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It is clear that investigating how bacterial cells work by analysing their functional roles in
microbial communities is very important in environmental, clinical and industrial
microbiology. The beneﬁts of linking genes to their respective functions include the
reliable identiﬁcation of the causative agents of various diseases, which would permit
appropriate and timely treatment in healthcare systems. In industrial and municipal
wastewater treatment and management, such knowledge may allow for the
manipulation of microbial communities, such as through bioaugmentation, in order to
improve the eﬃciency and eﬀectiveness of bioremediation processes. Stable isotope
probing coupled with identiﬁcation techniques has emerged to be a potentially reliable
tool for the discrimination, identiﬁcation and characterization of bacteria at community
and single cell levels, knowledge which can be utilized to link microbially mediated
bioprocesses to phylogeny. Development of the surface-enhanced Raman scattering
(SERS) technique oﬀers an exciting alternative to the Raman and Fourier-transform
infrared spectroscopic techniques in understanding the metabolic processes of
microorganisms in situ. SERS employing Ag and Au nanoparticles can signiﬁcantly
enhance the Raman signal, making it an exciting candidate for the analysis of the
cellular components of microorganisms. In this study, Escherichia coli cells were
cultivated in minimal medium containing diﬀerent ratios of
14

12

C/13C glucose and/or

15

N/ N ammonium chloride as the only carbon and nitrogen sources respectively, with

the overall ﬁnal concentrations of these substrates being constant. After growth, the E.
coli cells were analyzed with SERS employing an in situ synthesis of Ag nanoparticles.
This novel investigation of the SERS spectral data with multivariate chemometrics
demonstrated clear clusters which could be correlated to the SERS spectral shifts of
biomolecules from cells grown and hence labelled with 13C and 15N atoms. These shifts
reﬂect the isotopic content of the bacteria and quantiﬁcation of the isotope levels could
be established using chemometrics based on partial least squares regression.
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Introduction
Bacteria and fungi very rarely live in isolation and are usually found in multispecies communities. In order to understand the roles of these organisms in
complex environments a great deal of research has demonstrated the importance
of linking specic microorganisms to their respective functional roles. These
include: reliable identication of causative agents of various diseases which
would permit appropriate and timely treatment in healthcare systems,1 and
within industrial and municipal wastewater treatment and management, such
knowledge may allow for the manipulation of microbial communities, such as
through bioaugmentation, in order to improve the eﬃciency and eﬀectiveness of
bioremediation processes.2–4 Despite being admirable, these benets remain
largely unattainable, since whilst it is relatively easy to identify microorganisms
within a community, there is considerable diﬃculty in linking organisms to their
functional roles.4,5
The emergence of stable isotope probing (SIP) coupled with the development
of genomics, transcriptomics and metabolomics techniques combined with
advanced identication technologies has recently started to bridge this gene
(organism) to function gap.6,7 Ideally, the SIP approach involves the incorporation
of heavy isotopes, via the metabolism of a labelled substrate, into bacterial
components such as polar-lipid-derived fatty acids (PLFAs), proteins, DNA,
metabolites etc., allowing for direct identication of the ‘victim’ bacterium or
group of bacteria that have preferentially used a labelled substrate.8,9 Several
studies have demonstrated the utility of SIP for linking the taxonomic identity (via
16S rDNA) of bacteria to function, which mainly focused on the analysis and
discrimination of isotopically enriched PLFA,10–12 DNA8,13,14 and RNA.4,15–17
However, the diﬃculties involved in resolving PLFA signatures of multi-species
components as well as the limitation of isotopic enrichment due to the need of
having a signicant amount of labelled DNA that can be separated by isotope
gradient-based centrifugation may limit the global use of PLFA and DNA-based
SIP strategies.7,18 Recently, Raman spectroscopy combined with SIP has attracted a lot of attention as a tool for linking gene to function.19–21 As opposed to PLFA,
DNA and RNA, Raman-based SIP permits rapid, non-destructive and high
throughput identication and discrimination of the bacteria responsible for
metabolising labelled substrates at community and, more importantly, single cell
levels.19,22 In Raman scattering, the diﬀerentiation of labelled and unlabelled
bacteria is based on respective ‘redshis’ (vibrations that move to lower wavenumber shis) of the Raman spectral peaks arising from specic molecular
vibrations of polarizable chemical bonds in labelled biomolecules such as
carbohydrates, proteins, nucleic acids and lipids.23 Therefore, Raman-based SIP
may reveal a vast amount of information regarding the heterogeneity, cell–cell
interactions, structural properties and physiological dynamics of bacteria in their
natural populations.20,24 In spite of this Raman-SIP approach being applied in
medical,25,26 food,27 and environmental28 areas, Raman spectroscopy is held back
by its naturally poor quantum eﬃciency: only 1 in 106 to 108 incident photons
undergo inelastic scattering. This limits the sensitivity of Raman techniques
which may lead to long acquisition times. Consequently, this prevents Raman
techniques from being applied in routine clinical and industrial laboratories.29
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Surface-enhanced Raman scattering (SERS) has been developed in order to
improve the sensitivity and the Raman signal (typically by 103 to 106 times).30
Strong SERS signals originate from biomolecules in close proximity to, or
adsorbed on to, carefully prepared nanometre-sized Ag or Au particles, roughened
metal surfaces or thin lms.31 Kubryk and colleagues reported the rst application of SERS for single cell analysis.32 Interestingly, the same technique was
employed for determining the biomolecules responsible for the major SERS
spectral band around 730 cm1.33 Nevertheless, SERS is limited by the lack of
reproducibility due to a number of factors including the heterogeneity of the
nanoparticle sizes and poor bacteria-nanoparticle interactions.34 However, recent
studies have demonstrated that by optimizing the nanoparticle synthesis process
and through careful design of the experimental parameters, highly reproducible
SERS spectra can be achieved.35–39
In this study, for the rst time, we illustrate the quantitative diﬀerentiation of
bacteria labelled with varying concentrations of 12C/13C-glucose and/or 14N/15Nammonium chloride using SERS involving an in situ synthesis of silver nanoparticles,40 along with multivariate chemometrics of the resultant SERS spectra.

Experimental methods
Growth conditions
Unless otherwise stated, all chemicals were purchased from Fisher (Fisher
Scientic, UK).
Escherichia coli K-12 MG1655 was grown on minimal medium supplemented
with 5 g L1 of varying concentrations of 12C-glucose and/or 99 atom% homogeneously labelled 13C-glucose (both purchased from Sigma Aldrich, UK), and 1 g
L1 of varying ratios of 14N–NH4Cl and/or 98 atom% homogeneously labelled 15N–
NH4Cl (Sigma Aldrich, UK), as the single carbon and nitrogen sources respectively.22 Bacterial samples were incubated as 1.5 mL aliquot replicates (n ¼ 5) in
sterile 24-well plates (Greiner Bio-one, UK) for 15 h at 37  C with a 170 rpm
shaking speed in a Multitron standard shaker incubator (INFORS-HT Bottmingen, Switzerland). To reduce the potential evaporation and loss of sample during
the incubation period, all plates were sealed with sterile Breathe-Easy sealing
membranes (Sigma Aldrich, UK). All the cells were harvested at the stationary
growth phase (t ¼ 15 h) for SERS measurements.
Sample preparation
Aer incubation, each sample aliquot (1.5 mL) was transferred to a sterile 2 mL
microcentrifuge tube and centrifuged for 5 min at 5000g using a bench top
Eppendorf Microcentrifuge 5424R (Eppendorf Ltd, Cambridge, UK). Aer discarding the supernatant, the collected biomass was washed twice using 1 mL of
de-ionized water to remove the media components following the above
centrifugation. The pellets were collected and stored at 80  C prior to SERS
analysis.
In situ synthesis of colloidal silver nanoparticles
The preparation of the sodium borohydride-reduced silver nanoparticles
described in this study follows Zeiri,40 Efrima35 and the method described by Lee
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and Meisel with small modications. Briey, the bacterial pellets were suspended in 0.09 M sodium borohydride solution and centrifuged for 10 min at
2800 g. Aer removing the supernatant, the pellets were resuspended in 0.04 M
silver nitrate solution; at this point the silver cations were reduced by the borohydride anions to form Ag nanoparticles which were adsorbed onto the surface of
the intact bacterial cells as shown by the schematic diagram in Fig. 1a and in the
SEM image in Fig. 1c.35,38
Raman microspectroscopy analysis
Prior to the Raman measurements, 5 mL of each of the bacteria-silver nanoparticle
solutions were spotted onto clean and dry calcium uoride (CaF2) discs and airdried for 30 min in a desiccator. SERS spectra were obtained as mapping scans
using an InVia confocal Raman spectrometer (Renishaw Plc., Gloucestershire,
UK) equipped with a 532 nm diode laser with the laser power on the sample
adjusted to 0.024 mW. The wavelength of the instrument was calibrated with
a silicon wafer focused under the 50 objective and collected as a static spectrum
centered at 520 cm1. The experimental parameters were maintained throughout

Fig. 1 (a) Schematic illustration of the steps employed in this experiment leading to the
formation of Ag nanoparticles. The silver cations are reduced by the borohydride reducing
agent resulting in the formation of Ag nanoparticles which adsorb onto the E. coli cell
surfaces; (b) SERS spectrum of the Ag nanoparticles obtained using the same instrumental
parameters as for all samples. The peaks at 687 and 820 cm1 are clearly linked with the Ag
nanoparticles and not the samples; (c) SEM image of a thin ﬁlm of intact E. coli cells coated
with sodium borohydride-reduced Ag nanoparticles.
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the analysis as: 25 s exposure time, 8 accumulations and 600 L mm1 grating,
with each spectrum collected from 500 to 3000 cm1.
SERS imaging was undertaken using the same instrument and laser wavelength as mentioned above. The spectral data were collected from 500 to 3000
cm1 using a streamline mode with a 60 s exposure time, 1 accumulation and 1
mm step size.
Scanning electron microscopy (SEM) analysis
Aer the bacteria-nanoparticle samples were washed and resuspended in
deionized water, 100 mL of the sample was spotted onto a clean carbon pad
supported on an aluminum stub and allowed to dry. SEM images (Fig. 1c) were
taken using an FEI Quanta 650 ESEM-FEG operating under high vacuum with an
accelerating voltage of 10 kV.
Data analysis
All statistical analysis was carried out with MATLAB version 2015a (The MathWorks Inc., Natwick, US). All the collected SERS spectra were baseline corrected
using asymmetric least squares (AsLS),42 and scaled by applying the extended
multiplicative signal correction (EMSC) method.43 The unsupervised method of
principal component analysis (PCA) was employed to reduce the dimensionality
of the data, followed by discriminant function analysis (PC-DFA).44,45 PC-DFA
functions by minimising within class variance and simultaneously maximising
between class variance. The rst 20 PCs with a total explained variance (TEV) of
95.9% were used to generate the PC-DFA model, the class structures used were the
technical repeats and so this approach is considered as only semi-supervised; i.e.
the algorithm is not told the amount of isotope to which the bacteria had been
cultivated in.
To eﬀect quantitative analysis, partial least square regression (PLSR)46 was
employed to predict the concentrations of 12C/13C and 14N/15N using the entire
SERS spectral data from 500 to 3000 cm1.
PCA was also applied to the SERS image to visualize the contrast in the image
according to the PC scores. The PCA loadings were subsequently inspected to
identify the signicant peaks contributing to such contrast.

Results and discussion
The SERS-based SIP technique is emerging as a powerful and valuable platform
for the identication, diﬀerentiation, discrimination and characterization of
microorganisms associated with particular vital functions in complex microbial communities.32 Nevertheless, the studies reported so far are generally
focused on cultivating bacteria in fully labelled substrates or partially labelled
13
C-glucose only to reveal useful information about the metabolic capabilities
of microorganisms.32,33 Thus, the aim of our study is to demonstrate the
potential application of SERS-based SIP as a metabolic ngerprinting platform
for the quantitative detection and diﬀerentiation of E. coli cells grown on
diﬀerent ratios of isotopically enriched 13C-glucose and/or 15N-ammonium
chloride substrates. The total concentration of these substrates was kept
constant at 5 g L1 glucose and 1 g L1 nitrogen, and it is perhaps worth noting
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 205, 331–343 | 335
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Fig. 2

Growth curves of the E. coli cells labelled with diﬀerent ratios of

Paper

13

C and/or 15N.

that although the E. coli cells were exposed to diﬀerent ratios of isotopically
labelled carbon and nitrogen substrates in this experiment, the growth proles
(Fig. 2) of the cells were comparable and not aﬀected by the varying concentrations of the heavy isotopes, which is also consistent with our previously
reported ndings.22 This means that all of the E. coli cells were phenotypically
identical, and any quantitative diﬀerences which were seen in the SERS spectra
of these cells would be entirely attributed to the varying isotopic content of the
cells as a function of their metabolic activity.

(a) SERS spectra of the E. coli cells cultivated on unlabelled substrates (black dotted
line), 13C labelled (red line), 15N labelled (blue line), and 13C and 15N labelled (green line)
cells are also shown where cells were cultivated in either 0% or 100% 13C-glucose and 15Nammonium chloride as the only source of carbon and nitrogen, and (b) PC-DFA loadings
plot of the SERS spectral data with DF1 (blue line) and DF2 (red line) showing the major
peaks aﬀected by the labelling process. The DFA loadings plot corresponds to the DFA
scores plot shown in Fig. 4.
Fig. 3
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SERS metabolic ngerprints
Fig. 3a displays the average SERS spectra of the E. coli cells cultivated on normal
(12C and 14N) and isotopically labelled (13C and 15N) substrates for 15 h. These
spectra display clear shis of various bands to lower wavenumbers (so called
‘redshi’) due to the increase in the reduced mass which leads to a decrease in the
vibrational frequencies (wavenumbers) of chemical bonds when 13C and 15N
‘heavy’ isotopes are incorporated.47 Details of the aﬀected bands and their corresponding vibrational assignments are provided in Table 1. By visual inspection,
the major spectral bands aﬀected by 13C incorporation are at 2081, 1623, 1532 and
1449 cm1 which are tentatively assigned to C–N stretching, olenic C]C
stretching, C–H bending or C]C stretching, and CH2 scissoring vibrations
respectively.
As one may have predicted, when the cells are subjected to 15N atoms the
bands at 2081 and 1320 cm1, tentatively ascribed to the C–N stretching, C–N
ring and NH2 stretching vibrations respectively, are those that are mainly
aﬀected. The SERS bands at 1960, 1623, 1532 and 1449 cm1 do not show any
signicant shis upon exposure to 15N atoms, suggesting that the nitrogen
atom does not contribute to these vibrational modes. The unique band which
emerges at 1341 cm1 upon 15N incorporation may be assigned to the isotopologues of nitrogen containing compounds such as adenine. Interestingly,
when the cells are grown on both 13C and 15N atoms, the bands at 2081, 1588,
1320 and 1156 cm1 display further shis (by 63, 72, 48 and 37 (D cm1)
respectively) illustrating the joint contributions of both 13C and 15N atoms to
the vibrational modes. These vibrations are likely to be derived from biomolecules such as proteins, DNA and amides that possess C–N chemical bonds in
their molecular structures.
It is also clear that the SERS spectral bands in Fig. 3a are dominated by
vibrations linked to carbon atoms either linked to another carbon or to
a nitrogen atom. According to previous reports, these vibrational modes are
probably derived predominantly from adenine48 and adenine derivatives such

Table 1

Tentative band assignments for SERS spectra

Unlabelled
cells
(cm1)

Only 13Clabelled
(D cm1)

Only 15Nlabelled
(D cm1)

15

2081
1960
1623
1588
1532
1449
1320
1156
1044

39
49
56
67
11
25
16
32
0

24
0
0
10
0
0
27
5
0

63
49
61
72
11
25
48
37
0

a

Dual 13C,
N-labelled
(D cm1)

Tentative band assignmenta
C–N stretch, adenine, FAD, NAG
C]C stretch
C]C stretch, olenic
C–N stretch, proteins, DNA, amides
C–H bend or C]C stretch
CH2 scissor
C–N, N–H stretch, adenine, DNA
C–N stretch, amides, DNA, adenine
O–P–O stretch in the phosphate
group, FAD

FAD, avin adenine dinucleotide; NAG, N-acetyl glucosamine.
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as hypoxanthine (product of purine degradation), avin adenine dinucleotide
(FAD),33,40 N-acetyl glucosamine (NAG) and other components of peptidoglycan,31,37,49 as well as adenosine triphosphate (ATP).40,50,51 Several bands in
the ngerprint region do not move no matter what the level of isotope incorporation is; for example, the band at 1044 cm1 may be due to a phosphate
vibrational mode from molecules such as avin adenine dinucleotide
(FAD). Since the cells were still intact aer the in situ synthesis of Ag nanoparticles as shown in Fig. 1c, the SERS spectral features are believed to have
emerged from the vibrational modes of the biomolecules present in the cell
wall of the E. coli bacteria. Finally, the Ag nanoparticle peaks at 687 and
820 cm1 as illustrated in the spectrum of the Ag colloid only (Fig. 1b) are also
unaﬀected by any isotopic labelling. As these were consistent, they conrm
that the shis observed are due to the incorporation of the heavy isotopes by
the cells and are not an artefact of sample to sample variation or instrument
dri.
All pre-processed SERS spectral data (AsLS followed by EMSC) were subjected to PC-DFA to investigate any natural clustering patterns resulting from
13
C and/or 15N incorporation by E. coli cells, as well as to assess the reproducibility of the spectral data. The PC-DFA scores plot of all the data (Fig. 4)
revealed a clear separation between the spectra of the E. coli cells incorporated
with 12C/13C, 14N/15N and those with diﬀerent combinations of both 13C and
15
N according to the concentration and ratio of the isotopic content. As can be
seen in Fig. 4, the rst discriminant function (DF1) reects the increasing ratio
of 13C in bacterial cells from le to right, which also conrms that the carbonrelated vibrations dominated the SERS spectral data. In addition, bacteria with
an increasing 15N ratio are separated from top to bottom along the DF2 axis

PC-DFA scores plot of the pre-processed SERS spectral data of E. coli cells
cultivated on diﬀerent ratios of unlabelled (12C and 14N) and isotopically labelled 13C and/or
15
N growth substrates. The arrows indicate increments in the ratios of the labelled
substrates. Elipses are used to highlight the cells grown on mixtures of 13C and 15N, and
have no statistical relevance.
Fig. 4
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PLSR models of the SERS spectra generated for a quantitative prediction of the 13C
(a) and 15N (b) ratios in the test sets. The calibration and test sets are represented by green
crosses and blue triangles respectively. The statistics associated with these models are
presented in Table 2.
Fig. 5

(Fig. 4), while cells containing combinations of both the heavy isotopes are also
clustered where one would expect as they contain contributions from both 13C
as well as 15N. The PC-DFA loadings plot (Fig. 3b) displays the most signicant
vibrations contributing to the observed clustering patterns, which is also in
agreement with the wavenumber shis identied by visual inspection of the
spectra (Fig. 3a). These bands have been discussed above and are reported in
Table 1.
The next stage of the analysis was to establish further the level of quantitative information that could be extracted from the SERS spectra from bacteria
labelled with diﬀerent levels of 13C or 15N. PLSR was employed to generate two
models for each isotope (13C, 15N). The predictions for the PLSR models are
shown in Fig. 5 and it is clear that there is abundant information in the SERS
spectra that allows for excellent predictions of the amount of 13C-glucose and
15
N–NH4Cl that the E. coli were cultivated in. A very low root mean square error
of cross validation (RMSECV from the calibration/training data) and the root
mean square error of prediction (RMSEP from the test set) conrm the high
prediction accuracy (Table 2). Moreover, the fact that R2 and Q2 are close to one
illustrates the excellent linearity of the predictions. We do note that the PLSR
model of the 13C data displayed higher accuracy and reproducibility and this
could again be due to the higher abundance of carbon related vibrations in the
spectra.

Table 2 Statistics on the PLSR models on the SERS data to illustrate the reproducibility and
accuracy for predicting the ratios of the isotopic labelsa

Isotope

Factors

Q2

R2

RMSEP

RMSECV

13

5
5

0.9738
0.8161

0.9940
0.9814

4.7203
11.7475

5.3380
8.7609

C
N

15

a
Where: correlation of predictions to known isotope levels for the test set (Q2) and
calibration/training set (R2); RMSEP, root mean squared error of prediction from the test
set; RMSECV, root mean squared error of cross validation from the calibration/training data.
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Fig. 6 SERS images of isotopically labelled intact single E. coli cells. (a) SERS and a corresponding white light image of three single E. coli cells, and the representative spectra of each
single bacterium (indicated by the arrows). The grey shading represents the peak intensity at
1588 cm1. (b) PCA scores and image reconstruction of the SERS spectral data collected
between 500–1800 cm1, and their corresponding loadings plot; the ﬁrst PC score is not
shown as this only diﬀerentiates between the bacterial biomass and CaF2 background.

Conclusions
This study demonstrates a novel application of SERS combined with isotopic
labelling for the quantitative detection and diﬀerentiation of E. coli cells, even
though the cells are phenotypically identical. When incorporated with varying
ratios of labelled 13C and/or 15N isotopes, the SERS spectral bands displayed clear
340 | Faraday Discuss., 2017, 205, 331–343 This journal is © The Royal Society of Chemistry 2017
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redshis that were used as the basis for quantitative characterization of bacteria at
the molecular level. The observed shis in the SERS spectral data were also evident
in the PC-DFA loadings plots and the PLSR models clearly illustrate the highly
quantitative nature of the SERS metabolic ngerprints. In addition, we have illustrated for the rst time that highly reproducible SERS of bacteria cultivated on
diﬀerent combinations of 13C and 15N can be achieved using an in situ synthesis of
borohydride-reduced Ag nanoparticles. The ndings of this study also highlight the
importance of the choice of protocols (e.g. microbial sample preparation and
nanoparticle synthesis) and instruments (laser wavelength) used for the bacterial
SERS analysis, which may consequently reveal or suppress specic spectral features.
For example, Kubryk and colleagues used hydroxylammonium chloride solution as
the reduction agent and employed a 633 nm laser to acquire SERS spectra of
isotopically labelled bacterial cells. These authors reported major shis occurring
at 733 and 1330 cm1, whilst in this study using sodium borohydride as the
reduction agent and a 532 nm laser, the peak at 733 cm1 was not detected.
However, by contrast in this study and as a consequence of using diﬀerent protocols, various other peaks were detected (such as: 2081, 1960, 1623, 1588 and 1532
cm1) which displayed clear shis upon isotopic substitution and the PC-DFA and
PLSR analyses showed that these contributed to the quantication process. Whilst
our approach does indicate that there are more bands that are isotopically labelled
compared to the study carried out by Kubryk and coworkers, we do agree with these
authors that stable isotopes can be highly benecial in assigning peaks to the
specic vibrational modes of compounds, as illustrated in Table 1 for assigning
vibrations that contain either 13C or 15N or both heavy isotopes. In this study we
have illustrated this with 13C and 15N, and would expect that such an approach
would work with other stable isotopes such as 18O and 34S, as well as other instable
isotopes (e.g. 33P), from atoms which are routinely found in metabolites and
proteins within bacterial and indeed eukaryotic cells.
One would expect these SERS band shis to be diagnostically useful as their
precise initial positions (from natural isotopes) are a consequence of natural
metabolites and protein diﬀerences in the bacterial cell. We have shown previously
that SERS of bacteria can allow for the identication of bacteria that are of clinical
and industrial relevance52 down to sub-species levels.31 Thus when SERS is
augmented by isotope labelling, SIP-SERS will give information on both the function
of the organism as well as its diﬀerentiation within complex communities.
We believe that SERS-based SIP combined with multivariate chemometrics
presents an exciting avenue with a huge potential for application in the assignment of taxonomic identities to microbially driven bioprocesses in complex
microbial communities, which will aid in linking gene to function. To illustrate
this, Fig. 6a shows SERS images (with a pixel resolution of 1 mm under a built-in
normal light microscope with a voxel diameter and volume of <1 mm (equivalent
to the average size of an E. coli cell) and 1 pL respectively) where it is clear that
bacterial cells that are labelled with heavy isotopes can be readily diﬀerentiated
from bacteria grown on natural isotope containing substrates. This is also evident
from the PCA scores (Fig. 6b) where unlabelled, 13C labelled and 15N labelled E.
coli cells can be clearly diﬀerentiated using PC2, PC3 and PC4 respectively. It is
also worth noting that the aﬀected peaks (1588 cm1, C–N stretching) identied
using the loadings plots (Fig. 6b) are in complete agreement with the corresponding SERS spectra (Fig. 6a).
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 205, 331–343 | 341
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