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ABSTRACT: We have optimized a Raman microscope to obtain a single cell
Raman spectrum (SCRS) with 0.1 s acquisition time. SCRS with such short
acquisition time has suﬃcient discriminatory ability and spectral reproducibility
to diﬀerentiate cells incorporated with 13C and 15N and to classify ﬁve diﬀerent
types of bacteria isolated from the oral cavity. We also developed Raman
activated cell ejection (RACE) that is assisted by laser induced forward transfer
(LIFT). We have shown, for the ﬁrst time, that the single cells of interest can be
identiﬁed and then accurately isolated from complex microbial communities
based on their SCRS. This approach can be used to sort single cells of target
traits from complex samples (e.g., bioﬁlms, soils, sludge, tissues).

L

time to achieve rapid screening. Resonance Raman can shorten
SCRS to 1 ms, but it is limited to cells containing speciﬁc
Raman active molecules such as carotenoids.4,8 Surface
enhanced Raman scattering (SERS) can signiﬁcantly enhance
Raman signal up to 10−14 orders of magnitudes.9 However, to
date, reproducible SERS measurement on single cells has not
yet been demonstrated.
In this study, we have optimized Raman spectroscopy and
demonstrated the ability to acquire SCRS at the subsecond
time frame. In order to isolate single cells of interest, we have
developed a novel Raman activated cell ejection (RACE)
method to isolate single cells accurately according to their
SCRS.

earning how cells work by studying individual cells is of
essential interest in cell biology. The biochemical and
physiological methods, which are performed on groups of cells
and provide “averaged” information of cells, could miss vital
information on the physiological dynamics, cell−cell interactions, and heterogeneity within that population of cells.
Microbiologists are particularly interested in single cells as the
vast majority of microorganisms in nature are unculturable.
Single-cell analysis can circumvent the cultivation bottleneck.
Even for those culturable members from microbial communities, it is highly desirable to understand bacterial functionalities,
interactions, and ecological roles by studying them in their
biological context in situ. Hence, tools for probing microbial
diversity and population activity at the single cell level are
valuable to the research ﬁeld of cell biology and microbiology.1
A typical single cell Raman spectrum (SCRS) provides an
intrinsic and label-free chemical “ﬁngerprint” of the cell.2 SCRS
contains rich information of the biomolecules, including nucleic
acids, proteins, carbohydrates, and lipids, which enables
identiﬁcation of diﬀerent cell types, physiological states, and
phenotypes.3−6 The SCRS of cells incorporated with 13C and
15
N undergo signiﬁcant “red-shifts”, which can be used to probe
carbon and nitrogen metabolism in single cells.2−4,7 However, a
key drawback of Raman microspectroscopy is that Raman
signal is naturally weak.1 This hampers the development of a
high-throughput single cell Raman imaging and sorting
technology. Hence, it is essential to reduce Raman acquisition
© 2013 American Chemical Society
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EXPERIMENTAL METHODS
Strains and Growth Conditions. The bacterial strains
used in this study are listed in Table S-1, Supporting
Information (SI). Escherichia coli DH5α was grown in minimal
medium10 supplemented with 5 g/L 12C-glucose (MMG) or 99
atom % uniformly labeled 13C-glucose (both from SigmaAldrich, Germany) as the sole carbon source. To obtain 15Nincorporated cells, 98 atom % 15N-NH4Cl (Sigma-Aldrich,
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were employed for training and the remaining 5 biological
replicates were projected into the model for cluster validation
purposes. In addition, statistical signiﬁcance was displayed on
the score plot, and the 95% χ2 conﬁdence region constructed
around each group mean was represented by a green ellipse.12
Isolation of 13C-E. coli from a Microbial Community.
Diﬀerentiation of 12C- and 13C-E. coli by SCRS with
Subsecond Raman Acquisition Time. 12C- and 13C-E. coli
DH5α (106 CFU/mL) were mixed on a 1:1 ratio and spread
onto a CaF2 slide. Twenty individual cells of 13C- and 12C-E.
coli DH5α were randomly chosen on the slide, and each cell
was rapidly measured with 0.5 s acquisition time. It took about
12 s to obtain SCRS of these 20 cells, which included the time
of Raman acquisition (20 × 0.5 s) and 2 s of microscopic
platform stage movement for cell relocation.
Raman Activated Cell Ejection (RACE) to Isolate Cells of
Interest. A 100 μL aliquot of 13C-labeled E. coli DH5α (106
CFU/mL) was mixed with 900 μL of groundwater (106 cells/
mL based on DAPI counting under microscope) obtained from
Exeter, UK. Individual bacterial cells on the CaF2 slide were
measured once using a 0.5 s acquisition time per cell for Raman
spectra. The slide was then loaded onto a PALM MicroBeam
(P.A.L.M. Microlaser Technologies, Germany) system for cell
ejection. An objective of 40×/0.6 korr (Zeiss, Germany) was
used to visualize and locate the cells of interest. PALM Robo
Software (P.A.L.M. Microlaser Technologies, Germany) was
employed to control the cell ejection. The 13C-labeling cells on
the slide were ejected by a 337 nm nitrogen laser beam with the
maximum power (∼270 μJ). The ejected cells were collected in
the lid of micro-Eppendorf tubes coated with cell sticky
polymers (Wellsens Biotech. Ltd., China).
Single Cell Genome Ampliﬁcation and Species
Identiﬁcation. The isolated 13C-cells in the lid of microEppendorf tubes were resuspended in 2.5 μL of PBS and 3.5 μL
of buﬀer D2 (manufacturer instruction of REPLI-g Mini Kit,
Qiagen, UK) and washed oﬀ to the bottom of micro-Eppendorf
tubes by centrifugation. Single cell genome ampliﬁcation was
performed according to the manufacturer’s instruction. The
ampliﬁed DNA was examined by running an agarose gel. PCR
was carried out using 63F and 1387R universal primers for
amplifying 16S-rRNA. After DNA puriﬁcation (QIAquick PCR
Puriﬁcation Kit, QIAGEN Ltd. UK), the PCR products were
cloned into the pGEM-T vector (Promega, Ltd., UK). Ten
pGEM-T clones bearing 16S-rRNA inserts were chosen
randomly, puriﬁed, and sequenced.

Germany) was used to substitute normal NH4Cl in the minimal
medium. Porphyromonas gingivalis W83, Enterococcus faecalis
ATCC29212, Actinomyces viscosus C505, Streptococcus mutans
UA159, and Streptococcus sanguinis ATCC49425 (purchased
from Microbial Culture Collection Center of Guangdong
Institute of Microbiology, GIMCC) were grown in BHI
medium (Hopebio, Co., China) at 37 °C anaerobically. All
the strains were harvested in the stationary growth phase for
Raman measurements.
Raman Microspectroscopy Analysis. All cell samples
were washed with deionized water three times prior to the
measurements. A cell culture of 2 μL was transferred onto a
calcium ﬂuoride (CaF2) slide and air-dried prior to Raman
analysis. Raman spectra were obtained using a Horiba LabRam
HR and a modiﬁed Horiba LabRam HR (Wellsens Biotech.
Ltd., China). Three factors have been modiﬁed in this new
Raman system to improve Raman spectral quality. These
include shortening the Raman light path, employing a low noise
and sensitive EMCCD for the Raman signal detection, and
increasing incident laser power. The old and new modiﬁed
systems are identical except these three factors. The Raman
signals were collected by a Newton EMCCD (DU970N-BV,
Andor, UK) utilizing a 1600 × 200 array of 16 μm pixels with
thermoelectric cooling down to −70 °C for negligible dark
current. A 532 nm Nd:YAG laser (Ventus, Laser Quantum Ltd.,
UK) was used as the light source for Raman measurement. A
100× magnifying dry objective (NA = 0.90, Olympus, UK) was
used for sample observation and Raman signal acquisition. A
600 l/mm grating was used for the measurements, resulting in a
spectral resolution of ∼1 cm−1 with 1581 data points.
The laser powers on the laser generator and on the sample
are listed in Table S-2, SI. The laser power on sample was
measured by a laser power meter (Coherent Ltd.). Diﬀerent
laser power on sample (25, 42, 52, 57, and 60 mW) and
integration time (0.01, 0.05, 0.1, 0.2, 0.5, 1, 5, and 30 s) were
used to examine the optimal conditions for SCRS acquisition at
the single cell level by using E. coli DH5α as a model strain.
SCRS of ﬁve oral bacteria were obtained by a laser power of 60
mW on a single cell and acquisition time of 0.5 s. To these ﬁve
oral bacteria, SCRS of 100 individual cells (5 species, 20
biological replicates) were analyzed.
Data Analysis of Raman Spectra. The Raman spectra
were processed by background subtraction (using spectra from
cell free region on the same slide) and normalization using the
Labspec5 software (HORIBA Jobin Yvon Ltd., UK) before
further analysis. The quality of a spectrum was indicated by the
signal noise ratio (SNR), which was calculated by dividing the
intensity of the phenylalanine band at 1003 cm−1, which is a
well-established protein biomarker for microorganisms,5 by the
standard error of the intensities of the spectral noise from 1800
to 1840 cm−1, a region typically where no biological molecular
vibrations occur.
The preprocessed Raman spectra of the bacterial strains were
imported to MatLab (version R2011A, MathWorks, MA, USA)
for multivariate analysis. Principal component analysis (PCA)
was carried out in order to reduce the dimensionality of the
multivariate data and allow visualization of the natural variance
within the data set. Following this transformation, canonical
variates analysis (CVA) was carried out as detailed previously.11
The PC−CVA model was built using the ﬁrst 6 retained PCs
with a priori knowledge of the biological replicates. Full crossvalidation was carried out in order to ensure the model was not
over- or under-trained. For this model, 15 biological replicates

■

RESULTS AND DISCUSSION
Establishing the Relationship between Raman Signal/
Noise Ratio and Laser Power-Acquisition Time. We aim
to reduce acquisition time for high throughput Raman sorting.
SNR against laser power and acquisition time is plotted in
Figure S-1, SI, indicating that the SNR is proportional to a
square root of laser power timing acquisition time (eq 1).
SNR = α P × T

(1)

where SNR = signal/noise ratio; P = the laser power on a single
cell (mW); T = the acquisition time (s); α = 1.6 to E. coli.
The values of α vary among diﬀerent cells. The linear
relationship between SNR and (P × T)1/2 suggests that
increasing laser power and reducing acquisition time should
obtain the same SNR. Therefore, the highest laser power on
cell (60 mW) was used to obtain SCRS for the rest of this
study. P × T represents the amount of incident photons N on
10698
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Figure 1. SCRS of 13C or 15N incorporation to E. coli DH5α (60 mW, 0.1 s exposure time). Raman band shifts of the labeled cells: 13C, cells with
13
C incorporation; 15N, cells with 15N incorporation; NL, 12C and 14N cells.

Figure 2. Bacterial species diﬀerentiation by PC−CVA based on their SCRS. Fifteen SCRS data (black) were used for training and ﬁve SCRS (red)
for testing to validate the discrimination. The green circles depict the 95% χ2 conﬁdence region constructed around each group mean.

the sample. Given that a portion of N experiences Raman
scattering and the quantum noise of Raman photons follows a
Poisson distribution, SNR should be proportional to N1/2. This
explains eq 1, in which SNR is proportional to a square root of
P × T.
Shortening Raman Acquisition Time of SCRS. SCRS of
E. coli obtained from the new Raman system and the old
nonoptimized system are compared in Figure S-2, SI. This
clearly shows that the SCRS with 0.1 s acquisition times in the
new system (SNR = 4) has similar spectral quality to the SCRS
with 30 s in the old system (SNR = 3.92), and that, with the

optimized three factors, the acquisition time of SCRS can be
reduced 300 times down to the millisecond level (100 ms) for
bacterial cells.
Generation of Full Information of SCRS Based on
Subsecond Acquisition Time. Diﬀerentiation of 13C and
15
N Labeled Cells Based on Single Cell Raman Spectra at
Millisecond Level. The SCRS of cells incorporated with 13C or
15
N were obtained with the laser power of 60 mW and the
acquisition time of 0.1 s (Figure 1). It is clear that some bands
of SCRS shifted to the lower wavenumbers due to the
incorporation of “heavy” 13C and 15N atoms into the cells
10699
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groundwater (which we assume are 12C-cells). After a rapid
Raman measurement, the 13C-labeled cells were identiﬁed
(again from the band-shift of phenylalanine speciﬁc molecular
vibration) and subsequently ejected and isolated using a 377
nm pulsed laser (Figure 3A and B). Only 13C-cells that were

(Figure 1). The Raman band shifts of SCRS, which are caused
by the incorporation of 13C and 15N atoms, were listed in
Tables S-3 and S-4, SI, consistent with the previous
observation.7 This indicates that a SCRS obtained with such
a short acquisition time has suﬃcient quality to represent cell
intrinsic information. PCA can diﬀerentiate SCRS of the
normal cells (12C and 14N) from those of the 13C- and 15N-cells
(Figure S-3, SI), validating that the incorporation of 13C- and
15
N-atoms were responsible for distinguishing the SCRS.
Classiﬁcation of Five Oral Bacteria. The preliminary test
found that the P × T values of these ﬁve oral bacteria were
about ﬁve times lower than that of E. coli (3.52 mW·s). The 0.5
s acquisition time was applied to these oral bacteria to ensure
suﬃcient SNR and quality of SCRS. The SCRS of ﬁve oral
bacteria (Table S-1, SI) are shown in Figure S-4, SI. PC−CVA
readily discriminates the bacteria into ﬁve diﬀerent groups
(Figure 2) highlighting the excellent reproducibility of SCRS.
Cellular phenotypes, as a consequence of gene expression,
usually reﬂect genotypes. Hence, diﬀerent species give distinct
SCRS corresponding to the diﬀerence in their genotypes if
these species are growing under identical conditions. In this
study, all these ﬁve oral bacteria were grown in the same way.
The two Streptococcus spp. have similar spectra but diﬀer to the
other three species (Figure S-4, SI). As seen in Figure 2, there is
good classiﬁcation for all groups apart from a minor overlap of
spectra collected from E. faecalis ATCC29212 (b) and S.
sanguinis ATCC49425 (e). Although three training data
samples are outside of the 95% χ2 conﬁdence region, all of
the independent test samples are found well within these
conﬁdence regions (Figure 2). The major PC−CVA loadings
that correspond to Raman bands are shown in Table S-5, SI,
which indicate nucleic acids and protein bands are responsible
for the classiﬁcation (Figure 2), and are in good agreement with
SCRS of these species (Figure S-4, SI). These results suggest
that the classiﬁcation of ﬁve oral bacteria is valid and the SCRS
approach has bacterial discriminatory ability.
Raman Activated Cell Ejection to Sort Single Cells.
Rapid Screening of Cells Based on Raman Spectra. An image
of 20 randomly chosen E. coli cells is shown in Figure S-5A, SI.
Among these cells, 11 were identiﬁed as 13C-cells, because their
SCRS show signiﬁcant shift at the phenylalanine band from
1003 to 967 cm−1 (Figure S-5B, SI). This 55% ratio of 13C-cells
is largely consistent with a 1:1 mixture ratio of 12C- and 13C-E.
coli cells. This demonstrates that this new Raman system is able
to identify 13C-cells rapidly based on their SCRS.
Isolation of Cells in Complex Microbial Communities
Using Raman Activated Cell Ejection. The single cell ejection
approach is assisted by laser induced forward transfer (LIFT).
In order to achieve LIFT, a pulsed laser (e.g., 337 nm laser) is
focused through a transparent substrate onto a light-absorbing
layer (e.g., a thin water layer around the cells in this study).
This absorbing layer disintegrates upon irradiation (in this case,
water evaporates) and provides forward momentum to ablate
the cells oﬀ the CaF2 slide. Since the heat generated by this
pulsed laser is very localized (usually within ∼100 nm range),
LIFT could potentially transfer proteins, DNA, and even viable
cells without degradation.13 The LIFT process should be swift.
It has been reported previously that the evaporated plume of
LIFT can carry microsize particles moving with a velocity of
200 m/s.14
SCRS were obtained by randomly measuring single cells
located on a CaF2 slide. The cells are a mixed community
including 13C-E. coli DH5α cells and bacteria from a natural

Figure 3. (A) Rapid single cell Raman spectral acquisition for cell
sorting. (B) Isolation of single cells by Raman activated cell ejection
(RACE) according to SCRS. (C) The gel image of genomic DNA
ampliﬁed from single cells obtained from 13C-cells; L is DNA ladder,
lane 1, and lane 2; in each lane, the DNA was ampliﬁed from 8 to 10
13
C-E. coli cells.

present on the CaF2 slide were selected to be ejected by the
pulsed laser. Figure 3A,B shows that, after ejection, the 13C-cells
have disappeared while the rest of cells remained. DNA
sequencing after genomic ampliﬁcation of these ejected cells
(Figure 3C) conﬁrms that the isolated cells were E. coli, which
suggests that RACE approach could be used to isolate cells of
interest based on a rapid SCRS screening.

■

CONCLUDING REMARKS
To our knowledge, this is the ﬁrst report to show that SCRS
can be obtained at the subsecond level. All the above results
suggest that the millisecond acquisition time generates
suﬃcient quality SCRS, which could also be used to
characterize 13C- and 15N-incorporation, and diﬀerentiates
oral bacterial species (Figures 1 and 2). This subsecond
Raman measurement enabled a rapid scan of cells on a slide
surface (Figure S-5, SI). We further demonstrated that cells of
interest within a microbial community can be accurately
isolated by RACE (Figure 3). However, further improvement
and studies are required to reﬁne RACE. For example, although
10700
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DNA can be recovered, the cells ablated from CaF2 were readily
destroyed. An improvement on the thin layer coating on the
slide is required to achieve live cell isolation. In addition, it
would be desirable to integrate a Raman microscope and a
pulsed laser for cell ejection within a single system.
This SCRS-based cell isolation method provides a novel
approach for studying phenotypes and ecophysiology of single
cells and can be used to explore individual cells without prior
knowledge. The RACE approach represents a signiﬁcant
advance on single cell genomics, which has been listed as one
of top research priorities for the next 10 years in strategic
visions foreseen by the U.S. Department of Energy in 2012.15
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