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man and infrared spectroscopy:
a novel combination for studying bacterial
infections at the single cell level†

Cassio Lima, ‡a Shwan Ahmed, ‡ad Yun Xu, a Howbeer Muhamadali, a

Christopher Parry,bc Rachel J. McGalliard, b Enitan D. Carrol b

and Royston Goodacre *a

Sepsis is a life-threatening clinical condition responsible for approximately 11 million deaths worldwide.

Rapid and accurate identification of pathogenic bacteria and its antimicrobial susceptibility play a critical

role in reducing the morbidity and mortality rates related to sepsis. Raman and infrared spectroscopies

have great potential to be used as diagnostic tools for rapid and culture-free detection of bacterial

infections. Despite numerous reports using both methods to analyse bacterial samples, there is to date

no study collecting both Raman and infrared signatures from clinical samples simultaneously due to

instrument incompatibilities. Here, we report for the first time the use of an emerging technology that

provides infrared signatures via optical photothermal infrared (O-PTIR) spectroscopy and Raman spectra

simultaneously. We use this approach to analyse 12 bacterial clinical isolates including six isolates of

Gram-negative and six Gram-positive bacteria commonly associated with bloodstream infection in

humans. To benchmark the single cell spectra obtained by O-PTIR spectroscopy, infrared signatures

were also collected from bulk samples via both FTIR and O-PTIR spectroscopies. Our findings showed

significant similarity and high reproducibility in the infrared signatures obtained by all three approaches,

including similar discrimination patterns when subjected to clustering algorithms. Principal component

analysis (PCA) showed that O-PTIR and Raman data acquired simultaneously from bulk bacterial isolates

displayed different clustering patterns due to the ability of both methods to probe metabolites produced

by bacteria. By contrast, signatures of microbial pigments were identified in Raman spectra, providing

complementary and orthogonal information compared to infrared, which may be advantageous as it has

been demonstrated that certain pigments play an important role in bacterial virulence. We found that

infrared spectroscopy showed higher sensitivity than Raman for the analysis of individual cells. Despite

the different patterns obtained by using Raman and infrared spectral data as input for clustering

algorithms, our findings showed high data reproducibility in both approaches as the biological replicates

from each bacterial strain clustered together. Overall, we show that Raman and infrared spectroscopy

offer both advantages and disadvantages and, therefore, having both techniques combined in one single

technology is a powerful tool with promising applications in clinical microbiology.
Introduction

Sepsis is a life-threatening clinical condition dened as an
“organ dysfunction caused by a dysregulated host response to
infection” according to the Third International Consensus
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(Sepsis-3).1 Bacterial sepsis is a leading cause of death in both
developed and developing nations, accounting for approxi-
mately 11 million deaths every year, which represents 19.7% of
all deaths worldwide.2,3 Rapid and accurate identication of
bacteria causing the infection, as well as its antimicrobial
susceptibility, play a critical role in the timely diagnosis and
dDepartment of Environment and Quality Control, Kurdistan Institution for Strategic

Studies and Scientic Research, Kurdistan Region, Iraq

† Electronic supplementary information (ESI) available. See
https://doi.org/10.1039/d2sc02493d

‡ These authors contributed equally to this work.

Chem. Sci., 2022, 13, 8171–8179 | 8171

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc02493d&domain=pdf&date_stamp=2022-07-10
http://orcid.org/0000-0002-9062-6298
http://orcid.org/0000-0003-1289-442X
http://orcid.org/0000-0003-3228-5111
http://orcid.org/0000-0002-1665-4717
http://orcid.org/0000-0003-0320-9945
http://orcid.org/0000-0001-8357-7726
http://orcid.org/0000-0003-2230-645X
https://doi.org/10.1039/d2sc02493d
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc02493d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013027


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ni
e 

20
22

. D
ow

nl
oa

de
d 

on
 2

02
5-

11
-0

7 
4:

50
:1

9 
nm

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
treatment of bacterial infections including sepsis.4,5 However,
current diagnostic methods for bacterial typing require time-
consuming sample culturing protocols and thus, broad-
spectrum antimicrobial are oen prescribed as rst-line medi-
cations as soon as possible in order to avoid detrimental
outcomes caused by delayed treatment.5,6 Unnecessary antimi-
crobial treatment is the leading cause of the development of
multidrug-resistant pathogens, which have dramatically
increased worldwide over the years.7 The Centres for Disease
Control and Prevention in the US estimates that 30% of patients
with bacterial infections are treated with antimicrobials inap-
propriately.5,7 If actions are not taken, it is estimated that
antimicrobial resistance will be responsible for around ten
million deaths annually by 2050.8 New methods for rapid and
culture-free detection of bacterial infections may help to reduce
morbidity and mortality as well as preventing the emergence of
resistant strains during treatment.

Vibrational spectroscopic techniques, represented mainly by
Raman and infrared spectroscopies, have been widely used to
study bacteria by interrogating their chemical and physico-
chemical properties in a non-invasive, non-destructive, and
label-free manner.4,9–11 Both methods provide molecular infor-
mation based on bond-specic chemical signatures and have
been extensively applied as whole-organism ngerprinting tools
to study the effects of antimicrobial agents in bacteria,12–14

classication and identication of microorganisms,4,15,16 and
biolms.17–19 Although these two methods are used for similar
purposes, i.e., to probe the internal motion of atoms from
chemical species in molecules,20 Raman and infrared spec-
troscopies operate in completely different ways. Infrared spec-
troscopy is based on the absorption of infrared radiation by
molecular vibrations from bonds that possess an electric dipole
moment that can change by atomic displacement.20,21 By
contrast, Raman spectroscopy is based on the inelastic scat-
tering of light, in which the incident photons from a mono-
chromatic source excite the molecules to virtual energy states
and then, are scattered with either higher or lower energies
compared to their original energy.10,20,22 This shi in energy
corresponds to a Raman shi and like infrared is associated
with the chemical structure of molecules in the sample. Due to
these different principles, these two techniques are considered
complementary as they offer advantages and disadvantages to
study certain types of samples when compared to each other.10

Raman and infrared spectroscopies are oen used together
for the comprehensive study of bacteria. Nicolaou et al. used both
techniques for the detection and enumeration of Staphylococcus
aureus in milk,23 as well as to study the growth interaction
between S. aureus and Lactococcus lactis.23 Tugarova and co-
workers used both methods to study selenium nanoparticles
synthesised by the bacterium Azospirillum thiophilum.24 Tang
et al. used Raman and FTIR signatures to discriminate myco-
bacteria and Gram-negative bacteria.25 Adamou employed both
Raman and FTIR to investigate the chalcopyrite–bacteria inter-
actions and jarosite biosynthesis. Atykyan and colleagues applied
the two techniques to study the structural differences of bacterial
cellulose in Gluconacetobacter sucrofermentans.26 However, a key
feature of all of these studies is that they were performed on two
8172 | Chem. Sci., 2022, 13, 8171–8179
separate instruments as simultaneous measurement of Raman
and infrared signatures is a challenge in spectroscopy due to the
difficulty of sharing light sources and optics in a conventional
Raman and FTIR spectrometers,27 and especially the case when
one considers bacteria are typically just 1–2 mm in size. Recently,
a novel far-eld optical instrument able to provide Raman and
infrared signatures simultaneously has been developed. In this
scheme, the infrared signatures are collected via optical photo-
thermal infrared (O-PTIR) spectroscopy, an emerging technique
that has been developed to provide infrared chemical maps with
submicron spatial resolution in a rapid manner, therefore over-
coming the poor spatial resolution achieved by a conventional
FTIR spectrometer (3 to 30 mm).28,29 In O-PTIR spectroscopy, the
photothermal response of a sample illuminated by a tunable
mid-IR laser beam is probed by a visible CW laser,28 which also
acts as the excitation source for acquiring a Raman spectrum
from the same sample location at the same spatial resolution.
This scheme has been successfully applied to acquire Raman and
infrared spectra simultaneously from mammalian cells,29,30

single cell bacterium,13,29 nanocomposite interfaces,31 and atmo-
spheric particles.32 Although O-PTIR and Raman spectroscopy
have been simultaneously applied to analyse bacteria,13,29

previous studies used non-commercial instruments and were
focused on analysing laboratory strains, which have different
features such as low virulence compared to strains isolated from
humans, therefore hindering its translation to clinical setting to
study human samples. In this study we report for the rst time
the use of concomitant Raman and infrared spectroscopies using
a commercial technology to differentiate 12 bacterial strains
isolated from humans in order to demonstrate the advantages of
combining both methods in one single technology to study
pathogenic bacteria commonly associated with bloodstream
infections.
Results and discussion
Infrared spectroscopy

O-PTIR spectra collected from bulk and single bacterial cells
were compared to conventional FTIR spectra in order to eval-
uate the reproducibility of the infrared signatures provided by
the three different approaches. Fig. 1 illustrates the average
infrared spectra and their second derivatives acquired from one
strain of each bacterial species analysed in this study. Spectral
data from the remaining isolates are displayed in Fig. S1 (ESI†).

While single cell O-PTIR measurement is performed on
a localised region of a single bacterium, FTIR and O-PTIR
measurements acquired from bulk represent the average
signal obtained from several bacteria within the beam area
(millions in the case of FTIR where the interrogation beam is ca.
1 cm compared to 2–10 in O-PTIR where the probe is from
a 532 nm laser). The spectra in Fig. 1 show signicant similarity
and high reproducibility in the infrared signatures obtained by
all three approaches, which exhibited bands associated to
vibrational modes related to the mainmacromolecules found in
biological specimens such as proteins, lipids, nucleic acids, and
carbohydrates. Spectral region over 1700–1400 cm�1 largely
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Average FTIR (red), O-PTIR/bulk (green), and O-PTIR/single
cells (blue) spectra (top) and their second derivatives (bottom)
collected from one strain of each bacterial species analysed in this
study. The plots are offset for clarity. Key bands are highlighted
(in cm�1).
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represents the amide region, which comprises amide I and II
vibrations from backbone of proteins.33

The amide I vibration, peaking between 1690-1620 cm�1

arises mainly from the C]O stretching vibration from peptide
bonds in proteins. This band is composed by the superposition
of sub-bands associated to the secondary structure of proteins
such as a-helices (1656 cm�1) and b-sheets (1637 cm�1).28,33,34

The signal intensity obtained from a-helices is usually superior
than the signal collected from b-sheets in spectral data from
bacteria, therefore, amide I band is centred around 1656 cm�1

due to the proximity of both peaks. In such cases, second
derivatives are usually the preferred option to assess overlapped
bands. According to Fig. 1, strong a-helices signatures
© 2022 The Author(s). Published by the Royal Society of Chemistry
(1656 cm�1) were observed in the second derivatives obtained
by all three approaches. Interestingly, the signal acquired from
b-sheets was more evident in the FTIR signatures than in the
data obtained by O-PTIR, with the signal collected from bulk
being slightly superior than that of individual cells. These
differences may be related to the amount of material probed by
each approach, since the polychromatic IR beam used in FTIR
covers a large sample area with many individual cells in
a community.

The Amide II band absorption is found at 1544 cm�1 and is
attributed to the combination of N–H vibration with C–N
stretching from peptide groups.28,33,34 The band peaking at
1743 cm�1 originates from the C]O ester groups from lipids
including phospholipids, triglycerides and cholesterol.34,35

The peak at 1451 cm�1 is attributed to the bending vibration
(scissoring) of acyl CH2 groups in lipids,35 whereas the band
peaking at 1390 cm�1 arises from COO� symmetric stretching
of amino acid side chains and fatty acids.34,35 Bands peaking
over the low wavenumber region in infrared spectra from
bacteria are generally attributed to carbohydrates and nucleic
acids. Bands associated to PO2

�
asymmetric and symmetric

stretching vibrations from phosphodiester bonds in nucleic
acids are displayed in 1240 cm�1 and 1080 cm�1, respec-
tively.34,35 The band peaking at 1060 cm�1 is associated to
C–O–C symmetric stretching of polysaccharides.19,35

Spectral data collected from all bacterial isolates (Fig. 1 and
S1†) displayed similar biochemical features with subtle changes
in signal intensity, while appearance or disappearance of peaks
were not observed. In order to examine the ability of FTIR and
O-PTIR to discriminate the 12 bacterial isolates, the second
derivatives calculated from spectra were subjected to principal
component analysis (PCA).

Fig. 2a–c illustrates PCA scores plot of the FTIR, O-PTIR
(bulk), and O-PTIR (single cells) data, respectively. In Fig. 2a,
scores from S. aureus, E. faecalis and E. cloacae VS1811 isolates
were grouped on the negative side of the PC-1 axis, while all
other isolates were clustered on the positive side. In PC-2 axis, S.
aureus and S. pyogenes isolates grouped on the positive side and
the remaining isolates clustered on the negative axis of PC-2.
PCA scores obtained from O-PTIR (bulk) (Fig. 2b) displayed
similar discrimination pattern compared to FTIR data (Fig. 2a),
with scores from Gram-negative bacteria (E. cloacae, K. oxytoca
and P. aeruginosa) isolates forming a tight cluster. In Fig. 2c,
PCA scores plot of O-PTIR (single cells) illustrated the same
cluster formed by Gram-negative bacteria (E. cloacae, K. oxytoca,
and P. aeruginosa) on the positive side of PC-1 axis, whereas the
other isolates were grouped along negative PC-1 values.

Although all three approaches have illustrated similar clus-
tering patterns, the data reproducibility, i.e. the distance
between scores from the same strain, considerably varies in the
three methods. O-PTIR (single cells) showed the lowest repro-
ducibility compared to FTIR and O-PTIR (bulk) data. This is
expected due to the ability of the method to probe inter-
individual variations in bacterial metabolism and highlights
the potential applications of O-PTIR to generate population
level information from single cells. As such this is an exciting
emerging technology to study the interaction between
Chem. Sci., 2022, 13, 8171–8179 | 8173
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Fig. 2 PCA (a–c) and PC-DFA (d–f) scores plot of FTIR (a and d), O-
PTIR/bulk (b and e), and O-PTIR/single cells (c and f) data. The same
species are plotted in the same colours and the different symbols
represent one of the two sub-species. Filled symbols represent the
training set, while empty symbols are the testing set.

Fig. 3 Averaged second derivatives from FTIR (yellow), O-PTIR/bulk
(red), and O-PTIR/single cells (blue) from all bacterial isolates. DF-1
loadings from FTIR (cyan), DF-2 from O-PTIR/bulk (green) and DF-2
from O-PTIR/single cells (purple) associated to the PC-DFA scores
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microorganisms as well as the role of each individual in
microbial communities. Interestingly, PCA scores from O-PTIR
(bulk) showed higher reproducibility compared to FTIR, as the
scores of each strain were grouped close to each other, while
FTIR scores were grouped in a more dispersed pattern. In some
cases, it is even possible to observe a trend on the FTIR scores
pattern such as in S. aureus and E. faecalis, which suggests
varying quantities of a biochemical component in the spectra.
These ndings were unexpected as FTIR provides the average
signal from a larger area compared to the spot probed in O-PTIR
(bulk). Thus, in order to improve the reproducibility and,
therefore, the ability of each approach to identify each bacterial
strain correctly, the principal components (PCs) were used as
input data for DFA (PC-DFA) in order to minimise the variance
within classes, while maximising the variance between
classes.16 PC-DFA is a supervised method, i.e. the algorithm
takes into consideration an a priori knowledge about the
isolates. Thus, 50% of the spectra from each strain (class) were
8174 | Chem. Sci., 2022, 13, 8171–8179
randomly selected and used to generate the model (training
set), while the remaining data (testing set) were projected into
the PC-DFA space to validate the model as well as to test the
occurrence of data overtting.

Fig. 2d–f shows PC-DFA scores plot of the FTIR, O-PTIR
(bulk), and O-PTIR (single cells) data, respectively. The repro-
ducibility of the data was successfully enhanced in the DFA
scores obtained in all three approaches, including the disap-
pearance of trend patterns observed in the PCA scores from S.
aureus and E. faecalis in FTIR data (Fig. 2a). Despite the
improvement on the data reproducibility of O-PTIR (single cells)
compared to its PCA scores plot (Fig. 2c), there is still consid-
erable variability between the DFA scores from the same class,
reinforcing the ability of O-PTIR to probe inter-individual vari-
ations in bacterial metabolism. Overall, DFA scores from
training (lled symbols) and testing set (empty symbols) were
clustered together, with only a fewmisclassications, indicating
that the clustering pattern obtained is due to bacterial pheno-
types, and that such pattern is reproducible with no data over-
tting. The cluster formed by Gram-negative bacterial isolates
(E. cloacae, K. oxytoca, and P. aeruginosa) previously observed in
the PCA scores (Fig. 2a–c) was grouped on the positive side of
DF-1 from FTIR and on the positive side of DF-2 axis in the DFA
scores obtained from O-PTIR data (both bulk and single cells).
Interestingly, the Gram-positive isolates (E. faecalis, S. aureus,
and S. pyogenes) grouped along the opposite side of the
respective DFs but not in a tight cluster as depicted by E.
cloacae, K. oxytoca, and P. aeruginosa isolates in Fig. 2d–e.
Despite the disperse clustering pattern between these different
bacterial species, isolates of the same species tended to group
close to each other. Fig. 3 shows the DFA loadings from FTIR
(DF-1) and O-PTIR (DF-2) measurements, which revealed
plots displayed in Fig. 2d–f. The plots are offset for clarity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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signicant similarities in the main vibrational modes that
contribute to the separation of the clusters containing Gram-
negative and Gram-positive bacterial isolates in each of the
three different approaches.
Raman spectroscopy

Raman spectra from single bacterial cells and bulk populations
were collected simultaneously with infrared data from all
bacterial isolates. However, the reproducibility of Raman
signatures obtained from single cells of most bacterial isolates
was quite poor (data not shown), so that we could not even
reproduce most of the Raman peaks illustrated in Raman
spectra acquired from bulk populations. The two strains of S.
pyogenes (FT1623 and FT1403) and E. faecalis (VS1282 and
VS508) were the only bacterial isolates that generated repro-
ducible and reliable Raman spectra at single cell level (Fig. S2†).
Acquiring Raman spectrum from a single cell bacterium is oen
challenging by spontaneous Raman spectroscopy due to its
lower sensitivity compared to infrared spectroscopy as the mass
of a single bacterium would be about one picogram.36 Besides
that, illuminating a single cell bacterium with relatively high
laser energies for a certain period of time increases the local
temperature resulting in photochemical effects, which may
alter the Raman signatures due to thermal damage or even
induce total cell degradation due to carbonisation.

In such situations, other Raman-based approaches with
higher sensitivity such as SERS is preferred for single cell
analysis as it can provide enhancements of 103–106-fold
compared to spontaneous Raman scattering.15,22 Thus, the
present study focused on analysing Raman signatures acquired
from bulk samples and not individual cells.

In contrast to O-PTIR spectroscopy, where the spectral range
is limited to the ngerprint region (1800–950 cm�1) due to the
QCL wavelengths, Raman spectra were acquired over 3500–
500 cm�1 from all bacterial isolates analysed in this study
(Fig. 4).
Fig. 4 Average Raman spectra collected from bacterial isolates ana-
lysed in this study. Each colour represents a species, while the different
sub-species are displayed in solid and dashed lines. The plots are offset
for clarity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
As in infrared spectroscopy, the bands observed in Raman
spectra are also associated with vibrations of the main molec-
ular constituents in bacteria. While the infrared spectra from O-
PTIR contained broad features that were largely highly similar
biochemical signatures with subtle changes in band intensities,
the Raman features obtained from some isolates exhibited
highly distinct peaks compared to other isolates, as well as
considerable differences in signal intensities.

Vibrational modes peaking in the high wavenumber region
are attributed to CH– stretching vibrations, which exhibited
similar bands in spectra acquired from all isolates. The band
peaking at 2883 cm�1 is attributed to CH– symmetric stretching
vibrations of CH2 in lipids, 2941 cm�1 is associated to CH–

stretching in CH3 groups from lipids and proteins, whereas the
peak seen in 2980 cm�1 is due to nucleic acid vibrations.37 Band
peaking at 1667 cm�1 arises mainly from the C]O stretching
vibration from backbone structure in proteins (amide I).9 P.
aeruginosa isolates are the only two strains displaying the band
at 749 cm�1, which can be attributed to the pyrrole breathing
mode in cytochromes.38,39 In addition to this, strong Raman
peaks typical from cytochromes appear at 1128, 1313, and
1588 cm�1 in P. aeruginosa isolates.38,39 Raman spectra collected
from S. aureus isolates presents two distinct bands peaking at
1158 and 1526 cm�1 resembling carotenoid staphyloxanthin
bands, which are assigned to C–C stretching and C]C
stretching vibrations, respectively.40,41 Staphyloxanthin is the
pigment responsible for the golden colour in S. aureus and plays
an important factor for the integrity of cell membrane as well as
in the virulence of S. aureus.40,42,43 Although the band at
780 cm�1 displays a strong signal in S. aureus isolates, this peak
is due to pyrimidine ring breathing and not to staphyloxanthin,
as it has also been documented in unpigmented S. aureus.40 The
band peaking at 1454 cm�1 originates from CH2/CH3 bending
vibrations from lipids and proteins,44 while the peak at
1004 cm�1 is attributed to the phenylalanine ring breathing.44

Fig. 5 displays PCA results obtained for Raman spectra of all
twelve bacterial isolates. In Fig. 5a, scores from S. aureus, P.
aeruginosa VS862, and a few scores from P. aeruginosa VS1088
Fig. 5 (a) PCA scores plot of Raman data, same species are plotted in
similar colour and different symbols represent each one of the two
sub-species. (b) PCA loadings associated to PC-1 and PC-2. The plots
are offset for clarity.

Chem. Sci., 2022, 13, 8171–8179 | 8175
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Table 2 List of bacterial isolates including species and sub-species
examined in this study

Bacterial strain Original source
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isolates were grouped on the positive axis of PC-1, while most of
the other scores from P. aeruginosa VS1088 and the remaining
isolates were clustered on the negative axis. Interestingly, the
discrimination pattern achieved by PC-1 is mainly due to the
pyrimidine ring breathing (780 cm�1) from S. aureus and
bacterial pigments, as positive loadings associated to cyto-
chromes from P. aeruginosa (1588, 1128, and 749 cm�1) and
staphyloxanthin (1158 and 1526 cm�1) from S. aureus strains
were documented. Scores from the two P. aeruginosa isolates
grouped on different sides of PC-1, which suggests varying
cytochrome content between the two strains, with higher
content in the VS862 strain. Although both S. aureus isolates
have been clustered on the same PC-1 axis, scores from both
strains were also grouped in a gradient pattern, indicating
increasing staphyloxanthin content along PC-1 axis, with higher
content in the FT1257 strain. Interestingly, the discrimination
pattern observed in PC-2 axis was similar to the grouping
pattern illustrated in infrared spectroscopy, with Gram-negative
strains (E. cloacae, K. oxytoca, and P. aeruginosa) grouping on the
positive axis of PC-2, while Gram-positive bacteria (S. aureus, S.
pyogenes, E. faecalis) clustered on the negative axis.

Clustering patterns obtained in infrared and Raman spec-
troscopies were different when compared to each other due to
the different molecular species that were highlighted by the two
different techniques. To explore this further, Procrustes anal-
ysis was performed in order to compare the similarity in the
patterns generated by Raman spectroscopy and the three
infrared spectroscopy approaches in a quantitative way. The
similarity is measured based on the Procrustes error, which
varies from 0 to 1; where 0 indicates identical patterns and 1
indicates completely different clustering patterns (Table 1). O-
PTIR data from bulk and individual cells displayed the high-
est similarity level with a Procrustes error of 0.0163, which is
expected due to the similar clustering observed in the PC-DFA
scores (Fig. 2e–f). On the other hand, pairwise comparisons of
Raman data with any of the three infrared-based approaches
displayed the lowest similarity levels, with Procrustes errors
varying between 0.3290-0.3520. These variations are mainly
associated with the differences in the principles of these tech-
niques and their ability to detect different groups of metabolites
produced by these bacteria. Microorganisms, including
bacteria, act like microbial cell factories due to the production
of metabolites such as antibacterials,45 antifungals,46 vita-
mins,47 enzymes,48 and pigments.41 Although these metabolites
may be infrared active, their infrared signatures have poor
signal due to the low concentration compared to the other
bacterial molecular constituents such as proteins, nucleic acids,
Table 1 Similarity between different datasets using Procrustes
distance

PC-DFA scores FTIR Raman O-PTIR/bulk O-PTIR/single-cells

FTIR —
Raman 0.3520 —
O-PTIR/bulk 0.1965 0.3353 —
O-PTIR/single-cells 0.2184 0.3290 0.0163 —

8176 | Chem. Sci., 2022, 13, 8171–8179
carbohydrates, and lipids. On the other hand, some of these
metabolites display molecular absorption bands compatible or
near the wavelength used for excitation in Raman spectroscopy,
resulting in the amplication of their Raman vibrations via
resonance. As a result, the enhancement of the signatures from
these ‘chromophore’ compounds will ultimately change the
Raman spectra as well as the discrimination pattern achieved by
each technique. Besides that, only the ngerprint region of
infrared spectra (1800–950 cm�1) was used as input data to the
multivariate statistical methods, whereas the input data used in
Raman analysis included vibrations peaking over the high
wavenumber region and thus, providing extra information. This
limitation is due to the QCLs used in the spectrometer
employed in our study, which can be overcome by the addition
of a tunable OPO-pulsed infrared laser to cover the higher
wavenumber region.30 Nevertheless these observed Procrustes
errors are still statistically highly signicant compared to the
NULL distribution when subjected to Procrustean test (p <
0.0001).49 This suggests that the patterns of three IR based
approaches are mostly similar to that of Raman data.
Experimental
Growth conditions and sample preparation

Bacterial strains tested in this study consist of 12 bacteria iso-
lated from clinical samples and identied at Alder Hey Chil-
dren's NHS Foundation Trust according to standard diagnostic
microbiology laboratory protocols in 2012 and 2017 (ethical
approval granted by REC 19/SC/0306), and included six isolates
of Gram-negative and six Gram-positive bacteria (Table 2). All
bacterial isolates had been stored in glycerol at�80 �C since the
time of isolation. The stored isolates were sub-cultured on brain
heart infusion agar (BHI) at 37 �C for 24 h. Aer the incubation
period, the bacteria were prepared by harvesting the biomass
from the surface of each plate using sterile inoculating loops
and resuspended in 1 mL of deionised water. Samples were
washed in water 3 times in order to remove any residues from
the media. Bacterial concentration was adjusted to an optical
density (OD600) of 15.
Enterobacter cloacae VS1811 Human faeces
Enterobacter cloacae VS94 Human faeces
Klebsiella oxytoca VS1669 Human blood
Klebsiella oxytoca VS859 Human faeces
Pseudomonas aeruginosa VS1088 Human blood
Pseudomonas aeruginosa VS862 Human blood
Streptococcus pyogenes FT1623 Human blood
Streptococcus pyogenes FT1403 Human blood
Staphylococcus aureus FT1257 Human blood
Staphylococcus aureus FT1340 Human blood
Enterococcus faecalis VS1282 Human blood
Enterococcus faecalis VS508 Human faeces

© 2022 The Author(s). Published by the Royal Society of Chemistry
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FTIR spectroscopy

FTIR data were acquired from bulk populations following
similar sample preparation and data collection protocols
previously used by our group.16 20 mL aliquots from each sample
with an optical density of 15 (OD600) was transferred to silicon
substrates (Bruker Ltd, Coventry, UK) and dried in an oven (50
�C) prior data collection. FTIR data were acquired in the mid-IR
range (4000–600 cm�1), with 64 spectral co-adds and 4 cm�1

resolution, using an accessory designed for high-throughput
measurements (HTS-XT) coupled to a Bruker Invenio FTIR
spectrometer. A total number of 16 FTIR spectra were collected
from each bacterial strain including 4 spectra acquired from 4
analytical replicates.
O-PTIR and Raman spectroscopy

O-PTIR data were obtained from bulk populations and single
cell bacterium. 2 mL aliquots from bulk samples (OD600 ¼ 15)
were spotted onto calcium uoride (CaF2) substrates. For indi-
vidual cell analysis, bacterial samples with OD600 of 15 was
diluted in deionised water (1 : 1000) in order to obtain single
cells, then 2 mL aliquots were spotted onto to CaF2 substrates.
Samples were then dried in the oven. A mIRage infrared
microscope (Photothermal Spectroscopy Corp., Santa Barbara,
USA) was used to acquire single-point O-PTIR measurements in
reection mode (Cassegrain 40� objective (0.78 NA)) over the
ngerprint mid-IR range (950–1800 cm�1; 2 cm�1 spectral
resolution and 10 scans per spectrum) with the pump beam
consisting of a tunable QCL device, whereas a continuous wave
(CW) 532 nm laser was as probe beam. Raman scattering was
detected simultaneously with infrared data from the same
location on the sample aer the photons passed through the
Cassegrain objective into a Horiba iHR320 spectrometer
equipped with a 600 groove per mm grating. Spectra were
recorded over the range of 3500–500 cm�1, integration time of
10 s, 10 accumulations per spectrum, and spectral resolution of
4 cm�1. In total 15 infrared and Raman spectra were collected
simultaneously from bulk populations of cells for each bacterial
strain. For single cell analysis, 30 infrared and Raman spectra (3
spectra per cell, 10 cells in total) were collected from single
individual bacterial cells.
Data analysis

All statistical analysis was carried out in MATLAB version 2019a
(The Mathworks Inc., Natwick, USA). Spectral data collected in
all approaches were subjected to principal component analysis
(PCA) as well as to principal component-discriminant function
analysis (PC-DFA) as clustering algorithms. Before PCA and PC-
DFA spectra were submitted to baseline correction using an
asymmetric least squares algorithm, smoothed via a Savitzky–
Golay lter using a polynomial of second order in a 7-point
window, and vector normalised. For comparison of clustering
patterns from the different spectroscopies Procrustes trans-
formations were performed using a number of 3 DFs for each
data set. All code used is available via Github (https://
github.com/Biospec/).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Conclusions

Here, we report for the rst time the use of simultaneous
Raman and infrared spectroscopies to study 12 clinically
important bacteria isolated from humans who were suffering
from sepsis. Infrared signatures were collected from bulk
samples via FTIR and O-PTIR spectroscopies, while infrared
data from individual bacterial cells was obtained by O-PTIR
spectroscopy only. Although single cell measurements are per-
formed on localised areas of a single bacterium, compared to
bulk FTIR and O-PTIR measurements from several bacteria
within the beam, our ndings showed signicant similarity and
high reproducibility in the infrared signatures obtained by all
three approaches including similar discrimination patterns
when subjected to cluster analysis. These results highlight the
potential applications of O-PTIR spectroscopy as an emerging
technology to study microorganisms at single cell level, which
has not been previously achieved by FTIR spectroscopy due to
the poor spectral resolution provided by a conventional FTIR
spectrometer. We also report, for the rst time, the use of O-
PTIR technology to acquire infrared and Raman spectral data
simultaneously from bulk bacterial isolates samples, which
displayed different clustering patterns when subjected to PCA
due to the ability of Raman spectroscopy to probe pigments
produced by bacteria such as staphyloxanthin and cytochromes.
The superior ability of Raman spectroscopy to identify pigments
may be advantageous regarding its use to study pathogenic
bacteria as it has been demonstrated that several pigments
promote microbial virulence. Despite the different patterns
obtained by using Raman and infrared spectral data as input for
clustering algorithms, our ndings showed high data repro-
ducibility in both approaches as the biological replicates from
each bacterial strain clustered together. Thus, Raman and
infrared spectroscopy offer both advantages and disadvantages,
therefore, having both techniques combined in one single
technology is a promising tool for clinical microbiology.
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