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he innate predisposition to sense and
counter environmental stimuli is a
fundamental trait of living systems.
Microorganisms have developed various
mechanisms to respond to environmental
changes, many of which pose serious public
health concerns."? We have a limited under-
standing in some of the key processes of
bacteria such as the emergence of drug-
resistant strains, detoxification of multiple
metallic species, quorum sensing mechan-
isms, and the role of commensal microbiota
in host immune systems® to name a few.
While there is an increase in availability of
complete genetic information for several
important strains,* ¢ we currently lack sen-
sitive imaging tools to capture live molecu-
lar events required to gain an increased
understanding at a macroscopic level. In
this report we describe an active intracellu-
lar chemical imaging platform using sur-
face-enhanced Raman spectroscopy (SERS)
to map multiple target molecules in single
cells. We envision the proposed approach
could be generalized to examine intracellu-
lar biology in its native state in both micro-
bial and mammalian cell systems.
Surface-enhanced Raman spectroscopy
is a highly sensitive technology that can
be deployed to detect multiple analytes
intracellularly when coupled with an inert
substrate’ at nanometer resolution. Here
we propose an active SERS platform consti-
tuting gold nanoislands grown within cells
to detect metal components in a single
bacterium. SERS amplifies the Raman scat-
tering of a target held in close proximity to
the surface of a nanoparticle by 5—7 orders
of magnitude® SERS has been used for
studying intracellular phosphorylation,” ag-
gregation of membrane lipid bodies,'® and
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ABSTRACT Imaging live molecular events within micro-organisms at single-cell resolution
would deliver valuable mechanistic information much needed in understanding key biological
processes. We present a surface-enhanced Raman (SERS) chemical imaging strategy as a first step
toward exploring the intracellular bioreduction pockets of toxic chromate in Shewanella. In order to
achieve this, we take advantage of an innate reductive mechanism in bacteria of reducing gold ions
into intracellular gold nanoislands, which provide the necessary enhancement for SERS imaging. We
show that SERS has the sensitivity and selectivity not only to identify but also to differentiate
between the two stable valence forms of chromate in cells. The imaging platform was used to
understand intracellular metal reduction activities in a ubiquitous metal-reducing organism,
Shewanella oneidensis MR-1, by mapping chromate reduction.

KEYWORDS: surface-enhanced Raman spectroscopy - Shewanella oneidensis MR-1 -
single-cell Raman imaging - hexavalent chromate - bioremediation

detection of cancer markers in mammalian
cells."'? While enhancement of intracellu-
lar structures in single cells is possible in
eukaryotes because of the endocytotic up-
take of SERS substrates by such cells,'® this is
not directly feasible in prokaryotes, espe-
cially bacteria.'*'® The intracellular chemi-
cal imaging methodology is demonstrated
in a ubiquitous metal-reducing organism to
simultaneously map the localization of two
different forms of chromium. Our approach
uses the innate reductive machinery of cells
that rapidly reduces oxidative metallic spe-
cies into their zerovalent states.'” Since
bacteria can reduce Au(lll) ions to Au(0),
the so-formed intracellular and extracellular

gold nanoislands can be used for SERS plat-  *Address correspondence to

form development. In an earlier report,'® we
demonstrated the feasibility of SERS using
these intracellular nanoislands in mamma-
lian systems, and similarly others have made
preliminary attempts to collect intracellular
signals from bacteria.">'® This intracellular
SERS platform has the potential to map the
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Figure 1. S. oneidensis MR-1, a versatile metal reducer, is subjected to hexavalent chromium, Cr(VI), followed by Au(lll)
treatment, which results in multiple metal nanoislands within the cells. While intracellular gold nanoislands formed from
Au(lll) can be characterized with TEM imaging, single cell Raman chemical imaging driven by intracellularly grown gold
nanoislands is required to obtain detailed chemical localization and oxidation state information for Cr(VI) and Cr(lll) in living cells.

cellular localization of gold and two species of chro-
mium in microbial cells at nanometer resolution in an
environmentally important metal-reducing bacterium,
Shewanella oneidensis MR-1.

RESULTS AND DISCUSSION

The approach described here (as shown in Figure 1)
is the first to integrate Raman spectroscopic imaging
with biologically synthesized Raman signal enhancing
gold nanoislands to study intracellular chemical activ-
ities at a single-cell resolution. To our knowledge, this is
also the first report to differentiate two species of any
metal within a single bacterial cell using Raman che-
mical imaging using intracellularly grown gold nanois-
lands. Intracellularly grown gold nanoislands were
used as active SERS substrates to provide the necessary
signal enhancement from within the cell to reveal the
cellular localization of Cr(VI) and Cr(lll). Our experi-
ments indicate that cells can withstand up to 0.8 mM
Au(lll) without any measurable adverse effects on
cellular growth or physiology under aerobic (described
in Supporting Information, Sec. SI.1, Figure S1a and b)
and anaerobic conditions (data not shown). Formation
of elemental gold by the reduction of Au(lll) was
indicated by the light pink color of the bacterial
suspension (Figure 2b, inset) and a UV—visible spec-
trum absorption maximum at ~525 nm (Figure 2b) due
to the surface plasmon resonance effect of the formed
colloidal gold nanoislands. These results were con-
firmed by examining whole mount and thin sections
of S. oneidensis MR-1 cells treated with a range of Au(lll)
concentrations by transmission electron microscope
(TEM) imaging. The micrographs clearly revealed the
presence of an almost even distribution of multiple
gold nanoislands (highlighted with red circles) within
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the cellular microenvironment as shown in Figure 2c—e
and Figure S5 (Supporting Information, Sec SI5). A
careful comparison of surface plasmon peaks for the
intracellularly trapped (Amax ~525 nm) particles versus
particles released into the extracellular suspension led
to the observation that the intracellular particles were
slightly (~5 nm) smaller than the extracellular particles.
During our experiments, nonspecifically bound parti-
cles on the surfaces of cells were removed by repeated
washing with PBS to eliminate interference. The washed
cells retained their pink coloration, clearly indicat-
ing that these were from the nanoislands formed
within the cells. The nanoislands thus formed were
used as SERS substrates to explore intracellular chro-
mate reduction sites in S. oneidensis MR-1.

Specific and distinct Raman bands for Cr(VI) were
observed in the 815—875 cm ™' range and for Cr(lll) at
510—535 cm ™', as shown in Figure 3a. Detailed spec-
tral characterization of chemical controls under SERS
and non-SERS conditions is provided in the Supporting
Information (Sec SL7, Figures S6a and S6b). Peak
assignment for chromate species was done based on
our control spectra and assignment data available in
the literature.?® The peaks around 880 cm™' were
found to be arising due to the Cr—O—Cr bending
frequency in Cr(Vl) species.?’ The peak seen around
842 cm ™' was assigned to a Cr—O stretching mode.?>?®
Also, stretching modes associated with Cr¥"—0?" are
Raman active, but much less intense than those ob-
served in Cr®"—0%2" These spectral differences
were exploited for the purposes of identifying the
hexavalent and trivalent forms of chromium within
the intracellular milieu. Spatially resolved confocal
Raman chemical maps of Cr(VI) bioreduction in single
S. oneidensis MR-1 cells were acquired using a Raman
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Figure 2. Whole mount TEM micrographs of S. oneidensis MR-1 without Au(lll) treatment (a), whole mount (c), and thin-
section (d) images of cells with 0.25 mM HAuCl, treatment and 0.5 mM HAuCl, treatment (e). UV—visible spectra (b) of
extracellular and intracellular gold nanoislands, with smaller particles trapped inside cells (1,ax ~525 nm).

microspectrometer (Senterra confocal Raman system from
Bruker Optics, Billerica, MA) fitted with a 785 nm laser.
Spectra were acquired using a low laser power of 10 mW
and an 8 s accumulation time. A Raman band shift
observed between 230 and 260 cm™' due to the plas-
mon—phonon coupling effect resulting from acoustic
vibrations of surface characteristics selected by the reso-
nant excitation of localized plasmons®* was used as an
indicator for the presence of gold nanostructures by
bioreduction. The presence of the plasmon—phonon
band and its applicability in quantification®® and dete-
ction® have been shown by us,** and its basis and origin is
discussed in the prior works of others?®*” A detailed
characterization and analysis of this peak with respect to
gold and silver SERS substrates is demonstrated in our
previous study.** Figure 3b and c illustrate characteristic
spectra obtained from S. oneidensis MR-1 cells with intra-
cellular gold nanoparticles providing the necessary en-
hancement of the Raman signal. In Figure 3b, the red spec-
trum corresponds to Cr(VI) — (K,CrO,). Light green and black
spectra both correspond to SERS spectra from two different
cells showing traces of Cr(VI) trapped in cells. In Figure 3c,
the black spectrum corresponds to Cr(lll) and the red
spectrum corresponds to SERS spectrum obtained from
cells with intracellular gold and Cr(lll) (formed by reduction
of Cr(Vl)). The peak shifts tentatively assigned with the
corresponding wavenumbers are shown in the reference
table provided in the Supporting Information (Sec. S1.6).
Single-cell mapping experiments were performed
usinga 6 x 6 um? area with a 40 by 40 grid (step size of
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125 nm), resulting in an image resolution of ~22.5 x
10% nm? for the Raman maps. Since the spatial resolu-
tion of the instrument with a 100 x objective is ~1 um?,
spectra were acquired with overlapping x—y displace-
ments of the piezo-motor-controlled stage for signal
collection. These overlaps were ~0.985 um? and were
processed by the OPUS software for each stepper
motion, resulting in an image resolution of ~22.5 x
10* nm? The resulting Raman chemical maps are
shown in Figure 3d—i. Raman maps of the cells were
generated by integrating specific peak intensity over
the mapped area.

Integrating the phonon—plasmon peak region
(220—250 cm™'; Figure 3d and g) from intracellularly
reduced gold (nanogold), the localization of gold
nanoclusters within the cells (marked with red arrows)
is revealed. While Raman intensities mapped for Cr(VI)
peaks in the wavenumber region 828—864 cm '
(Figure 3e and h) revealed clusters of hexavalent
chromium (toxic Cr(VI)), Cr(lll) peaks mapped in the
522—567 cm ™' region (Figure 3f and i) revealed a
number of Cr(lll) clusters within the cells. A consider-
able overlap of the Cr(VI) and Cr(lll) sites within the cells
confirms the intracellular reduction sites. While inso-
luble Cr(lll) might be trapped inside cells following
reduction, we initially did not expect to observe inter-
nal localization of the highly mobile Cr(VI). However,
Cr(VI) could have been trapped in the reduction sites
possibly due to electrostatic interactions with biomo-
lecules, leading to its intracellular localization. While
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Figure 3. (a) Raman signatures obtained from chemical controls for Cr(V1) and Cr(lll) display distinctive differences in their
chemical spectra. (b). SERS spectra obtained from S. oneidensis MR-1 loaded with intracellularly reduced gold islands indicate
the presence of Cr(Vl) peaks within the cells (black and green spectra, acquired from two different cells). The peaks from the
chemical control (red) at 841 cm ' perfectly align with the Cr(VI) peaks detected from within the cell. (c) Bacterial SERS
spectrum (red) indicates the presence of Cr(lll) peaks, which are aligned with those of the chemical control, Cr(lll) (black
spectrum). The two peaks of Cr(lll) present around 533 cm " are perfectly aligned with the intracellularly reduced Cr(lll).
Raman intensity maps (aerobic reduction, d—f; anaerobic reduction, g—i) averaged over the phonon—plasmon peak
(~230 cm ") depicting the presence of intracellular pockets of gold nanoislands (d and g), localization of toxic hexavalent
chromium, Cr(VI) (e and h), and reduced nontoxic chromium, Cr(lll) (f and i), within a single cell.

both Cr(VI) and reduced Cr(lll) were clearly seen in cells
grown under aerobic (Figure 3d—f) and anaerobic
conditions (Figure 3g—i, Supporting Information, Sec.
S1.2, Figure S2a—f), control samples (Supporting Infor-
mation, Sec. SI.2, Figure S2g—i) grown in the absence of
Cr(V1) did not show either form of chromium within the
cellular periphery. Further, area maps (Supporting In-
formation, Sec. SI.2, Figure S2g—i) acquired for cells
reducing only Cr(Vl) without any Au(lll) reduction did
not show useful signals due to the lack of sufficient signal
enhancement. While there are several reports describing
chromate reduction in S. oneidensis MR-1,22~% this is the
first study to positively locate intracellular chromate
reduction sites within a single bacterium.

To confirm the presence of chromate-trapped
reductive pockets within the cells, we used three-
dimensional fluorescence lifetime imaging (FLIM).

RAVINDRANATH ET AL.

Time-resolved laser-induced fluorescence lifetime ima-
ging is a highly selective and sensitive method used for
the detection of heavy metals in aqueous solution with
detection levels in picomolar concentrations. A YFP
(yellow fluorescent protein)-labeled S. oneidensis MR-1
strain was used for fluorescence-based experiments.
With time-resolved scanning confocal microscopy,
spatially resolved lifetime images of single cells
were obtained to monitor chromate-induced lifetime
changes with the YFP markers. While it was not possi-
ble to differentiate the two forms of chromium within
cells with FLIM imaging, we were able to positively
identify the chromium localization sites within the
cells. A two-component fit with average lifetime values
of 757 = 1.199 ns and 7p, = 3.546 ns was standardized to
examine the YFP-labeled strain with no chromate
treatment.
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Figure 4. Three-dimensional FLIM image of YFP-labeled S. oneidensis MR-1 without chromate treatment (a) and the
corresponding confocal image (a—a’) from within the reconstructed 3D image, a 3D image of cells with 0.8 mM Cr(VI)
treatment (b) and a corresponding confocal image (b—b’) from within, and confocal FLIM images with 0.8 mM Cr(V1)
treatment. (d, e). (c) Average fluorescence lifetimes calculated for a larger cell count (~200 cells in the field of view) plotted
with their corresponding 7p values reported in the table.

Upon 6 h of 0.8 mM Cr(VI) treatment, the two lifetime
components were reduced by more than 10% of their
initial averages to 7p; = 1.054 ns and 7p; = 3.136 ns, as
tabulated in Figure 4c (inset, data calculated from
signal acquired from a large population of treated cells
as shown in Supporting Information Sec SI.3). We
hypothesize that the reduction in lifetime may be
due to a change in the local ionic environment around
the YFP molecules (similar to data shown in Supporting
Information, Sec. SI.4, Figure S4), which in this case is
attributed to the presence of Cr(VI) and Cr(lll). These
reduced lifetime pockets within the cells could be
clearly identified in individual cells demarcated by
scattered blue spots, indicating reduced lifetime spots
as seen in Figure 4b, d, and e. In order to build 3D-FLIM
images, we obtained confocal scans at several z-sec-
tions with a step size of 200 nm. Figure 4a and b show
the reconstructed three-dimensional images of YFP-
expressing S. oneidensis MR-1 cells with 0 and 0.8 mM
Cr(VI) treatment, respectively. We observed scattered
blue spots indicative of chromium content in several
z-sections within such a 3D image, thus validating our
initial observation of intracellular chromate pockets in
cells. While FLIM can help in identifying localization of
chromium pockets in a single cell with high-resolution
lifetime imaging, it lacks the sensitivity in distinguish-
ing Cr(VI) from Cr(lll). This is the key question addressed
by Raman chemical imaging, which has the ability to
provide a chemical fingerprint of the species, enabling
differentiating different forms of chromate as well as
different metal species.

Further studies to quantitate Cr(VI) and Cr(lll) were
performed by inductively coupled plasma mass spec-
trometry (ICP-MS) in cell populations. A dynamic
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reaction cell (DRC)-mediated sample chamber was
incorporated to eliminate polyatomic interferences
(4°Ar12C+, 1H35C|160+, 40Ar13C+, and 37C|16O+), and
an amino-propyl-coated silica-based ion-exchange
column was used to separate Cr(VI) from Cr(ll).3" The
column efficiency is shown in Figure 5b, with Cr(VI)
(being an oxyanion) almost completely retained within
the column and Cr(lll) (cation) passed through without
much interference from the column. At the end of the
chromate treatment, cells were separated from the
suspension to measure [Cr] in cells versus supernatant.
Approximately 80% of Cr(VI) was reduced within 12 h
under aerobic conditions. A detailed calibration curve
for Cr(lll) quantification is shown in Figure 5a. Figure 5¢
and d validate cellular Cr(VI) reduction both intracellu-
larly and extracellularly in the supernatant. The ICP-MS
experiments showed strong cellular association of
both forms of chromium. Although ICP-MS on cell
populations cannot distinguish intra- versus extracel-
lular chromium, the data support the presence of both
Cr(lll) and Cr(VI) peaks within cells via Raman chemical
imaging as well as the cellular location of chromium
obtained via FLIM imaging.

Imaging of different metal species in single cells is
usually performed by X-ray photoelectron spectrosco-
py; however, these tools are rather specialized because
experiments are conducted in a Synchrotron facility,
thus limiting accessibility and in most cases requiring
extensive sample preparation Most of the current re-
search is done at the cell population level, examining
the microbially mediated remediation of toxic metals in
batch culture, rather than examining the fate of toxic
metal ions at the single-cell level. The proposed Raman
imaging platform can be used to probe the biochemical
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Figure 5. Calibration curve for Cr(VI) (a), characterization of aminopropyl phase silica column for chromium speciation (b),
and Cr(V1) reduction with time: 0.4 mM [Cr(VI)] (c) and 0.8 mM [Cr(VI1)] (d). Green bars, Cr(lll); yellow bars, (Cr(V1)).

activities within microbes or mammals to obtain a de-
tailed understanding of oxido-reductive pockets present
within an intracellular milieu. By creating an intracellular
gold nanoisland driven SERS platform, we have shown
that Raman chemical maps can be obtained to positively
locate dispersed intracellular nanoclusters of gold and
hexavalent and trivalent forms of chromium in remediat-
ing bacteria. Single-cell Raman chemical maps show that
a considerably higher percentage of intracellular chro-
mate was present in the reduced trivalent form. While this

METHODS

Organism, Culture Conditions, Chromate Reduction, and Gold Nano-
island Formation. Shewanella oneidensis MR-1 was cultured on
Luria broth (LB) agar plates followed by an overnight incubation
in LB broth at 37 °C with vigorous shaking at 240 rpm. For
fluorescence lifetime experiments, the YFP-expressing strain’?
was cultured in LB supplemented with 10 ug/mL gentamycin.

RAVINDRANATH ET AL.

study demonstrates the successful integration of single-
molecule spectroscopic tools with nanobiotechnology to
enhance our knowledge of bioreductive mechanisms at
the single-cell level, it reveals the potential to further study
complex electron donor (protein or cofactor)—metal
interactions at localization sites within cells. Ultimately,
we show that Raman spectroscopy has the potential to
distinguish multiple metallic species and thus can be
incorporated to probe multiple metal reduction reactions
in single bacteria as well as in communities of organisms.

Disappearance of extracellular Cr(Vl) was quantified spectro-
photometrically using a Jasco V570 UV—visible—NIR spectro-
photometer (Jasco, Inc, Easton, MD) at 540 nm using
ChromaVer 3 chromium reagent (Hach Permachem Reagents,
Loveland, CO), which contains 1,5-diphenylcarbazide. S. onei-
densis MR-1 was cultured in 5 mL of LB with 0 to 1.2 mM Cr(VI)
added as K,CrO, (Sigma Aldrich, St. Louis, MO). The amount of
Cr(VI) in the medium was measured at 0, 1, 3, 6, 8, and 24 h post
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chromate addition. Each of these assays was performed in
triplicate. After the chromate was completely reduced by cells,
the cells were collected by centrifugation and resuspended in
PBS buffer (pH 7.4). A 10 mM HAuCl, stock solution was used to
obtain a series of dilutions ranging from 0.3 to 1.5 mM HAuCl,
solutions. Gold nanoisland formation was monitored in 2 h
intervals using a Jasco V570 UV—visible—NIR spectrophot-
ometer (Jasco, Inc, Easton, MD), in the wavelength range
between 400 and 800 nm. The measured spectra were normal-
ized by rescaling the maximum absorbance of the longitudinal
plasmon peak to 1. For anaerobic growth, 25 mL of an aerobic
culture (midlog phase) was used to inoculate 200 mL of LB broth
maintained under anaerobic conditions, supplemented with
20 mM sodium lactate as the electron donor and either 2 mM
chromate or 5 mM sodium nitrate as the electron acceptor. For
gold reduction, anaerobically grown cells at exponential phase
were extracted from the media and resuspended in 20 mM
bicarbonate buffer (pH 7.4) or HEPES buffer (pH 6.5) supple-
mented with 10 mM sodium lactate as the electron donor and
2 mM Au(lll) as the electron acceptor, all maintained under a
bubbling mixture of oxygen-free nitrogen and carbon dioxide.

Toxicity Assay and Viability Tests. An overnight culture of each of
the strains of S. oneidensis MR-1(WT/YFP) was diluted in LB to an
approximate optical density (ODggo) of 0.02 and distributed in
200 mL aliquots in a 96-well plate. Chromate was added to
triplicate wells in concentrations ranging from 0.2 to 1.5 mM.
Au(lll) [HAuCl4-3H,0] ranging in concentration from 0.1 to
2 mM were examined for the effect of gold ions on the growth
of each of these strains. Turbidity was measured at 600 nm
periodically on a SpectraMax Plus high-throughput microplate
spectrophotometer. In order to test the viability of cells at the
end of Cr(VI)/Au(lll) reduction, a series of dilutions of these cells
were spread on sterile LB agar plates to estimate the number of
colony-forming units in each of these wells under varying [Cr]
and [Au] at different cell dilutions.

Confocal Raman Imaging and Spectroscopic Measurements. A Sen-
terra confocal Raman system (Bruker Optics, Billerica, MA) fitted
with a 785 nm laser and a 100x air objective (N.A. 0.9) was
employed for microspectroscopic measurements. An integra-
tion time of 8 s and a laser power of 10 mW were used to
examine the Raman shift corresponding to Cr(VI), Cr(lll), and
bacterial components. A 6 x 6 ,um2 grid (area) was chosen
around the target cell, and the number of grids was selected to
be 1600, resulting in a 40 x 40 grid on the cell and a step size of
125 nm with an individual grid size of 0.0156 um?. A significant
overlap (~97.75%) of grids was removed by image processing
to attain the required resolution (using OPUS 6.5 software) of
the Raman intensity maps.

Confocal Fluorescence Lifetime Imaging Instrumentation. Fluores-
cence lifetime measurements were performed with a time-
resolved scanning confocal microscope (Microtime 200, Pico-
quant GmbH, Berlin, Germany), with a 465 nm (40 MHz
picosecond) pulse laser to excite the YFP-expressing S. onei-
densis MR-1. The laser beam was focused onto the sample
through an apochromatic 60, 1.2 N.A. water immersion objec-
tive, and the emitted fluorescence was acquired using the same
objective and the excitation beam was subtracted using a dual-
band dichroic (z467/638rpc, Chroma). A 50 um pinhole was
used to reject the off-focus photons from the excitation volume,
and the overall fluorescence was collected and separated
accordingly using a dichroic beam splitter (600 dcxr, AHF,
Chroma) and filtered by emission filters before being detected
by two single-photon avalanche photodiodes (SPCM-AQR, Per-
kinElmer Inc.). Fluorescence spectra were measured using a
Cary Eclipse fluorescence spectrophotometer (Varian Inc., Palo
Alto, CA) with a 488 nm excitation followed by fluorescence
intensity measurement acquisition from 500 to 600 nm. A
500 uL bacterial suspension incubated with Cr(VI) was washed,
rinsed, and resuspended in PBS buffer for the fluorescence
intensity measurements.

ICP-MS/Chromate Quantification. Inductively coupled plasma—
mass spectrometer measurements were performed using a
quadrupole ELAN DRC-e spectrometer (PerkinElmer SCIEX,
Ontario, Canada), equipped with a dynamic reaction cell to
estimate the initial concentration of Cr(VI) and the reduced Cr(lll).
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The sample delivery system consisted of a PerkinElmer auto-
sampler model AS-93 Plus tray, a peristaltic pump, and a cross-
flow nebulizer with a double-pass spray chamber. The same
instrumental conditions were used for quantification of both
total chromium (Cr(Vl) + Cr(ll)) and Cr(lll). Chromabond
NH,/3 mL/500 mg columns (i.e., aminopropyl phase with a
3 mL volume and 500 mg of sorbent) were obtained from
Macherey-Nagel (Duren, Germany). These columns were em-
ployed for speciation of Cr(lll) from Cr(VI) in both the cells and
the supernatant.
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