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While surface-enhanced Raman scattering (SERS) can
increase the Raman cross-section by 4-6 orders of
magnitude, for SERS to be effective it is necessary for the
analyte to be either chemically bonded or within close
proximity to the metal surface used. Therefore most
studies investigating the biochemical constituents of
microorganisms have introduced an external supply of
gold or silver nanoparticles. As a consequence, the study
of bacteria by SERS has to date been focused almost
exclusively on the extracellular analysis of the Gram-
negative outer cell membrane. Bacterial cells typically
measure as little as 0.5 by 1 µm, and it is difficult to
introduce a nanometer sized colloidal metal particle into
this tiny environment. However, dissimilatory metal-
reducing bacteria, including Shewanella and Geobacter
species, can reduce a wide range of high valence metal
ions, often within the cell, and for Ag(I) and Au(III) this
can result in the formation of colloidal zero-valent par-
ticles. Here we report, for the first time, SERS of the
bacterium Geobacter sulfurreducens facilitated by col-
loidal gold particles precipitated within the cell. In addi-
tion, we show SERS from the same organism following
reduction of ionic silver, which results in colloidal silver
depositions on the cell surface.

Raman spectroscopy is a quantitative vibrational spectroscopic
method that can be used to infer structural molecular information
or composition from a sample. In Stokes Raman scattering, an
exchange of energy occurs between the incident photons and
molecules in the lowest vibrational energy level of the molecular
ground state, giving rise to scattered photons at wavelengths lower
than that of the excitation radiation.1 Unlike the complementary
method of infrared absorbance spectroscopy, which has very
broad peak cross-sections, band widths across a Raman spectrum
are much narrower and generally in the region of 10-30 cm-1.
Therefore, Raman spectroscopy provides a more detailed picture
of chemical components in a complex sample and for pure

compounds a greater degree of structural information. The major
drawback to the method, however, is the very low efficiency of
Stokes Raman scattering, where typically only 1 in 106-108

incident photons are estimated to be scattered inelastically. While
this problem is overcome largely through the use of laser light
sources, confocal Raman microscopes, and sensitive charge
coupled detectors (CCDs),2,3 there can often be problems with
analyzing complex biological samples which tend to exhibit broad
fluorescence backgrounds under visible and near-infrared (NIR)
excitation.4

Consequently, researchers have been investigating enhanced
Raman methods as a means of overcoming the shortcomings of
conventional visible/NIR Raman spectroscopy. One approach is
to use deep ultraviolet excitation, where incident wavelengths with
energies close to the molecular electronic transitions of certain
chromophores result in a larger Raman cross-section for an
experiment, a process known as ultraviolet resonance Raman
(UVRR) enhancement.5 An additional benefit is that fluorescence
is often shifted beyond the observed spectral range,6 although a
major drawback is that photochemical damage (due to the
absorbing centers giving rise to the resonance enhanced Raman
bands) needs to be avoided by using often burdensome sample
presentation methods.7,8

An alternative and more sensitive method of increasing the
Raman cross-section is to use surface-enhanced Raman scattering
(SERS9,10). This technique makes use of a roughened metal
surface, often colloidal particles, which upon illumination with a
light source gives rise to surface plasmon oscillations that produce
an enhanced local optical field (so-called electromagnetic enhance-
ment), thus increasing the Raman cross-section by very large (up
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to 1014) factors.11 The mechanism is still not understood fully,
and a charge-transfer effect known as chemical enhancement is
also thought to contribute to the overall enhancement effect of
SERS.12 An additional augmentation of the signal can result from
a resonance enhancement effect in surface-enhanced experiments
for absorbing species at the incident wavelength; this effect is
described as surface-enhanced resonance Raman scattering
(SERRS13-15).

SERS has now been applied widely to the study of bacterial
cells;16-23 for a recent review article on bacterial SERS research,
see ref 24. Initial investigations sought to obtain representative
SERS spectral fingerprints of typical laboratory strains;22 later the
method was shown to be sufficiently reproducible to distinguish
between bacterial cells isolated from patients with urinary tract
infections to the subspecies level.16 More recent work has
demonstrated further categorical modeling applications of SERS
for other bacterial genera and the investigation on limits of
detection in terms of the amount of biomass required to obtain
SERS spectra of bacteria.19 In addition, many of these studies have
been carried out using a range of incident wavelengths with a
variety of colloidal metal preparations. To date, no standard
approach has been developed and this may be due to problems
associated with the reproducibility of SERS, which could be
ascribed to many possible experimental factors, including colloidal
particle morphology, geometric considerations with respect to the
analyte-metal interface, saturation of the particle surface, and
spatial localization of the SERS active substrate. So far, SERS has
been used to probe only the surface of bacterial cells, due to the
difficulty associated with introducing nanometer sized metal
particles into such small structures (typically 0.5 µm by 1 µm).
While one article claims to demonstrate SERS from internalized
colloids,25 no actual SERS spectra under these conditions were
reported.

It is known that certain Fe(III)- and sulfate-reducing bacteria
can form (colloidal) metal particles through electron transfer to
gold and silver ions.26 These microorganisms include species from
the genera Geobacter and Shewanella and have been studied
widely, due to their potential use in many environmental and
biotechnological processes including the bioremediation of metal

and radionuclide contaminated land and water, the oxidation of
xenobiotics under anaerobic conditions, metal recovery, and the
formation of novel biocatalysts (reviewed in ref 27). Recently Biju
and colleagues28 reported SERS with 514.5 nm excitation on
Shewanella oneidensis with extracellular enhancement enabled by
a silver coated slide and did not investigate the potential ability
of this organism to reduce Ag(I).

In this study, we report SERS of Geobacter sulfurreducens using
an alternative and highly novel approach, using colloidal metal
substrates prepared from the enzymatic reduction of silver and
gold salts by these bacteria. In the case of exposure to Ag(I),
transmission electron micrographs of whole and sectioned cells
show extracellular colloidal silver precipitation. By contrast, when
Au(III) is reduced the colloidal depositions are shown to reside
almost exclusively within the cytoplasm close to the inner cell
membrane. We believe that this is the first conclusive report of
SERS from the internal structure of a bacterial cell.

MATERIALS AND METHODS
Preparation of Bacterial Cultures. Cultivation Conditions. G.
sulfurreducens (ATCC 51573) was obtained from DSMZ and grown
under strictly anaerobic conditions at 30 °C in modified fresh water
medium in serum bottles sealed with butyl rubber stoppers, as
described previously.29 Sodium acetate (25 mM) and fumarate
(40 mM) were provided as the electron donor and acceptor,
respectively. All manipulations were done under an atmosphere
of N2/CO2 (80:20). Cells grown to midlog phase were harvested
by centrifugation (4075g for 20 min) and washed three times with
30 mM sodium bicarbonate buffer (pH 7.0) equilibrated with N2/
CO2 (80:20) prior to use. Cells were then exposed to 200 µM Ag(I)
or Au(III) as AgNO3 and HAuCl4 · 3H2O, respectively, dissolved
in 30 mM bicarbonate buffer. Acetate (10 mM) was added as the
electron donor for silver reduction, and hydrogen (bubbled
through the solution for 5 min) was used for gold reduction.29

Raman Spectroscopy and SERS. Raman and SERS spectra
were recorded on a Renishaw (Renishaw plc., Old Town, Wotton-
under-Edge, Gloucestershire, U.K.) System 2000 confocal Raman
microscope,2,3 with a resolution of ∼6.5 cm-1. For cells exposed
to Ag(I), a 20 mW 633 nm HeNe laser source was used yielding
∼2 mW power at the sample. Spectra of cells exposed to Au(III)
were acquired using a high-power (300 mW) 830 nm NIR diode
laser source, with power at the sampling point ∼30 mW. Control
spectra of cells that had not been exposed to metal salts were
obtained at each respective wavelength, and in every case Raman
and SERS spectra were acquired over a Stokes Raman shift of
200-2000 cm-1 with 60 s integration.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) was used to identify the cellular location of
the metal particle products of Ag(I) and Au(III) reduction. Cells
were collected by centrifugation under nitrogen and washed three
times in anaerobic 100 mM HEPES buffer (pH ) 7), then fixed
with 2.5% glutaraldehyde overnight. Cells were then washed with
HEPES buffer and enrobed in 2% noble agar. Agar blocks were
processed through a gradual ethanol dehydration sequence (25,
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50, 75, 95% ethanol in deionized water), and three 15 min washes
in 100% ethanol. The specimens were embedded in LR white resin
(London Resin Company, Theale, Berkshire, U.K.). Increasing
concentrations of LR white resin in ethanol were infiltrated into
the agar block with one 15 min wash in an LR white: ethanol (50:
50) mixture, followed by two 2 h 100% LR white steps. The agar
blocks were then cured for 24 h at 60 °C. Ultrathin sections of
60-80 nm thickness were sectioned from the embedded blocks
using a microtome and mounted on Formvar and carbon coated
copper TEM grids. Sections were stained with 2% uranyl acetate
in distilled water for 5 min and lead staining solution for 5 min
prior to TEM analysis. Samples were first examined using a FEI
Tecnai 12 Biotwin transmission electron microscope (FEI, Eind-
hoven, The Netherlands) at 100 kV, then they were transferred
to FEI Tecnai F30 operating at 300 kV (FEI, Eindhoven, The
Netherlands) coupled with a high-angle annular dark field detector
for EDX analysis.

X-ray Diffraction. X-ray diffraction (XRD) measurements from
resting cells exposed to either Ag(I) or Au(III) were obtained
using a Bruker D8 Advance X-ray diffractometer (Bruker AXS Ltd.,
Coventry, U.K.). Cells with precipitate were washed using anaero-
bic water; these were then dried under air and ground to very
fine powder and mixed with amyl acetate to form a uniform film
on a glass slide, which was transferred immediately to the
instrument. The step size used was 0.02°, and the scan time was
5-10 s. During sample preparation, illumination with direct light
was avoided.

RESULTS AND DISCUSSION
Extracellular Colloidal Silver SERS. G. sulfurreducens30 and
related species have been the focus of much recent interest due
to their ability to couple the oxidation of organic matter in the
subsurface to the reduction of a wide range of high valence metals.
These include poorly soluble Fe(III) oxides, the normal physi-
ological substrate for these anaerobic bacteria in anoxic aquifer
sediments, and also contaminant metals and radionuclides such
as soluble Cr(VI) and U(VI), which can be precipitated through
bioreduction.31 The reduction and precipitation of precious metals
such as Au(III) and Ag(I) has received less attention, although
such processes could be used to recover gold and silver from
dilute solutions and could also be used in vivo to generate
nanoscale colloidal gold and silver precipitates to obtain SERS
data.

Late log phase cultures of G. sulfurreducens were challenged
with Ag1+ ions (with acetate as the electron donor) and assessed
for the production of elemental silver particle formation through
X-ray diffraction analysis, TEM imaging, and energy dispersive
X-ray (EDX) spectroscopy. XRD analysis confirmed the formation
of elemental silver in these experiments (Figure 1C), while TEM
analysis showed whole cells of G. sulfurreducens surrounded by
an array of electron dense colloidal silver particles across and
around the cell surface (parts A and B of Figure 1). EDX (Figure
1D) confirmed that these nanoparticles contain a high level of
silver, and the silicon peaks observed are probably from contact
with glass. In addition to acetate, hydrogen was also tested as an

electron donor but did not support efficient reduction of Ag(I) to
Ag(0). The silver particles produced with acetate as the electron
donor were small, ∼30 nm across, exhibited a fairly homogeneous
size distribution, and were monodispersed across the cell sample;
although due to their very small size, it was difficult to establish
morphology with any certainty. Figure 1B shows cells from the
same culture in cross section, confirming an extracellular location
for the precipitated silver; four colloidal particles can be seen
clearly outside the cell.

Cells from this same culture were also analyzed using Raman
microspectroscopy, for which SERS was observed (Figure 2),
along with cells from a control culture that had not been exposed
to Ag(I). In both cases, incident radiation at a 633 nm wavelength
was used, which we observed to give good SERS using silver
colloid. Typical Raman and SERS spectra for the control and SERS
active samples are shown in Figure 2, with tentative band
assignments summarized in Table 1. With comparison of the
conventional Raman spectrum against its SERS counterpart, there
are negligible bands that complement one another across the two
spectra, which is to be expected given the difference in selectivity
that is imposed through the SERS process. Two peaks stand out
in the SERS spectrum as potential resonance enhanced bands, at
924 and 1061 cm-1, although so far we are unable to provide
accurate assignments for these. Also notable are the amide III
(∼1247 cm-1) and amide I (∼1562 cm-1) peaks, present on both
the control (Raman) and SERS spectra, which exhibit quite
different profiles. The amide I and III band symmetry is known
to provide an insight into protein backbone structure;32,33 however,
it is difficult to understand in this context what structural
information could be inferred from the analysis of such a complex
sample. The sharper peaks in these regions of the SERS spectrum
could suggest a significant chemical enhancement effect12 with
respect to protein complexes.

Most of the additional characterized features on the SERS
spectrum point to aliphatic vibrations (Table 1), although there
is a potential contribution from phenylalanine at 625 cm-1. Clearly,
the lack of a comprehensive database of SERS band assignments
makes the process of annotating the spectra less valuable than it
would be otherwise. Although, given the density of peaks in the
SERS spectrum, there is great potential for obtaining biologically
interesting information once such a resource becomes available.

Intracellular Colloidal Gold SERS. The ability of certain
organisms to precipitate gold by reduction from solution at both
extra- and intracellular sites has been noted previously.34,35 It is
apparent from these studies that the electron donor provided in
the culture medium is very important in determining the organ-
ism’s ability to reduce certain ionic metals, although the mecha-
nism for intra- versus extracellular reduction is not understood.

In contrast to the results for silver, gold was reduced with
hydrogen rather than acetate as an electron donor by G. sulfurre-
ducens, and the cells exposed to ionic gold did not differ
morphologically from those exposed to ionic silver. From parts A
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and B of Figure 3, it is clear that G. sulfurreducens reduces Au(III)
and precipitates Au(0) and that under these conditions the
resultant colloidal gold particles are clearly positioned within the

cell. This is further confirmed by EDX spectroscopy (Figure 3D)
and a purple colored product (data not shown), consistent with
colloidal gold and the XRD trace obtained from these cells (Figure

Figure 1. TEM images of G. sulfurreducens with colloidal silver deposits, (A) image showing whole cells; (B) cross section through cells. (C)
XRD profile acquired from resting G. sulfurreducens cells exposed to 200 µM Ag(I). (D) EDX profile acquired from the same cells.

Figure 2. Raman (dotted line) and SERS (solid line) spectra of G.
sulfurreducens acquired using 633 nm excitation, with the latter in
the presence of a colloidal silver substrate. Also highlighted are the
main bands observed.

Table 1. Tentative Band Assignments for SERS
Spectra Acquired from G. sulfurreducens with
Extracellular Colloidal Silver at 633 nm Excitation38-41

Raman shift (cm-1)

Raman SERS tentative assignmenta

625 Phe (skeletal)
733 F(CH2)

746 Tyr (ring breathing)
828 ν(CON) symmetric; δ(CCH) aliphatic

857 ν(CC) ν(COC) 1,4-glycosidic link
924 unassigned

936 (νCOC), CO dominated ring vibrations
of carbohydrates, (νCOP), (νPOP)

1061 unassigned
1235-1260 1235-1260 amide III

1334 δ(CH)
1397 ν(CO) symmetric COO-

1430-1455 1430-1455 δ(CH2) (saturated lipids)
1546-1645 1546-1645 δ(NH) & ν(CN), amide II

a δ, Deformation; ν, stretching; F, rocking; Phe, phenylalanine; Tyr,
tyrosine.
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3C). The individual gold particles synthesized from the in vivo
reduction of Au(III) were similar in size with the silver particles
(∼30 nm) and are highly monodisperse within the cell. From our
TEM analyses (parts A and B of Figure 3), the site of precipitation
seems to be in the cytoplasm along the inner cellular membrane.
The monodispersed nature of the Au (and indeed Ag) particles
will most likely mean that a maximum SERS enhancement is not
being achieved, as studies have shown the importance of colloidal
aggregation to maximize the Raman cross section for SERS.36

Once again, a comparison of a control Raman spectrum of the
Geobacter cells was made against a SERS spectrum acquired from
an aliquot of the same gold inoculated culture from which the
XRD results and TEM images were obtained (Figure 4). This time
the excitation wavelength used was at 830 nm, principally because
SERS was not observed at 633 nm for gold and colloidal gold SERS
has been shown to be effective at this wavelength previously.37

Likewise, SERS was not observed for the cells exposed to silver

at 830 nm, preventing direct comparisons between the colloidal
gold and silver SERS spectra at both incident frequencies.

The Raman spectrum of G. sulfurreducens in Figure 4 is
markedly different to that acquired at 633 nm (Figure 2), very
little chemical information is present with only two distinct bands
at 1032 and 1069 cm-1. Similar amounts of material were used in
each case, with an excess of biomass predicted to be present
within the collection volume. Despite equivalent integration times
for all spectra and greater power at the sampling point with the
830 nm diode laser, the total scattering cross section is ap-
proximately one-fifth of that observed for both Raman and SERS
(with colloidal silver) at 633 nm. Of course, despite the low power
red source used, at shorter wavelengths the Raman cross-section
benefits from a ν4 increase in intensity; however, that would not
in itself account for the large differences observed.
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Figure 3. TEM images of G. sulfurreducens with colloidal gold deposits, (A) low magnification cell cross section; (B) high magnification cell
cross section. (C) XRD profile acquired from resting G. sulfurreducens cells exposed to 200 µM Au(III). (D) EDX profile acquired from the same
cells.
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Comparison of SERS at each wavelength in the presence of
different metal substrates, not unsurprisingly, shows very large
differences. Most distinctively there is an absence of the amide I
peak in the SERS spectrum under gold conditions, with some
information present in the amide III region at ∼1250 cm-1. This
latter observation is perhaps encouraging since neither the amide
I nor III peaks occur in the Raman spectrum at 830 nm, and SERS
is therefore providing enhancement of key protein related features
in the spectrum, which are likely to be membrane associated
proteins in the inner membrane of this Gram-negative microor-
ganism, as well as cytosolic proteins.

Given the intracellular location of the gold particles and the
highly local enhancement effect of SERS (in the order of a few
Å), the SERS spectrum in Figure 4 is likely to contain biochemical
components unique to the bacterial intracellular space. It is
therefore encouraging to note that several bands corresponding
to nucleic acids could be tentatively assigned (Table 2), which
were absent from extracellular information afforded by the SERS
spectrum from silver particles (Figure 2). Once again, one must
be cautious in reporting the provenance of these peaks and this
situation will improve once more spectra are acquired from
complex systems and their individual components, a task in which
we are currently engaged.

CONCLUSIONS
Geobacter spp. are well-known to have abundant c-type cyto-

chromes that provide an electron chain to the outside of the cell
for the reduction of extracellular electron acceptors such as poorly
soluble Fe(III) oxides; therefore, it was not surprising to note the
extracellular reduction and precipitation of silver. However, the
ability to constrain the precipitation of gold nanoparticles to the
compartments within the cell was unexpected, and the exact

biochemical mechanism of reduction is not understood and
warrants further investigation.

Currently there is considerable interest in the diverse metabo-
lism of Geobacter species and other metal-reducing bacteria which
can be harnessed for a wide-range of biotechnological processes.
We believe that SERS offers a nontargeted exquisitely sensitive
chemical analysis that could be used for a range of fundamental
and applied studies.24 For instance, the mechanisms of metal
reduction and precipitation, as well as the biotransformation of
organic contaminants, need further study and these research areas
could be facilitated by SERS, potentially at the resolution of a single
cell, as demonstrated in ref 17.

In conclusion, this study reports conclusively for the first time,
SERS from the interior of a bacterial cell measuring no more than
0.5 µm × 1.5 µm. With the use of this approach, there is now
clear potential for SERS to be used in a targeted analysis of
intracellular compartments as well as surface membrane analysis.
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Figure 4. Raman (dotted line) and SERS (solid line) spectra of G.
sulfurreducens acquired using 830 nm excitation, with the latter in
the presence of a colloidal gold substrate. Also highlighted are the
main bands observed.

Table 2. Tentative Band Assignments for SERS
Spectra Acquired from G. sulfurreducens with
Intracellular Colloidal Gold at 830 nm Excitation38-41

Raman shift (cm-1)

Raman SERS tentative assignmenta

546 CO, POC bending (phospholipids,
nucleic acids)

671 ν(CS)
729 F(CH2)
795 ν(PO2), ν(CC) ring breathing (RNA/DNA)
816 COPOC in A-RNA backbone
853 ν(CC) ν(COC) 1,4-glycosidic link
1003 ν(CC) aromatic ring (Phe)

1032 unassigned
1069 unassigned

1081 ν(PO) (symmetric) of PO2
-; ν(COC) aliphatic

esters, oligonucleotides, polysaccharides.
1239-1293 amide III
1322 adenine, guanine, Tyr

a δ, Deformation; ν, stretching; F, rocking; Phe, phenylalanine; Tyr,
tyrosine.
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