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Introduction

Surface-enhanced Raman spectroscopy of
microorganisms: limitations and applicability on
the single-cell level}

Ruben Weiss, @a Marton Palatinszky, (©° Michael Wagner,r@b Reinhard Niessner, {2
Martin Elsner, 2 Michael Seidel © @ and Natalia P. Ivieva (2 *

Detection and characterization of microorganisms is essential for both clinical diagnostics and environ-
mental studies. An emerging technique to analyse microbes at single-cell resolution is surface-enhanced
Raman spectroscopy (surface-enhanced Raman scattering: SERS). Optimised SERS procedures enable
fast analytical read-outs with specific molecular information, providing insight into the chemical compo-
sition of microbiological samples. Knowledge about the origin of microbial SERS signals and parameter(s)
affecting their occurrence, intensity and/or reproducibility is crucial for reliable SERS-based analyses. In
this work, we explore the feasibility and limitations of the SERS approach for characterizing microbial cells
and investigate the applicability of SERS for single-cell sorting as well as for three-dimensional visualiza-
tion of microbial communities. Analyses of six different microbial species (an archaeon, two Gram-posi-
tive bacteria, three Gram-negative bacteria) showed that for several of these organisms distinct features in
their SERS spectra were lacking. As additional confounding factor, the physiological conditions of the cells
(as influenced by e.g., storage conditions or deuterium-labelling) were systematically addressed, for which
we conclude that the respective SERS signal at the single-cell level is strongly influenced by the metabolic
activity of the analysed cells. While this finding complicates the interpretation of SERS data, it may on the
other hand enable probing of the metabolic state of individual cells within microbial populations of
interest.

sition of microbes on a single-cell level. The resolution is phys-
ically limited by the diffraction defined through the excitation

In the last decade surface-enhanced Raman scattering (SERS)
has received increasing attention for the analysis of biological
samples, ranging from environmental studies'™ to
diagnostics.>® The underlying principle of Raman spec-
troscopy (RS) is based on the inelastic scattering of light giving
rise to characteristic spectra that yield chemical information in
a non-invasive, non-destructive way with little interference of
water. Combining the band-related data of the spectrometer
with the spatial information of a confocal microscope, enables
analyses of sample material with a spatial resolution in the
micrometre-range necessary for studying the chemical compo-
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wavelength and numerical aperture of the microscope objec-
tive. Thus, with RS the analysis of single microbial cells under
natural conditions is possible. If combined with stable isotope
probing, the activity of microbial cells within their habitat can
be deduced from red-shifts of certain peaks in the spectra of
active cells®'® and if desired such analyses can be combined
with identification of the respective organisms with fluo-
rescence in situ hybridization (FISH)."'" Excitingly, recent tech-
nological developments even allow sorting of individual
microbial cells with selected characteristics within their
Raman spectra for subsequent genomic
cultivation.'?

Sorting of single cells by means of optical trapping and dis-
crimination by RS (laser tweezer Raman spectroscopy: LTRS or
Raman tweezers) was introduced by Xie, Chen and Li"* and
applied in several studies. Huang et al. showed that single
cells of wunlabelled Escherichia coli and '*C-labelled
Pseudomonas fluorescens from a mixed population can be iso-
lated by Raman tweezers.'* A recent study by Berry et al. used
LTRS to detect incorporation of deuterium into cecal micro-
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biota of mice as a marker for metabolic activity.’
Subsequently, genomic information of sorted microbial cells
was analysed by whole genome amplification and sequencing.
Wang et al. introduced another method for the sorting of
single cells by RS in combination with laser-induced forward
transfer and termed the technique Raman activated cell ejec-
tion (RACE)."

In conventional RS, the analytical throughput is limited
because of the low scattering cross section. SERS offers an
improvement with enhancement factors of up to 10".'® The
underlying principle is that surfaces of nanosized metal struc-
tures (Ag or Au) can enhance the local electric field of the
excitation source because of surface plasmon resonance.
Scattering intensities increase since the Raman effect depends
on the electric field strength. Also, the polarizability of mole-
cules directly attached to these metal surfaces changes,
enhancing the resultant Raman scattering.

In 1998 Efrima and Bronk showed the general applicability
of SERS for the analysis of bacteria."” Species- and even strain-
specific characterization was demonstrated by Jarvis and
Goodacre in 2004.'® In 2007 Kahraman et al. illustrated that
the SERS analysis down to a few bacterial cells can be
realised.'® Kubryk et al. presented 2015 a reproducible SERS
analysis of bacteria at the single-cell level with the capability of
detecting stable isotope incorporation.?® The characteristics of
microbial SERS spectra were mainly attributed to flavins®* and
peptidoglycan.'® Recently, major contributions of adenine-
derived compounds were recognised with a marker band at
about 730 cm™'.**?* Controversially, Chisanga et al. applying a
different sample preparation protocol observed the absence of
this prominent SERS peak.>* Premasiri et al. reported that
SERS spectra of bacteria display the salvaging pathways and
secretion of purines.*> Molecules, which contribute to the
SERS signal and only occur intracellular or are anchored to the
cell envelope, are not complicating the analyses. In contrast,
extracellular released compounds detected by SERS render the
assignment of a SERS signal to defined cells very challenging.
Degradation pathways, secretion/excretion processes and
shock reactions heavily depend on the physiological state of
the microorganisms and might also be influenced by the
sample preparation. Therefore, studies are needed to clarify
the mechanism causing SERS signals of microbial samples
and to address the factors that influence the composition of
resulting spectra which might - in the worst case - lead to
erroneous results. In 2015 Zhou et al. reported that the differ-
entiation of live and dead bacteria is possible by SERS because
of disappearing signals for dead cells.>® In the present study,
we confirm this observation but critically evaluate whether the
missing peaks may be used as an indicator for dead bacteria
or rather as evidence for metabolic inactivity.

In the first part of this work, SERS signals from six phylo-
genetically diverse microorganisms representing different cell
envelope types including an archaeon and Gram-positive as
well as Gram-negative bacteria were analysed to investigate the
variability and reproducibility of SERS for the analyses of
microbes. In addition, to outline potential limitations, the
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Gram-negative model bacterium Escherichia coli was chosen to
study the effect of varying physiological conditions such as
storage times and growth in heavy water on the SERS signal.
Finally, in the second section of this study, the applicability of
SERS for LTRS of microbial cells and for three-dimensional
analyses of biological samples was evaluated.

Experimental
Chemicals and materials

Standard chemicals were purchased from Carl Roth GmbH &
Co. KG (Karlsruhe, Germany), Merck KGaA (Darmstadt,
Germany) or Sigma-Aldrich (Vienna, Austria; Steinheim,
Germany). “Cgp-glucose (**C¢H;,06) and D,O were obtained
from Sigma-Aldrich. The Colilert-18 test kit was purchased
from IDEXX Europe B.V. (Hoofddorp, Netherlands) and the
LIVE/DEAD BacLight kit from Life Technologies GmbH
(Darmstadt, Germany). Only purified water was used (Milli-Q,
Merck KGaA). Glass capillaries with internal dimensions of
100 pm x 1 mm x 50 mm and a wall thickness of 70 pm were
purchased from CM Scientific (Silsden, United Kingdom).

Microorganisms

Bacterial strains were either obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany) or LGC Standards GmbH (Wesel,
Germany). Bacillus subtilis (DSM 1087), Escherichia coli (DSM
498; DSM 1116), Micrococcus luteus (DSM 20030) and
Pseudomonas putida (ATCC 12633) were cultured aerobically
with LB and a supplemented M9 minimal medium as biologi-
cal triplicates to the stationary phase (see ESI Fig. Siaf).
Nitrospira inopinata (DSM 105286)*° and Nitrososphaera gargen-
sis (DSM 103042)>”>® were obtained from culture collection of
the Division of Microbial Ecology at the University Vienna but
are also available from the DSMZ. These strains were cultured
in a mineral salt medium with ammonium as energy source as
described previously.*® Detailed procedures on the cultivation
are included in the ESL.{

In situ sample preparation for SERS analysis

The silver colloid synthesis applied in this study is based on
the method by Leopold and Lendl.>® It was performed in situ’°
and followed the modified procedure as described elsewhere.>
Microbial cultures were either used directly or stored at 5 °C
up to 5 days before silver nanoparticle (AgNP) synthesis. As
this synthesis was performed equally 1 h prior to SERS
measurements we disregarded the reported disadvantageous
behaviour of toxic silver’® for the SERS analysis of bacteria. It
is irrelevant for the findings of our study if the analysed micro-
organisms are killed during the in situ AgNP synthesis.
Surprisingly, cultivation experiments with treated E. coli cells
show still microbial growth (comp. ESI Fig. Slat). Although
E. coli strain W is non-mucoid it is known to form capsular
polysaccharides at temperatures below 15 °C.**> Therefore,
microbial cells were washed before nanoparticle synthesis to
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avoid interferences with the colloid synthesis. For this
purpose, 1 ml of the culture was centrifuged (5500g, 1 min,
20 °C), the supernatant discarded and the cell pellet resus-
pended with water. This washing step was repeated twice. After
the third centrifugation, the cell pellet was resuspended with
450 pl of a reducing solution. For SERS analysis with a 633 nm
laser the reducing solution was prepared by dissolving 11.6 mg
NH,OH-HCI in 96.7 ml water and adding 3.3 ml of a 0.1 m
sodium hydroxide solution. Finally, 50 pl a 10 mw silver nitrate
solution was added to the resuspended microbial cells at room
temperature to form AgNP on the cell surface. For SERS ana-
lysis with an excitation wavelength of 532 nm the concen-
tration of all reagents was doubled and colloidal in situ syn-
thesis was performed at 5 °C. The reagents were mixed by
inverting the sample three times. The sample colour changed
instantly to yellowish-grey indicating the formation of silver
nanoparticles (comp. ESI Fig. S27). For dried samples, 1 pl of
the cell suspension was spotted onto a glass slide after a reac-
tion time of 1 h if not stated otherwise. The spot was dried at
room temperature for at least 30 min. For the artificial biofilm,
a 2% (m/m) suspension of agarose was stirred under reflux at
90 °C for 5 min. Subsequently, at 37 °C 300 pl of each **C- and
3C-labelled colloidal sample were added to 8.4 ml of the dis-
solved agarose, gently pivoted and casted (2 ml) into a pre-
heated Petri dish with a diameter of 5 cm. The resulting gels
were covered with water. For the tweezing experiments with a
mixture of >C/**C-labelled cells 0.5 pl of each separately pre-
pared sample was used. In accordance to Berry et al.’ a small
volume of this suspension was drawn into rectangular glass
capillaries which was already filled to about three quarters
with a phosphate-buffered saline (PBS) with 5.6 mg L™ Tween
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20. Particles could be moved through this interface between
the two compartments to the cell-free region of the PBS buffer
with the activated tweezer laser by moving the capillary with
the motorised microscope stage. The inlets of the capillary
were sealed with petrolatum.

Raman microscopic analysis

All SERS analyses were performed with an LabRAM
HR800 microspectrometer (Horiba Jobin Yvon, France)
equipped with a frequency-doubled Nd:YAG laser (532 nm,
35 mW at the sample), a He-Ne laser (633 nm, 13.8 mW at the
sample), a standard Nd:YAG laser for optical trapping
(1064 nm, 500 mW at the sample), corresponding edge filters,
a confocal pinhole set to a diameter of 100 um, diffraction
gratings with 300 or 600 lines per mm and a motorized micro-
scope stage. The stage could be moved while optically trapping
cells to sort them. The system was calibrated onto the first-
order phonon band of silicon at 520.7 cm™'. Dried samples
were measured with a 100x objective (Olympus MPlan N, NA =
0.9). The laser beam was focused onto single cells with an
acquisition time of 3 x 1 s and an intensity of 0.1% or 1% of
the full laser power. A typical microscopic image of this kind
of sample without and with laser illumination (see ESI
Fig. S3a/bt) shows experimental evidence for the analysis at
the single-cell level by SERS. The SERS spectra of different
microorganisms presented in Fig. 1 and the spectra obtained
from the optical tweezing setup were measured with the
532 nm laser and the grating with 300 lines per mm in one
measurement window resulting in a spectral range of
400-3300 cm ™", The optical trapping measurements were per-
formed with a 63x water immersion objective (Zeiss

(Gram-staining)

— Bacillus subtilis LB (+)
—— Bacillus subtilis M9 (+)
—— Escherichia coli LB (-)

SERS intensity / a.u.

—— Escherichia coli M9 (-)
—— Escherichia coli M9/D,0 (-)

—— Micrococcus luteus LB (+)
Micrococcus luteus M9 (+)

—— Pseudomonas putida LB (-)

—— Pseudomonas putida M9 (-)

Nitrospira inopinata (-)
—— Nitrososphaera gargensis

T T
1000 2000

Wavenumber / cm™

(archaeal cell envelope)

Fig. 1 SERS mean spectra of at least 8 single cells of B. subtilis, E. coli, M. luteus, P. putida, N. gargensis and N. inopinata measured with an exci-
tation wavelength of 532 nm. Spectra are baseline-corrected and normalised to the C—H stretching vibration, (+) and (-) indicate Gram-positive and
-negative, respectively. M9 and LB refer to the different media used for cultivation of the respective species. D,O indicates that the organism was
cultured with heavy water in the medium. The signal at 1084 cm™ for the complete nitrifier N. inopinata most probably results from precipitated

CaCO3 of the medium.
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C-APOCHROMAT, NA = 1.2), 100 ms acquisition time, full
power of the tweezing laser (500 mW) and reduced power of
the excitation laser (3 mW). All other SERS spectra were
acquired with an excitation wavelength of 633 nm and the
grating with 600 lines per mm. The artificial biofilm was
measured with a 60x water immersion objective (Olympus
LUMPlanFL N, NA = 1.0), measurement time of 2 x 100 ms,
laser intensity of 1.38 mW and static spectral region of
50-1260 cm ™" and a spatial measurement interval of 1 pm. All
spectra related to the storage series of E. coli (DSM 1116) were
measured under equal conditions with the 633 nm laser, an
effective laser power of 138 uW and five consecutive measure-
ment windows resulting in the spectral range of 50-4000 cm™".
In this measurement series 10 spectra of randomly chosen
cells were acquired for each group of biological triplicates,
respectively 30 spectra for the biological triplicates cultured
with LB medium and a storage time of zero or four days. The
evaluation of the non-normalised data from this series was
performed automatically by MATLAB R2016a (The MathWorks,
USA) in the spectral region of 700-760 cm™ by fitting a
Lorentzian with a linear background. The signal intensity of
the SERS peak at 733 cm ™" was determined as the amplitude
of the Lorentzian and is in all graphs simply referred to as
SERS signal. The SERS spectra are marked as positive hits if
the amplitude is bigger than three times the noise averaged
over all spectra of one data point plus the baseline at the fitted
peak (see ESI Fig. S3ct). The noise was calculated in the
Raman silent region at 2500-2600 cm™". Spectra in Fig. 1 were
baseline-corrected with a linear assumption and normalised to
maximal intensity between 2900-2960 cm™' with LabSpec 6
(Horiba Jobin Yvon, France).

Scanning electron microscopy

Samples were prepared in the same way as for the SERS prepa-
ration. The suspension was spotted directly onto the alu-
minium sample holder and dried at room temperature. A
Sigma 300 VP scanning electron microscope (Carl Zeiss AG,
Germany) was used. Images were recorded with the In-Lens
detector, an acceleration voltage of up to 10 kV and a working
distance between 2.8-3.1 mm.

Results and discussion
Limitations of SERS for microbial detection

Spectral features and artefacts for SERS of microbial
samples. In the last decade numerous studies have reported
SERS applications for the detection, characterization and
identification of microorganisms because of the improved sen-
sitivity of SERS compared to conventional RS.**7® Here in situ
AgNP synthesis***° was performed to facilitate SERS analysis
of an array of different microorganisms with different types of
cell envelopes: two Gram-positive bacteria, three Gram-nega-
tive bacteria and an archaeon. The normalised mean spectra
with equal acquisition parameters at an excitation wavelength
of 532 nm are depicted in Fig. 1. SERS spectra of all bacterial
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strains analysed showed characteristic C-H stretching
vibrations at around 2930 cm™". An additional broad band at
2200 cm™* was observed in case of deuterium-labelled E. coli
that can be attributed to the partial substitution of protium
with deuterium which causes a red-shift of the C-D stretching
compared to the C-H mode as explained by Berry et al. for dis-
crimination by conventional RS.’ As expected, this shift is also
detectable in the conventional Raman spectra of single E. coli
cells (see Fig. S47). Contrastingly, the ratio of most SERS
signals in the fingerprint region below 1500 cm™" to the C-H
stretching vibration at 2930 cm™" is significantly smaller in
comparison to the undeuterated sample of E. coli. A higher
ratio could have been explained well by the aforementioned
incorporation of deuterium and the resulting signal splitting.
This reduction of signal intensities suggests that the growth of
E. coli in the presence of heavy water affects its physiology in a
way that also influences the process which lies at the heart of
SERS.

Another signal shared by the spectra of several microorgan-
isms lies at about 1055 cm™" which was so far mostly attribu-
ted to amine but also to phosphate (FAD),>* carbohydrate®”
and nitrate®® interacting with AgNP. Simple mixing experi-
ments of AgNO; with NaNO; indicate that the Raman peaks of
these nitrates at 1044 cm™ and 1067 cm™' combine to a
broader band in between. The relatively high sodium concen-
tration from the added sodium hydroxide for in situ nano-
particle synthesis might explain the position of the nitrate
peak in SERS spectra with AgNO; as precursor. The reference
spectra of other nitrates such as KNO; or Ca(NOj3), show an
intense signal at exactly 1050 cm ™. As this band mainly occurs
when AgNP were synthesised with hydroxylamine as reducing
agent it might be related to an excess of hydroxylamine
binding to the AgNP. Nitrate from the precursor AgNO;
thermodynamically tends to comproportionate with hydroxyl-
amine, diminishing the band at 1055 cm™" over time. As the
AgNP synthesis is performed in a complex sample, trace
elements might catalyse the decomposition of the reducing
agent. Still it is surprising that for E. coli, especially if cultured
in LB medium, the presumably unspecific peak at 1055 cm™
is significantly weaker. This could be related to the appearance
of new peaks and a competitive binding of analytes with a
higher affinity for AgNP.

The intense SERS signals observed for E. coli at 733 cm™
and 668 cm ™' show the greatest variation in intensity between
the investigated microorganisms (Fig. 1). In 2016 Kubryk
et al.*® and Premasiri et al.*® assigned these bands to purine
bases and biochemically relevant derivatives, e.g., adenine,
guanine, hypoxanthine, xanthine, where Premasiri et al. found
a perfect alignment of bacterial SERS spectra and these com-
pounds. Earlier the frequently arising SERS peak at 733 cm™*
had also been attributed to N-acetyl-p-glucosamine,'® methyl-
ene rocking vibrations,* a glycosidic ring'® and pyrophos-
phate mode®® and was also thought to be loosely related to
amino acids and phospholipids.** Surprisingly, a recent study
by Chisanga et al. did not observe this signal for E. coli.**
Differences to our methods include the reducing agent (boro-

1
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hydride instead of hydroxylamine) as well as storing of the pre-
pared bacterial cells at —80 °C prior to in situ AgNP synthesis.
We observed the signal at 733 cm™" both with an excitation
wavelength of 532 nm (3 s, 35 pW) and 633 nm (3 s, 138 uW)
with similar spectral characteristics as presented by Premasiri
et al. who used Au-nanoparticle-covered substrates and a
785 nm laser but log-phase cultures.>® However, the signals at
733 em™" and 668 cm™' were not observed for the other five
microorganisms analysed in our work at the given measure-
ment conditions. Premasiri et al. pointed out that the inter-
action time of metallic nanostructure and bacterial cells can
play an important role for the occurrence of bacterial SERS
signals and related this to the delayed enzymatic degradation
and following secretion of metabolites (purines).”® In our case
intense SERS signals at 733 cm™" and 668 cm™" were observed
for E. coli only, irrespective of the reaction time (up to 2 h).
Other tested microbes were lacking this characteristic spectral
information. Either these organisms do not release the mole-
cules causing SERS signals at 733 cm™" and 668 cm™" to the
same extent or other properties intervene with the applied
preparation protocol. High variations between the single-cell
spectra, which are included in Fig. S5/S6 of the ESI,{ addition-
ally limit the applicability of SERS to distinguish the micro-
organisms. Hence, the bands at 733 cm™ and 668 cm™" do
not seem to be suited for all microorganisms, at least not with
the excitation wavelength of 532 nm.

Impact of culture storage onto SERS signals. In the following
we explored to what extent the appearance and intensity of
microbial SERS signals is not only influenced by the identity
of the investigated microorganism but also influenced by the
physiological state of the cells. Fig. 2 displays fitted single-cell
SERS intensities at 733 cm™' (not normalised) of freshly har-
vested E. coli cells that were cultured with LB medium to the
stationary phase, and of cells from stationary phase cultures
stored at 5 °C for 4 days prior to SERS analysis. After storage,

. E. coliin LB medium

300 4 n =90
12}
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=
Q .
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=
200
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o
(32 .
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g oL
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» 100 . .
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» « .
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Storage time / d

Fig. 2 Decreasing absolute SERS intensity at 733 cm™ of single E. coli
(LB medium) cells which were cultured to the stationary phase and
either directly subjected to in situ AGNP synthesis or first stored for 4 d.
Values are scattered on the abscissa for better readability.
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the averaged SERS intensity decreased significantly from 39 to
7 counts corresponding to a drop by over 80%. This sharp
decline in signal intensity is also reflected in the number of
actual SERS hits as listed in Table 1. The percentage of hits
decreased significantly from 72% to 32% (p-value of 0.054 for
unpaired heteroscedastic t-test). This finding is consistent
with the above mentioned missing peak at 733 cm ™" reported
by Chisanga and coworkers®! where the cells were stored at
—80 °C before nanoparticle synthesis. In this context, also the
large variance in signal intensity for single E. coli cells of
freshly prepared cultures is worth to mention which likely
reflect physiological variations among individual cells as typi-
cally found in stationary phase cultures. While 28% of the
measured bacteria showed no signal, the SERS hits scattered
from the cut-off value of 5 counts, up to the most intense
signal of about 300 counts under precisely the same measure-
ment parameters. The decrease in SERS intensity during
storage of E. coli was also tested in minimal medium (Fig. 3a),
where the declining signal and the scatter in number of hits is
congruent with the results obtained with cells grown in the
rich LB medium. It is also reflected in the steady decline of the
maximal signal intensity recorded for increasing storage
times. The strongest impact onto the percentage of SERS hits
seems to occur already after one day of storage with a drop of
80% to 47%.

The decreasing SERS signal may be caused by two reasons:
(1) the AgNP are not in close vicinity to microbial cells after
sample preparation is finished. (2) The analyte(s) itself is(are)
not present in the same condition or concentration. The first
assumption was already considered for dead bacteria by Zhou
et al. who reported that the signal at 735 em™" decreased if
E. coli cells were exposed to antibiotics as well as if varying per-
centages of autoclaved cells were added and explained this
finding by a vanishing surface charge.”® Indeed, also in the
current study we did not observe any SERS signals for heat-
killed E. coli cells when applying the same measurement para-
meters (data not shown). To test the hypothesis that the
decrease in SERS signal could be attributable to the death of
cells during storage we analysed the viability of E. coli by flow
cytometry using the dyes propidium iodide (emission at
617 nm) and SYTO 9 (emission at 501 nm). These stains pre-
dominantly intercalate with nucleic acids of dead and living

Table 1 Percentage of actual SERS hits of E. coli cells cultivated with
LB and M9 medium in biological triplicates at different storage times and
following in situ AgNP synthesis

Percentage of SERS Percentage of SERS

Storage hits + 1 /% hits + 1 s/%
time/d LB medium M9 medium
0 72.2 £ 8.4 80.0 £10.0
1 46.7 + 11.5 46.7 +23.1
2 30.0 + 34.6 50.0 £10.0
3 40.0 + 26.5 56.7 £ 35.1
4 50.0 £17.3 63.3 £15.3
5 32.2 +19.5 33.3 £20.8
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Fig. 3 Comparison of (a) absolute SERS signal at 733 cm™ of single
E. coli cells which were cultured to the stationary phase and either
directly subjected to in situ AgNP synthesis or first stored up to 5 d and
(b) viability of E. coli measured by flow cytometry with two DNA interca-
lating dyes (propidium iodide: dead, SYTO 9: viable) after 0-5 d storage.

cells, respectively. Fig. 3b shows that the viability of the stored
E. coli decreased only marginally by less than 5%. Therefore,
flow cytometric analysis does not confirm the hypothesis that
the decline in SERS signal is caused by dead bacteria. This
result is in agreement with Colilert tests which revealed no
noticeable drop of viability of the E. coli cells induced by the
applied storage. We found more than 10° CFU ml™" in all the
samples cultured in LB medium and 2 x 10° CFU ml™" in all of
those in M9 medium (see Fig. S1b¥).

Scanning electron microscopy (SEM) measurements were
performed to investigate the hypothesis that missing AgNP
were the reason for decreasing SERS signals. Fig. 4 illustrates
that there is no significant difference for microbial samples
which were either directly subjected to the in situ AgNP syn-
thesis (a) or first stored for 12 d (b). Thus, we conclude that it
must be the target analyte detected by SERS which disappears
over storage time or can no longer be released by stored E. coli
cells leading to the declining SERS signals. This finding was
validated by mass spectrometric analysis of the metabolite
adenine in the supernatant of washed E. coli cells. As shown in
Fig. S71 the signal of adenine declines for samples of stored
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cultures in comparison to freshly harvested, washed cells.
Further, Chiu et al. recently report a rapid but over time
decreasing release of purines by bacteria upon transferring
them from a nutrientrich into a nutrient-deprived
environment.*?

In bacteria approaching the stationary phase purine con-
sumption by macromolecular synthesis abruptly slows.*’
Additionally, the cells start to break down free messenger ribo-
nucleic acid (mRNA), transfer RNA (tRNA) and especially ribo-
somal RNA (rRNA).** This leads to a cellular accumulation of
the end products of this degradation process including purine
derivatives. The chemical nature of these products depends on
the purine metabolic pathways present in the respective
species, which vary considerably between bacterial species.”®
For E. coli the main end products will be adenine, xanthine,
and hypoxanthine which are partially excreted. This accumu-
lation and excretion happen within a time frame of about an
hour after transferring the cells from medium into water or
glucose deprived medium and is facilitated by the fact that
hypoxanthine phosphoribosyl transferases operate close to the
membrane and also transport their products through the
membrane. The secretion of the purine derivatives might act
as a signal for the culture to go into dormancy.** In addition
to these phenomena, cyclic adenosine monophosphate is
upregulated and also secreted in E. coli during glucose star-
vation and will thus contribute to the pool of extracellular
purines in starved cultures. Furthermore, Bayer reported
reversible cell wall disruptions upon hypoosmotic shock and
the associated release of intracellular substances, e.g. acid-
soluble nucleotides.*” This starvation- and/or shock-induced
breakdown and release of low-molecular weight nucleotides or
degradation products well explains the characteristic E. coli
SERS signal at 733 cm™". The phenomenon is able to relate
our observations to a metabolic state instead of pure surface
properties. Consequently, cells of microbial species like E. coli
responding with these mechanisms to starvation or physiologi-
cal stress (as induced by the cell washing procedure before
nanoparticle synthesis) would be detectable by SERS if they are
metabolically active to this point. Conversely, metabolically
inactive and dormant cells would not release purine deriva-
tives. Hence, they would show no or weak SERS signals even
though they are viable, explaining the results obtained with
stored E. coli cells. Furthermore, it is well known that several
slow growing microorganisms (including nitrifiers such as
N. inopinata and N. gargensis) show a much slower decrease in
rRNA in response to starvation or stress*®*° and might thus
not exhibit the characteristic SERS signal at 733 cm™" even if
they were metabolically active at the start of the cell washing
and nanoparticle formation procedure.

SERS of deuterated microbial cells

In addition to storage, also cultivation conditions seem to
influence the results of the E. coli SERS analysis. Fig. 5a shows
a comparison of E. coli cultured with M9 medium containing
only normal water and with 25% (v/v) heavy water for 16 h,
respectively. The red-shift up to 720 cm™" with a mean at
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Fig. 4 SEM images of E. coli cultured with M9 medium after 0 d (a) and 12 d (b) storage and following AgNP in situ synthesis.
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728 ecm™" can be explained by the partial substitution of 'H
with D in the purine bases and their derivatives. The SERS
intensity of the fitted peak at about 733 cm™" is significantly
reduced for the deuterated cells. This effect is not expected to
be related to a direct major impact onto the growth of E. coli as
the growth curve of E. coli grown in media produced with con-
centrations of up to 25% of D,O does not change fundamen-
tally.”>° Surprisingly the position of the SERS purine bases
band for deuterated cells varies stronger in comparison to
unlabelled cells. The higher variance results either from
varying amounts of incorporated deuterium into the purine
bases, from changing positions of incorporated deuterium in
purine bases or from a fundamental impact of heavy water
onto the SERS causing mechanism, e.g., the composition of
released compounds. In any way, this indicates that con-
clusions onto the percentage of incorporated deuterium by
certain microbial species based on this SERS peak is not as
straight forward as for the stable isotopes “‘N/"°N.* The
change of the SERS signal intensity of deuterated cells caused
by storage over 5 d (Fig. 5b) is negligible in contrast to experi-
ments with unlabelled E. coli cells (Fig. 3a). Thus, we suggest
that either the formation or the release of the SERS target com-
pound(s) is reduced because of incorporated deuterium.

The difference in SERS signal intensity and influence of
storage on it between deuterated and unlabelled E. coli cells
(Fig. 3a and 5b) underlines the impact of the physiological
state of microbial target cells onto the results of SERS analyses
and the necessity to conduct further research to explore how
growth conditions and environmental factors affect microbial
SERS signals in a species-dependent manner. On the other
hand, our results suggest that SERS might be useful to analyse
certain aspects of the physiology of E. coli with single-cell
resolution, e.g. activity state of single cells or reaction upon
stress conditions. Cells with distinct SERS signals likely are
metabolic active.

The usefulness of spectroscopic techniques to detect active
metabolic pathways or differentiate between certain physiologi-
cal states was presented by Avetisyan et al. for Raman and by
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Muhamadali et al. for infrared spectroscopy.”’”” Stevenson
et al. even demonstrated the detection of specific enzymatically
catalysed reactions by SERS.>® The applicability of SERS onto
environmental samples was shown by Cui et al. who analysed
the incorporation of stable isotope-labelled nitrogen sources
with microcosms from surface water.! In the following sections
we explore further opportunities for the applicability of SERS,
in particular the strong signal at about 730 ecm™" in E. coli
cells, for SERS-assisted sorting by optical tweezers and SERS
for 3D imaging at the single-cell level.

Applicability of SERS for microbial detection

SERS-assisted sorting by optical tweezing. We applied the
in situ SERS technique to sorting of E. coli cells by optical trap-
ping. Fig. 6b shows the microscopic image with only the centre
being in the laser focus. We were able to trap the bright par-
ticle showing the typical characteristics of E. coli SERS spectra
at acquisition times as small as 100 ms. High laser powers nor-
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Fig. 6 (a) Continuously acquired spectra of an AQNP@E. coli particle
inside the laser focus. (b) Microscopic image during sorting by optical
tweezing with an AgNP@E. coli particle inside the laser focus. (c)
Consecutive SERS spectra of **C-E. coli (red mean spectrum) and 2C-
E. coli (blue mean spectrum) inside of the same sample with activated
optical tweezer laser. Associated spectra are shifted on the ordinate for
a better visualization.
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mally lead to thermal degradation of dried SERS samples but
can be increased in aqueous conditions. While the trapped
particle showed high signals (Fig. 6a) the aqueous surrounding
did not, indicating no detachment of AgNP with bound
analyte (Fig. S8%). It should be noted that we deployed a cen-
trifugation step following the AgNP in situ synthesis to remove
excess reagent and avoid the formation of bubbles at strong
laser irradiations. Additionally, this solved the problem of per-
manently occurring SERS signals which may be ascribed to the
high cellular concentration. Upon dilution of the uncentri-
fuged sample, the signal was reduced but was still detectable
without the trapping laser or microscopically visible cells in
the focus (see Fig. S91). A further possibility is the discussed
release of molecules by microbial cells during in situ colloid
synthesis. These molecules might diffuse into the sample fluid
if not instantly and completely bound to formed AgNP on the
surface of the E. coli cells themselves. Therefore, centrifugal
separation was applied to minimise interference of aerogenic
substances as well as potential evenly distributed SERS active
compounds.

Experiments performed with a mixture of unlabelled and
fully "*C-labelled E. coli proved that **C-isotope incorporation
into microbial cells can be measured by SERS of trapped cells
(Fig. 6¢). For two separate measurement events, we observed
the normal SERS signal at 733 em™" with unlabelled E. coli
cells and the red-shifted signal at 720 cm™" for labelled cells.
This detection of SERS signals of either fully labelled or
unlabelled cells in a mixed sample combined with the optical
evidence of separated cells suggest the applicability of SERS
for sorting at the single-cell level. A general drawback of the
experimental procedure is the necessity of an additional
sample preparation step following in situ AgNP synthesis. The
need for the removal of excess reagent implies difficulties to
transfer the setup to more complex samples. The partial for-
mation of larger aggregates because of the centrifugation calls
for future optimization of the procedure. Especially the afore-
mentioned discrepancy in SERS signals of different species
represents a disadvantage for the use in sorting of unknown
species.

3D SERS of microbial samples

The release of SERS-active metabolites implies also limitations
for the use of SERS techniques for the spatially resolved
imaging of microorganisms in environmental samples.
Nevertheless, we tested the in situ AgNP synthesis as a way to
accomplish also a three-dimensional detection of E. coli. Fig. 7
displays the 3D SERS image of a simplistic artificial biofilm
model prepared with unlabelled and **C-labelled E. coli cells
which were washed before the in situ AgNP synthesis and after-
wards mixed into the agarose gel.

Agarose gel is reported to be a suitable artificial model for
biofilm research®® and therefore was used in this study. The
distinct signal at around 730 cm™' enables differentiation
between labelled and unlabelled cells. The low integration
time of 200 ms permits to scan volumes with grid intervals as
depicted in Fig. 7 in about 30 min. Short measurements are
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Fig. 7 3D SERS image of >C/**C-labelled E. coli cells embedded into
an agarose matrix. Not shifted and red-shifted SERS signal are drawn at
each grid position in blue and red spheres respectively, the size and sat-
uration represent the intensity. The corresponding rotating iso-surface
plot is available in the ESI.T

required to precisely image aqueous biological samples as they
are prone to misalign over time. Even though the SERS signal
might be caused mainly by substances released from microbial
cells we did not observe a broad dispersal of the SERS signal
but found that it centred around cell structures. In addition,
we tested the depth resolution of the Raman microspectro-
scopy setup with micrometre-sized synthetic polymer particles
as shown in Fig. S10.f The results suggest that the depth
resolution is sufficient to image micrometre-sized objects.
Also, with a minimal ellipsoidal confocal volume of about
0.9 um?® the grid interval of one micrometre is adequate to
scan for SERS signals of E. coli cells, which own similar
dimensions.

Conclusion

SERS spectra of six different microbial species (three Gram-
negative, two Gram-positive and one archaeon) were analysed
with identical measurement parameters giving rise to sharp
peaks in case of E. coli but less distinct signals for the other
species. The systematic comparison of fresh and stored E. coli
cultures shows a rapid decrease of the SERS signal and the
actual number of hits for single cells in stored cultures. This
was the case both for bacteria cultured with a minimal
medium as well as a full medium. The effect cannot be attribu-
ted to the death of cells since viability tests proved that after
storage almost the same percentage of cells was still alive. SEM
images showed that also in the case of stored cultures, i.e. cul-
tures with lower SERS signal, AgNP were present on the cell
surface eliminating detachment as another potential reason.
We, therefore, relate the decline in SERS signal intensity to the
metabolic activity of microbes and the release of nucleotides
or their degradation products upon starvation and/or osmotic
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shock, e.g., adenine, guanine, hypoxanthine, xanthine as pre-
viously proposed.*® SERS spectra of partially deuterated bac-
teria (<25%) exhibit a red-shift of the characteristic SERS band
at 733 em™" to 728 em™, a surprisingly larger variance of the
peak position and a stable intensity of the SERS signal in
samples stored up to 5 days in contrast to non-deuterated
samples. Again, our conclusion is that the SERS intensity rep-
resents the starvation-induced release of substances related to
the metabolic activity. We conclude that it is mandatory to
take into account, and to conduct further research on, the
effect of the physiological state of microbes onto the SERS
signal of microbial samples. Otherwise an incomplete under-
standing may give rise to pitfalls in the characterization and
evaluation, and to misinterpretations. Further, we stress the
implication of metabolites as a potential cause of SERS
signals. Since released substances are not restricted to the
immediate vicinity of cells but diffuse out, spatial attribution
may be compromised. In our work, washing of microbial cells
prior to the in situ AgNP synthesis eliminated possible SERS
contributions of metabolites already released into the culture
medium. This conclusion is confirmed by three-dimensional
analyses, which did not show a uniform distribution of SERS
signals, as would be expected for metabolites in aqueous solu-
tion. On the contrary, a biofilm model with '*C- and C-
labelled E. coli gave a telling visualization that SERS events
were strictly confined to cellular structures. The same holds
true for the sorting of E. coli cells by optical trapping via SERS-
based detection: upon an additional centrifugation step we
were able to tweeze microbial cells and attached AgNP without
the contribution of background SERS signals. We conclude
that - despite the observed variability of SERS signals which
warrants further investigation — SERS has a potential for detec-
tion, sorting, and characterization of metabolically active
microorganisms at the single-cell level.
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