such as changes in the
DNA bands. In this way, ultrasensitive Raman spectros-
copy inside living cells opens up interesting new oppor-
tunities for the diagnosis of diseases at a very early stage,
as it should allow for monitoring small chemical changes
in the cell that could be the precursors of larger morpho-
logical changes, visible by conventional microscopy.
Based on the structural sensitivity and the capability of
relatively fast screening of many cells, exciting oppor-
tunities are opened up for the diagnosis of diseases such
as cancer to be made at earlier stages than previously
possible.
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