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Rapid and accurate classification and discrimination of bacteria is an important task and has been high-
lighted recently for rapid diagnostics using real-time results. Coupled with a recent report by Jim O'Neill
[https://amr-review.org] that if left unaddressed antimicrobial resistance (AMR) in bacteria could Kkill
10 million people per year by 2050, which would surpass current cancer mortality, this further highlights
the need for unequivocal identification of microorganisms. Whilst traditional microbiological testing has
offered insights into the characterisation and identification of a wide range of bacteria, these approaches
have proven to be laborious and time-consuming and are not really fit for purpose, considering the
modern day speed and volume of international travel and the opportunities it creates for the spread of
pathogens globally. To overcome these disadvantages, modern analytical methods, such as mass spec-
trometry (MS) and vibrational spectroscopy, that analyse the whole organism, have emerged as essential
alternative approaches. Currently within clinical microbiology laboratories, matrix assisted laser desorption
ionisation (MALDI)-MS is the method of choice for bacterial identification. This is largely down to its robust
analysis as it largely measures the ribosomes which are always present irrespective of how the bacteria are
cultured. However, MALDI-MS requires large amounts of biomass and infrared spectroscopy and Raman
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spectroscopy are attractive alternatives as these physicochemical bioanalytical techniques have the advan-
tages of being rapid, reliable and cost-effective for analysing various types of bacterial samples, even at the
single cell level. In this review, we discuss the fundamental applications, advantages and disadvantages of

rsc.li/analyst modern analytical techniques used for bacterial characterisation, classification and identification.
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Introduction

Unequivocal identification of bacteria is essential for several
clinical and biological applications, such as the treatment of
disease in animals and plants, where accurate diagnosis is
required for an efficient and effective strategy to eradicate
infectious microorganisms." Accurate diagnosis is also impor-
tant in limiting the possibility of toxicity to host cells as well
as reducing the risk of developing antimicrobial resistance
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(AMR). In addition, detection and identification of bacteria
play a key role in quality control in the food industry,> while
adequate control of bacteria and fungi is important with food
biotechnology, for example for the fermentation of foodstuffs
and production of microbial metabolites used as food ingredi-
ents such as acetic acid and citric acid.’

A desirable technique for bacterial characterisation and
identification should fulfil the following criteria: provision and
identification within universal bacterial detection, the ability
to detect and identify emerging and uncharacterised bacteria
unequivocally, high throughput analysis, low operation cost
and minimal sample preparation time.*

Traditional bacterial typing

The first step for bacterial identification is the isolation of the
bacteria from the complex sample that they reside in. For
human samples this may be something relatively non-complex
like urine or blood, to faeces where many commensal bacteria
reside as part of the natural microflora; for environmental
samples this could be for example a soil specimen. In order to
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Table 1 Advantages and disadvantages of traditional methods used to characterise bacteria

Methods  Advantages Disadvantages
PCR « Sensitive « Target DNA sequence must be known
« Precise « Small amounts of contaminants within samples interfere with experiments
« Accurate « Cannot differentiate between live versus dead bacteria
 Time-consuming
« Requires expertise
ELISA « Specificity « Need for highly specific antibodies and prior knowledge
« Sensitivity « Labour-intensive
« Reliability
PFGE  DNA restriction patterns generated by PFGE are « Time-consuming

stable and reproducible
« PFGE has proven extremely powerful in the analysis
of large DNA molecules from a variety of sources

achieve isolation of bacteria, microbiologists use selective and/
or differential media. As the names suggested these media
first enrich for a particular bacterial species. This requires the
clinician/microbiologist to have prior information as to what
the infective organism may be. In addition, some media are
also differential in nature so that the microorganism that a
microbiologist is looking for becomes coloured in some par-
ticular way. This is usually due to a specific enzyme reaction
turning a substrate into a chromogenic product that can be
easily seen by eye.” Following isolation of the bacteria a range of
tests are used for identification purposes. It should be stressed
that isolation of bacteria is a relatively slow process which is
dependent on the growth rate of the microbes: taking days for
fast-growing bacteria like Escherichia coli, to several weeks for
slow growing bacteria like Mycobacterium tuberculosis.

A great deal of research has demonstrated the application
of a wide range of laboratory techniques to classify and ident-
ify bacteria;® these include physiological and biochemical
tests, such as cell morphology assessment and analytical
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« Bands are not independent
- High cost

profile index (API),” immuno-assays such as the enzyme-linked
immunosorbent assay (ELISA),® as well as genetic analysis
(DNA sequencing) using polymerase chain reaction (PCR)* and
pulsed-field gel electrophoresis (PFGE).” However, the majority
of these standard microbiological approaches tend to be time-
consuming, cannot differentiate between dead and live cells
and are labour and cost-intensive (Table 1). Therefore, this
highlights the need for new alternative and/or complementary
approaches that offer lower turnaround time, high reliability
and cost-effective bacterial analyses."’

Physicochemical methods for bacterial typing

Modern analytical techniques, including mass spectrometry"*
and spectroscopic techniques,’”> have demonstrated great
potential in classification, identification and characterisation
of bacteria. Analytical techniques such as matrix-assisted laser
desorption/ionisation mass spectrometry (MALDI-MS),"? electro-
spray ionisation mass spectrometry (ESI-MS),"* Raman spectro-
scopy'® and Fourier-transform infrared (FT-IR) spectroscopy'®
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Fig. 1 Bar chart showing the number of publications from 2000 to 2019 in PubMed and Web of Science (WoS) bibliometric repositories using the
search terms ["bacterial typing” AND (“mass spectrometry” OR “vibrational spectroscopy”)] for modern analytical techniques used in bacterial typing,

classification or identification.

have undoubtedly gained increasing importance in many
microbiology and clinical laboratories due to their efficiency in
laboratory diagnosis of microbial infections. A simple litera-
ture search covering the last 18 years using suitable
keywords (e.g. [‘bacterial typing’ AND {‘mass spectrometry’
OR ‘vibrational spectroscopy’}]) in different bibliometric

Malama Chisanga graduated
with top class distinction in
Chemistry  from  Copperbelt
University, Zambia in 2012,
before completing an MSc at the
University of Manchester in
2014. In 2020, he successfully
completed his PhD in Analytical
Chemistry under the mentorship
of Professor Roy Goodacre and
Professor Nick Lockyer at the
University of  Manchester.
Malama’s project involved the
development of SERS, Raman
spectroscopy and FT-IR spectroscopy combined with multivariate
statistical techniques to probe metabolic functions and phenotypic
characteristics of clinically and industrially relevant bacteria
within complex microbial communities. He re-joined Roy
Goodacre’s research laboratories at the University of Liverpool in
2020 where he worked as an honorary research associate.
Malama’s current research involves the investigation of kinetics of
substrate uptake and cross-feeding experiments of metabolites
among microbes residing in mixed microbial consortia using
several analytical approaches including SERS, Raman spec-
troscopy, and GC-MS platforms.

i .
Malama Chisanga

772 | Analyst, 2021,146, 770-788

repositories shows the rapid and steady increase in
the number of publications in bacterial typing, as shown in
Fig. 1. A Web of Science search showed a six-fold increase in
publications in this period, suggesting that more biological
and clinical laboratories are opting for the use of these
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Fig. 2 Illustration of various methods used for bacterial characterisation, including traditional methods, vibrational spectroscopy, and MALDI-mass

spectrometry.

identification, rather than routine old-fashioned traditional
methods.

In this review, we discuss the use of mass spectrometric and
vibrational spectroscopic methods as biomolecular analytical
tools, with a specific focus on their application in identifying and
classifying bacterial samples - a technique referred to as ‘whole
organism fingerprinting’.'”'® Fig. 2 shows a schematic summary
of the various methods used for bacterial characterization,
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vibrational spectroscopy. It is noteworthy that MS, Raman spec-
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troscopy and infrared spectroscopy probe the whole cell, which is
in contrast to the traditional methods that target specific mole-
cular species. Moreover, as these methods generate whole organ-
ism fingerprints, they measure the phenotype of the bacterial cell,
which reflects the interaction of the microorganism’s genotype
within the environment it inhabits.
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Vibrational spectroscopic techniques

Vibrational spectroscopy has attracted considerable interest
over the past decades as a high-throughput screening tech-
nique for rapid analysis of various microbial and biological
samples.'®! FT-IR spectroscopy and Raman spectroscopy are
the most popular vibrational spectroscopic platforms used for
identification and classification of bacteria based on whole
organism biomolecular fingerprints.*>>* Therefore, these
spectroscopic techniques provide compelling evidence and
useful data for investigating the intrinsic biochemical compo-
sition and variations in the bacterial phenotype.*®
Interestingly, the spectral data and information obtained from
these vibrational techniques contain a wealth of useful bio-
chemical information from the whole cell and can be
employed to identify, discriminate and characterise different
bacterial species, including clinically and industrially relevant
strains.>*® In addition, these spectroscopic methods can be
used to quantify the levels of biological products in microbial
fermentations,*® or small molecule biomarkers (e.g.) dipicoli-
nic acid for quantification of bacterial spores.****

Fourier-transform infrared spectroscopy

An introduction to FT-IR spectroscopy for the microbiolo-
gist. FT-IR spectroscopy is a versatile analytical tool which is
widely utilised for food quality control and pharmaceutical
and medical research, in addition to bacterial classification
and identification.*®> FT-IR spectroscopy allows for rapid
and high-throughput analysis without being destructive to bac-
terial samples.'>*® A wide range of research studies have indi-
cated the application of FT-IR spectroscopy in combination
with chemometrics to discriminate between different types of
bacteria obtained from various sources, such as dietary and
clinical products.®”%®

In principle, FT-IR spectroscopy is based on the fundamen-
tal premise that when infrared light interacts with an investi-
gated sample, there may be an increase in the amplitude of
the vibrations of molecules such as stretching and bending
vibrations as a result of absorption of this infrared
radiation.”®*° The resultant vibrational modes of various mole-
cular bonds are detected and measured simultaneously and
can be directly matched to the biochemical species that give
rise to them; hence, a precise fingerprint of infrared-active bio-
molecules is presented by peak intensities and wavenumbers
(units of cm™" and being defined as 1/4 of the absorbing IR,
which for mid-IR is 2.5 to 25 um) in the infrared spectrum.
The peak intensities provide quantitative information about
the amounts of detected biochemical molecules whilst peak
positions (wavenumbers) provide qualitative measurements
related to the identity of investigated bacteria. It is also worth
mentioning that for a molecule to absorb IR radiation, its
molecular bonds should undergo a change in the permanent
dipole moment as they vibrate at higher frequency. This
implies that many polar biochemical bonds (e.g., C=0, C-N,
N-H, etc.) present in proteins and peptides, carbohydrates,
and fatty acids/lipids are frequently detected by FT-IR spec-

774 | Analyst, 2021,146, 770-788

View Article Online

Analyst

troscopy. In bacterial classification and identification, most
analyses of bacterial samples have been reported to fall within
the mid-IR region (4000 to 600 cm™") mainly because absorp-
tion patterns of functional groups in biological molecules are
observed in this particular region as sharp fundamental
vibrations, rather than broad overtones or harmonics which
are found in the near-IR. In relation to applications and to
facilitate unambiguous spectral band assignments of biologi-
cally relevant compounds, the mid-IR region is further divided
into sub-regions that represent:***%*!

(1) Fatty acids (3050-2800 cm™'): CH, and CHj stretching
vibrations,

(2) Proteins and peptides (1750-1500 cm™'): C=0, C-N and
N-H, vibrations and

(3) Polysaccharides (1200-900 ¢cm™): C-O and C-O-C
vibrational modes.

A growing resurgence of interest in the application of IR
spectroscopy emerged in 1991 when Naumann and colleagues
utilised this technique for analysing microbiological
samples.*” Following this breakthrough, the past four decades
have witnessed an exponential increase in the published litera-
ture which is clear evidence of the crucial role that the FT-IR
technique plays in microbial analysis. Interestingly, FT-IR spec-
troscopy achieves successful discrimination between various
taxonomic levels, growth conditions,*® detection of contami-
nants and prediction of antibiotic resistance as demonstrated
by several researchers performing bacterial typing.**~*°

FT-IR spectroscopy for bacterial typing. Application of the
combination of FT-IR spectroscopy and chemometrics*”*® has
been shown to enable accurate classification and identification
of different clinical pathogens such as bacteria®”®® and
fungi®>” at different taxonomic levels. Lee and colleagues
analysed four different strains of Pseudomonas spp., three
different strains of Escherichia spp. and two different type
strains of Bacillus spp. The results demonstrated clear dis-
crimination between bacterial strains and the main differences
were found to be in the frequency regions of amide I, amide II
and PO,” ionised asymmetric and symmetric stretching, and
this was confirmed by partial least squares discriminant ana-
lysis (PLS-DA) and hierarchical clustering analysis (HCA) of the
FT-IR data.” In another study, Rebuffo and colleagues applied
an advanced multivariate analysis that involved the use of arti-
ficial neural networks (ANN) to identify Listeria at species
levels. Analysis of FT-IR spectral data showed that 277 isolates
from five Listeria species could be differentiated with 96%
accuracy within 25 h. These findings suggest that this tech-
nique is potentially suitable for routine analysis of foodborne
pathogens in the laboratory.”® Another investigation carried
out by Janbu et al*>® involved rapid analysis of five Listeria
species using FT-IR micro- and macro-spectroscopy combined
with chemometric techniques based on canonical discrimi-
nant analysis (CDA) and PLS-DA. Interestingly, the results
obtained demonstrated a discrimination accuracy of 93% and
100% of all the screened species for FT-IR micro- and macro-
spectroscopic techniques respectively. It is very clear in this
study that despite using smaller biomass (from microcolonies

This journal is © The Royal Society of Chemistry 2021
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with dimensions 250-300 pm), FT-IR micro-spectroscopy was
capable of differentiating Listeria species accurately. This is
very important in modern clinical and environmental micro-
biology where there is a shift towards microbial colony and
single cell (with the emergence of nano-IR) level analyses for
unequivocal identification, differentiation and characterisation
of clinical pathogens even below the infective dose. The most
recent study carried out by Wang et al. illustrated the ability of
FT-IR to discriminate between 16 types of foodborne patho-
genic bacterial strains, and was supported by multivariate ana-
lysis such as principal component analysis (PCA) and HCA of
FT-IR data. In this study the authors found that a specific spec-
tral region from 1300 to 1000 cm™" which corresponds to phos-
phate and polysaccharide vibrations was successfully employed
to discriminate bacterial strains.>®

In other studies, Shapaval et al.>” developed a micro-cultiva-
tion protocol for FT-IR spectroscopy to identify various species
of molds based on the spectral libraries combined with ANN
models, resulting in an identification accuracy of 95% at the
genus and species levels. Furthermore, Shapaval and co-
workers®® established a library-independent method based on
FT-IR spectroscopy and samples were accurately identified
(from 80% to 100%) at the genus or species levels. In an
attempt to demonstrate the applicability of FT-IR spectroscopy
as a diagnostic tool in clinical setting, Maquelin et al.>°
employed FT-IR and multivariate analysis to identify bacteria
and yeast pathogens such as Staphylococcus aureus, Escherichia
coli, Enterococcus spp., Pseudomonas aeruginosa, Streptococcus
spp., and Candida spp., which are frequently detected in the
bloodstream of hospitalised patients. According to LDA and
ANN analyses of FT-IR spectral data, a clinically acceptable
identification accuracy of >98% was clearly demonstrated and
compared favorably with standard phenotypic identification
tools (API and Vitek systems) routinely applied in hospital lab-
oratory setting. In the same study,®® FT-IR analysis exhibited
far superior turnaround time (6-8 h) than standard microbio-
logical tools that took ~48 h to obtain identification results.

Gram-positive bacteria, such as those belonging to the
Bacillus genera® and Listeria species,®® show good discrimi-
nation using FT-IR techniques, with a number of investi-
gations focusing particularly on discriminating between
different species. Listeria species are implicated as causative
pathogens of Listeriosis, a foodborne microbial infection
which has recently gained notoriety in South Africa, where a
significant number of victims died following ingestion of food
predominantly contaminated with Listeria monocytogenes.®**
There is no doubt that rapid identification and classification
of Listeria species is very desirable to guide effective thera-
peutic strategies, and thus to reduce mortality rates. Similarly,
the discrimination of Bacillus genus was first attempted by Lin
et al.®* and Beattie et al.® Lin and colleagues analysed Bacillus
cereus isolates using IR, which involved the identification and
differentiation of ten B. cereus group isolates, including
B. cereus, B. mycoides, and B. thuringiensis strains, five Bacillus
spp. isolates and five non-Bacillus spp. Furthermore, two
different types of media were used in this study to analyse

This journal is © The Royal Society of Chemistry 2021
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these isolates. The results clearly indicated that species-
specific peaks appeared between 1738 and 1740 cm™" in the IR
data for the B. cereus isolates. In addition, other distinctive
peaks of various band shapes and sizes were observed between
1800 and 1500 cm™" for the analysed bacterial isolates. The
results suggest that FT-IR spectroscopy can indeed be useful
for quick identification of species within the B. cereus group.
To illustrate the capability of the FT-IR tool for microbial ana-
lysis further, Beattie and colleagues®® expanded the study con-
ducted by Lin and coworkers®® where they probed a variety
of Bacillus species this time including B. cereus, B. circulans,
B. firmus, B. licheniformis, B. megaterium and B. pumilus. In this
study, the FT-IR method was supported by canonical variate
analysis (CVA) which proved to be effective in discriminating
between different types of Bacillus bacteria with a success rate
of 95%. Other authors have also illustrated the ability of FT-IR
spectroscopy coupled with robust chemometrics to discriminate
between different infectious Listeria spp.°® lactic acid bacteria,®”
Salmonella®® and Pectobacterium and Dickeya spp.*® These
studies clearly demonstrate that FI-IR spectroscopy is capable
of classifying and differentiating between medically and indust-
rially important bacteria and other microorganisms at various
taxonomic levels, which are important prerequisites for appro-
priate patient management and protection of public health.

Although FT-IR spectroscopy does not provide detailed
information regarding specific molecules due to the molecular
complexity of biological samples, and the fact that the infor-
mation provided in FT-IR spectra is related to functional
groups, compared to some other techniques such as
MALDI-MS, it is recognized as an important tool that can be
employed for rapid screening of complex mixtures (e.g., bac-
terial samples) composed of small biomolecules and biopoly-
mers such as proteins, carbohydrates, lipids, nucleic acids and
amino acids,”®”" with only a minimal amount of sample and
sample preparation required.

One of the drawbacks of FT-IR spectroscopy is that it regis-
ters strong broad bands for water molecules in the mid-IR
region which are likely to mask some vital diagnostic peaks
which may potentially lead to misinterpretation of spectral
data. This problem is usually overcome by drying the samples
at appropriate temperatures, using heavy water (D,0), attempt-
ing to subtract H,O signals or using attenuated total reflec-
tance (ATR) as a different IR sampling method.”> Another
alternative to overcome these limitations is to employ Raman
spectroscopy.

Raman spectroscopy

Introductory Raman spectroscopy for the microbiologist.
Over the last decade, Raman spectroscopy has been used suc-
cessfully as an alternative and complementary physicochemical
analytical technique to FT-IR spectroscopy. Different microbial
samples such as bacteria, yeast and fungi can be identified and
differentiated at the species and subspecies levels. This is
mainly because Raman spectroscopy has clearly demonstrated
high accuracy, speed and spatial resolution for microbial ana-
lysis in the past decades. Another attribute that sets Raman
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spectroscopy apart from other microbial typing tools is that the
Raman signals of water are very weak, making Raman spec-
troscopy more appropriate for detecting microbes directly
within aqueous habitats in which microbes naturally reside.”*”*

Like FT-IR spectroscopy, Raman spectroscopy is a non-
destructive and portable technique, potentially enabling its
application within or outside centralised clinical settings when
analysing bacterial samples at the point of care - through so
called ‘point-and-shoot’ analysis.”” Although Raman spec-
troscopy was traditionally used for analytical chemistry appli-
cations, there has recently been an increase in biological and
pharmaceutical studies that utilise this technique.”®”® The
fundamental principle behind Raman spectroscopy lies in its
ability to use monochromatic light delivered by powerful
lasers, mainly in the near-IR (NIR) to visible, or within UV
regions, which exploits the Raman effect (inelastic scattering).
The Raman scattering effect occurs in a very small fraction of
scattered photons (relative to the Rayleigh process which is the
dominant effect) after excitation of molecules.”’ The Raman
effect is caused when there is a difference between the energy
of the scattered photon and the incident photon following
interaction between the electric field of incident radiation and
sample molecules being analysed. This interaction causes dis-
tortion of electron clouds in symmetrical Raman-active
covalent chemical bond vibrations which results in increased
induced dipole moment (polarizability). This scattering event
causes energy exchange due to collisions between photons and
molecules resulting in the molecules either gaining or losing a
minimal amount of energy. An increase in molecular energy of
sample molecules causes a decrease in the scattered photons
resulting in Stokes scattering whereas the decrease in mole-
cular energy due to the transfer of quantum energy to the scat-
tered radiation leads to anti-Stokes scattering. In contrast,
Rayleigh scattering (also known as elastic scattering) does not
change the quantum state of the sample molecules under
investigation significantly; that is to say it does not provide
useful qualitative or quantitative information about the
sample molecules. Despite being very useful, Raman scattering
is an inherently weak effect since typically only about 1 in 10°-
10® photons scatter in an inelastic manner leading to lower
sensitivity and longer spectral collection times.”®
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To overcome this weakness, a number of improved sample
preparation methods and techniques are used in conjunction
with Raman spectroscopy, including surface enhanced Raman
scattering  (SERS)®**®  resonance Raman spectroscopy
(RRS),*"%  coherent anti-Stokes Raman  spectroscopy
(CARS)***” and stimulated Raman spectroscopy (SRS)*® and
are shown to enhance Raman signals by several orders of mag-
nitude which is often needed for bacterial classification and
identification.

The continuous development of instrumentation and com-
puting has increased the popularity of Raman spectroscopy,
thereby increasing the scope of application in bacterial classifi-
cation and identification. Table 2 shows the main Raman
bands that are seen in bacterial samples and their corres-
ponding assignments.”%%°

Raman spectroscopy for bacterial typing. Raman spec-
troscopy provides a high degree of flexibility for a number of
applications in bacterial identification and classification,
enabling data to be recorded and analysed for bacterial
samples from a variety of biological sources,® including
directly from colonies.”® Advances in Raman spectroscopy
enables the discrimination of intact bacteria without the need
for complex sample preparation, providing reproducible and
distinct biochemical fingerprints for each bacterial strain,”*
and allowing reliable identification to be carried out.

Raman spectroscopy has been applied for the detection and
characterisation of various microbes as well as assessment of
the response of microbes to external perturbations. For
example, Athamneh et al.”> demonstrated the ability of Raman
spectroscopy to profile the phenotypic response and suscepti-
bility testing of E. coli to antibiotics using 532 nm excitation
laser wavelength. In this study, E. coli cultures were subjected
to 15 different antibiotics (including amongst others ciproflox-
acin, ampicillin, and kanamycin) with known mechanisms of
action for 30 min. The results showed that Raman spectra con-
tained promising biochemical information to differentiate
between profiles induced by individual antibiotics belonging
to the same class. Other researchers used UV resonance
Raman spectroscopy for the characterisation of bacteria,”® and
went on to demonstrate that when bacteria were challenged
with different concentrations of the antibiotic amikacin, which

Table 2 Main peaks that are observed in Raman spectra from bacteria, along with their corresponding assignments

Peak wavenumber (cm ™) Band assignment

N-H bending and C-N stretching in amide II (weaker than amide I and III)

C-O stretching from amides, proteins or P=O0 stretching in phosphodiesters, flavin adenine dinucleotide, etc.

~3064 =C-H stretching in proteins, lipids, etc.
2800-3100 CH; and CH, stretching from lipids, carbohydrates, proteins, etc.
~1655 C=0O0 stretching from amide I

1575-1590 Ring vibrations in guanine and adenine
~1550

1453 CH, deformations in proteins, lipids, etc.
1339 Adenine, guanine, tyrosine ring vibrations
1230-1295 C-N stretch and N-H bend in amide III
~1170 Tyrosine, phenylalanine vibrations

~1002 Ring vibrations in phenylalanine

~1087

~781 Cytosine, uracil (ring stretching)

776 | Analyst, 2021,146, 770-788

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0an01482f

Open Access Article. Published on 18 November 2020. Downloaded on 3/17/2026 10:05:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

inhibits protein synthesis, quantitative changes could be seen
in the protein and nucleic acid vibrations when excitation was
in the deep UV at 244 nm.** Another study was carried out by
Zhou et al.”® in which the authors illustrated the utility of
novel nanostructures, AgNPs coating bacteria structure, for
quick counting and differentiation of live and dead bacteria
via SERS. Furthermore, Kusié¢ et al.°® used Raman micro-spec-
troscopy (that is to say, Raman technique coupled with a
microscope) in combination with support vector machines
(SVMs) to identify water pathogens at the single cell level. The
authors further illustrated that Raman spectroscopy can be
employed as a fast and reliable technique to discriminate
between Legionella species and to identify unknown samples.

Assaf at el.”” distinguished between two closely related
species, Salmonella enterica and E. coli, inoculated and exam-
ined with six of the most frequently used buffered peptone
water brands using Raman spectroscopy. The results illus-
trated that bacterial cells behaved inversely depending on the
water brand used in terms of biomass production and the
spectral fingerprint. The accuracy of the analysed bacteria was
achieved between 85% and 100%, and this was similar to the
findings of another study conducted by Wang et al.’® where
the detection of pathogenic S. aureus was successfully reported
using Raman spectroscopy. In another study, the successful
classification of six bacterial species (B. cereus, Enterobacter
aerogenes, E. coli, Streptococcus pyrogenes, Enterococcus faecalis
and Streptococcus salivarius) was carried out by Xie et al. using
Raman spectroscopy.”® In addition, Harz et al.'°® reported the
successful discrimination of several Staphylococcus species
both at the species and strain levels. A further study carried
out by Schmilovitch et al.'®* enabled clear distinction between
Gram-positive and Gram-negative bacteria using Raman spec-
troscopy with a diode laser of 785 nm excitation. These
examples provide evidence that Raman spectroscopy can be
used for the analysis of bacterial samples using various
sample preparation methods, instrumentation parameters and
chemometric tools.

Although Raman spectroscopy exhibits poor quantum
efficiency in comparison with IR spectroscopic techniques,
SERS is often employed to enhance Raman signals, resulting
in increased sensitivity down to single molecule detection.'*?
SERS involves the measurement of the interactions between
plasmonic metallic nanoparticles (NPs) and sample molecules;
these molecules can be in direct contact to or reside in close
proximity to the NP surface.'®*'%* Although the SERS enhance-
ment mechanisms are still inconclusive, and that the debate is
still ongoing within the SERS community,'® the enhancement
of the Raman scattering observed via the SERS method is
largely due to the incident excitation frequency being resonant
with the surface plasmon resonance in metallic nano-
structures, the so-called localised surface plasmon resonance
(LSPR). Silver (Ag) and gold (Au) based colloidal NPs are most
widely used as enhancement substrates due to their low cost,
ease of synthesis and high stability under normal laboratory
condition. For more detailed description of SERS principles,
readers are directed to the following excellent reviews.'**¢17

This journal is © The Royal Society of Chemistry 2021

View Article Online

Critical Review

The first demonstration of SERS for the identification of bac-
teria was reported by Jarvis & Goodacre, who showed that the
signal arose from the surface features of the cell due to the
interaction of the LSPR with the bacterial cell surface.'’® Some
bacteria can naturally reduce Ag() and Au(m) to Ag and Au
NPs, respectively and thus the signal can be made to arise
from within bacterial cells.’®® This so-called in situ production
of Ag or Au NPs, where metallic particles are formed in the
presence of bacterial cells and attached to either the cell
surface or cytoplasmic biomolecules, was recently employed to
differentiate among five near isogenic cell wall mutants of a
single strain of Campylobacter jejuni foodborne pathogen.®*
Interestingly, the SERS findings were consistent with the results
obtained from Raman spectroscopy and matrix-assisted laser
desorption/ionisation mass spectrometry data applied as confir-
matory techniques in this study, clearly demonstrating excellent
reproducibility and robustness of SERS. It is thus clear that due
to the plasmonic enhancement effect it is not surprising that
SERS is a highly sensitive, fast and reliable analytical tool that
can detect low concentration of bacterial cells, differentiate
closely related pathogens and more importantly can probe
single prokaryotic cells and highly infectious biowarfare
agents.'** This makes SERS very attractive and useful in clinical
diagnostics, food and water quality and safety control measure-
ments where rapid, sensitive and unequivocal detection of
infectious pathogens is absolutely important.**°

All the above studies analysed the whole organism. By con-
trast, a recent study carried out by Kearns et al.""" developed a
new bionanosenser to detect specific bacterial pathogens
(E. coli, Salmonella typhimurium, and methicillin-resistant
S. aureus) simultaneously by SERS that was targeted to specific
DNA sequences. This enabled the authors to multiplex the
pathogen detection, and was shown to be highly quantitative
when multivariate analyses were made. For information on
quantification of analytes and bacteria by SERS the reader is
direct to these recent reviews.**!%4112

Finally, perhaps the most exciting aspect of Raman spec-
troscopy is that it is possible to measure single bacteria. This
is because the excitation source used for Raman spectroscopy
is a UV to near IR laser that is highly focused and thus pos-
sesses similar dimensions to bacterial cells (ca. 1 pm).
Schuster and colleagues were perhaps the first to demonstrate
that Raman spectroscopy had sufficient spatial resolution and
generated chemical information about single cells of the
industrially-relevant Clostridium beijerinckii.'*> Single cell ana-
lysis has been demonstrated by several groups, including for
measuring metabolic activity of cells,”®'*® and opens up the
tantalising realisation that bacteria could be analysed without
the need for a culture step.''* Thus Raman spectroscopy
would appear to possess this major advantage over infrared
spectroscopy. However, with the recent developments of
atomic force microscopy-infrared (AFM-IR)'* and optical
photothermal infrared (O-PTIR) spectroscopy,''® infrared
microspectroscopy is starting to rival Raman spectroscopy for
analysis of single bacterial cells. By way of example Fig. 3
shows an infrared spectrum collected using O-PTIR from a
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Infrared spectral signatures acquired from E. coli cells via O-PTIR using a mlRage infrared microscope from Photothermal Spectroscopy

Corp and FT-IR spectroscopy operating in transmission mode on a Bruker Equinox 55 infrared spectrometer. (A) Optical image displaying several
E. coli cells. (B) Single frequency image obtained through O-PTIR imaging for the amide | band (1655 cm™). (C) Infrared spectra acquired from single
E. coli cells via O-PTIR (yellow line) as well as from multiple bacterial cells (bulk) of the same strain using traditional FT-IR (red line) and O-PTIR (blue

line) technologies. In A and B, the scale bar is 3 pm.

single E. coli cell with typical dimensions of 1 x 2 um weighing
just 1 pg.

Mass spectrometry

Mass spectrometry (MS) is regularly used in biological studies
for qualitative and quantitative purposes. This analytical tech-
nique exploits the use of a core physical property, the mass-to-
charge ratio (m/z) of molecules as well as their fragmentation
patterns that can be used for analyte identification. Prior to
the use of this analytical technique, conventional methods
were employed for detection of biomolecules in bacterial
samples based on direct chemical or electron ionisation tech-
niques,'"” or through the use of pyrolysis as a sample intro-
duction technique."*®''® The main disadvantages of these
conventional techniques were that the energy associated with
their operation caused considerable decomposition of
samples, which led to very complex and often uninterpretable
mass spectra. Thus, conventional methods were gradually
replaced by more advanced hyphenated mass spectrometric
methods. Gas chromatography in combination with mass
spectrometry (GC-MS) is one such example of common hyphe-
nated techniques that can be used to analyse volatile and non-
volatile (after sample derivatisation) small molecules both
qualitatively and quantitatively;'>° however, the use of chrom-
atography necessitates relatively long analysis times
(30-60 min is typical) and complex deconvolution steps are
involved, thus making GC-MS both time-consuming and labor-
ious, and the same can be said for liquid chromatography-
mass spectrometry (LC-MS)."*" This highlights the need for
other more rapid and facile methods of analysis. The introduc-
tion of soft ionisation techniques such as matrix-assisted laser
desorption/ionisation (MALDI)'*> and electrospray ionisation
(ESD)'** in the late 1980s solved the problems associated with
harsh ionisation techniques. Many MS methods have since
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been developed for use in a wide range of applications, such
as biological, chemical and life sciences. MALDI and ESI are
highly accurate methods that have been employed for the
identification and characterisation of proteins, lipids, sugars
and nucleic acids in various biological samples, and as such
are ideal for the analysis of bacteria.'** Whilst some research-
ers have developed ESI-MS via direct infusion for bacterial
classification,'*>'*® the vast majority of mass spectrometry-
based bacterial identification has been undertaken using
MALDI-MS.

An introduction to matrix-assisted laser desorption/ionisation
mass spectrometry

Although FT-IR spectroscopy and Raman spectroscopy are
regarded as powerful physicochemical tools, the introduction
of MALDI-MS proved to be a preeminent advancement in the
identification of bacteria within clinical microbiology labora-
tories due to the speed, accuracy, simplicity and cost-effective-
ness of this technique."®”

MALDI-MS works by producing molecular ions when a laser
beam is applied to analytes, which are mixed prior to analysis
with a matrix, and air dried. Analyte and matrix mixtures are
analysed on a MALDI target metal plate with the most
common ones being stainless steel, aluminium and gold."*®
The matrix is a highly concentrated solution of low molecular
weight, generally acidic, organic molecules that contain a con-
jugated double bond system capable of absorbing the UV laser
energy used in MALDL.'*° Examples of matrices that absorb in
the UV (337 nm excitation is typical of MALDI) include sinapi-
nic acid (SA),"*® a-cyano-4-hydroxycinnamic acid (HCCA)"*"'3?
and 2,5-dihydroxybenzoic acid (DHB)."***** There is no univer-
sal matrix or a standard method for the deposition of the
analyte/matrix mixture on the MALDI plate that can be used
for routine analysis, nor a set of guidelines in the literature to
assist in choosing the optimal matrix and protocol for the ana-
lysis of microorganisms and other sample analytes. Hence, the
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matrix and preparation method most suitable for a particular
application are typically chosen on the basis of trial and error,
although some researchers have used the design of experi-
ments to optimise the matrix and preparation method,"*> that
can be applied for bacterial characterisation."*® The suitability
of the matrix used in any research study is highly dependent
on certain factors, including the solubility of the matrix in
different solvents and its ability to absorb laser energy at the
wavelength used in the MALDI-MS device. In MALDI-MS,
sample and matrix molecules co-crystallize on the plate and
subsequently different types of laser beams, with the most
popular being in the UV with a nitrogen laser (337 nm) or
sometimes in the infrared with an erbium doped yttrium alu-
minium garnet (Er:YAG) laser (2940 nm), can be used to excite
the analyte/matrix crystals. Irradiation of the analyte/matrix
system by a laser pulse leads to desorption of the embedded
analyte molecules.””’ The mechanism of desorption is not
well-understood and the desorbed molecules are ionised
forming predominantly singly charged ions, which are separ-
ated and counted by the time-of-flight (TOF) mass analyser.”*

MALDI, being a very soft ionisation technique, also allows
the direct measurements of proteins in whole bacterial cells,
without any fragmentation.®”'*®* In these methods, the
majority of proteins that can be identified are ribosomal pro-
teins, which are detected quite easily due to their smaller size
and high abundance. Moreover, the fact that amino acid
sequences of ribosomal proteins are conserved to a great extent
at the genus and sometimes at the species level, the slight vari-
ations in these sequences can be used to distinguish bacteria at
the strain level.'*® One of the benefits of the ribosomes being
measured is that they are always produced under any growth
condition and so are not susceptible to variable phenotypic
effects during bacterial cultivation; this may be why the method
is very stable and used routinely in many clinical microbiology
laboratories. Identification of bacteria at the genus, species or
strain level is usually performed using the obtained protein
mass patterns together with a library based approach or a bioin-
formatics enabled analysis."*® In both of these methods, the
analyst is comparing and matching distinguished and discrimi-
nated peak (biomarker) in the MALDI-MS profiles of the bac-
teria under investigation with publicly available databases.*""*?

The use of MALDI-MS has been extended to a variety of
research areas, including the direct analysis of organisms and
biological tissue samples and the characterisation of peptide
and protein components.'**™'**> In addition to its qualitative
applications, MALDI-MS is also a popular quantitative tool due
to its ability to analyse molecules over a wide range of mass,
its high sensitivity, easy and fast sample preparation, and
short analysis time. Quantification can be relative to a refer-
ence sample or based on the use of internal isotopically
labelled standards. Challenging samples have been success-
fully characterised and quantified using MALDI-MS, including
intact peptides and proteins measured directly in biological
tissues and fluids.*

Despite the numerous reported quantitative MALDI-MS
applications, there still remain some limitations that restrict
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the widespread use of MALDI-MS and these are thought to be
mainly associated with analyte/matrix mixture heterogeneity,
which results in variable analyte signal intensities. Other limit-
ations include the difficulty in coupling MALDI-MS to separ-
ation techniques, such as liquid chromatography, and limit-
ations of the dynamic range that arise due to saturation of the
detector. Together, these factors most likely compromise the
use and reliability of making quantitative determinations
using MALDI-MS, with the majority of studies focusing on ana-
lytes of low molecular mass, for example food products,'*®
while other investigations utilised MALDI-MS as a relatively
quantitative tool in biological applications, such as the ana-
lysis of proteins,"” mneuropeptides,*® antibiotics,"*® and
metabolites in biological tissues or fluids."*®

Bacterial typing with MALDI-MS

Drucker and Fenselau were the first to report the typing of
microbes using MALDI-MS in 1993, where the identification of
microbial samples was based on their cellular lipid compo-
sitions. Since then, the identification of microbes has devel-
oped so that they can be identified based on their protein pro-
files, which can be directly obtained from whole cell organ-
isms,"" with the first application of rapid identification of
bacteria from protein profiles reported by Claydon and co-
workers in 1996,"*> which was closely followed by very similar
findings by another research group later the same year.'*?
Since 2016, Korea has introduced the use of MALDI-MS as a
new clinical analytical technique in healthcare for reliable
routine analysis. This has the potential to identify bacterial
infections correctly, leading to timely prescription of appropri-
ate antibiotics to treat infections effectively and limit resis-
tance. Lange et al. analysed different types of bacteria (108
Klebsiella spp. isolates) using MALDI-MS in the presence of
meropenem; in this work a sensitivity and specificity of 97%
and 94% respectively were achieved.'® A recent study was
carried out by Axelsson et al. where the authors showed the
ability of MALDI to distinguish between susceptible and resist-
ant strains of E. coli and K. pneumoniae with 90 min of incu-
bation at 37 °C for three different types of antibiotics (cefotax-
ime, meropenem and ciprofloxacin). In this study, overall 841
positive blood culture analyses of 14 reference strains were
achieved, and the results showed high sensitivity (99%), speci-
ficity (99%) and accuracy (97%).'>® DeMarco et al. demon-
strated clear detection and identification of bacteria directly
from urine samples without the need for bacterial culture
steps, using the diafiltration MALDI-MS technique.'®
Similarly, Nakano et al. carried out a study using MALDI-MS to
discriminate between 10 major serotypes of S. pneumoniae."”
Woods et al. went further to differentiate a large number of
S. anginosus group using MALDI-MS with a high sensitivity of
93%.'® Moreover, discrimination between 35 Enterococcus
faecium strains was carried out in clinical samples using
MALDI-MS at the strain level with high accuracy (78%).">°
Finally in a recent study Zhu and co-workers showed that bac-
teria isolated from blood culture could be identified from as
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little as 500 cells per mL in blood serum and 8000 cells per
mL in whole blood."®°

As MALDI-MS currently dominates clinical microbiology
labs for bacterial typing, and in some areas replacing tra-
ditional microbiological methods for bacterial typing, we
discuss the methods that people have used to conduct
MALDI-MS on bacteria for bacterial characterisation and
identification.

MALDI-MS: sample preparation for bacterial analyses

Researchers have assessed several MALDI-MS sample prepa-
ration methods for many different microorganisms. Whilst
direct cell profiling can be used to identify some microbes,
some researchers have developed methods for the generation
of whole cell lysates or crude cell extracts. When using direct
cell profiling, a single bacterial colony can be gathered using a
plastic loop and placed onto a MALDI sample plate, which is
then overlaid directly with the matrix solution (see below for a
discussion of common matrices used) before analysis.
MALDI-MS of intact bacteria has been used to identify Gram-
negative bacteria, such as Neisseria spp.'®" and Vibrio spp.'®>
By contrast, as the cell wall of Gram-positive species is tougher
‘preparatory extraction’ of microbes with formic acid (FA) is
preferred for bacterial identification. However, Gram-negative
bacteria cannot be identified using this extraction
method."®1¢*

Aerobic actinomycetes such as Nocardia and Mycobacterium
species require specialized processing procedures prior to the
MALDI-TOF analysis due to the composition of their cell walls
which contain mycolic acids. Verroken et al.'®> developed a
modified procedure for the identification of Nocardia spp. by
MALDI-MS, in which bacteria are first lysed in boiling water
and the proteins are then precipitated using ethanol. The pro-
teins are dried and resuspended in 70% FA and acetonitrile
(ACN). This was followed by analysis using MALDI-MS. Several
different procedures have been reported regarding sample
preparation protocols used for the identification of mycobac-
teria by MALDI-MS; some of these examples include direct bac-
terial profiling and treatments using formic acid. However,
due to the pathogenicity of some Mycobacterium spp. safety
issues have been a concern during investigations. A procedure
that combined both bacterial inactivation and process
methods was described by El Khéchine et al.'®® Colonies from
mycobacteria were collected using screw-cap tubes, with water
and 0.5% Tween 20, which were then inactivated by heating
for 1 h at 95 °C. The inactivated samples were then subjected
to centrifugation and then vortexed with glass beads, which
led to the disruption of the mycobacterial cell wall. The resul-
tant pellet was resuspended in FA and followed by centrifu-
gation. Finally, the supernatant was spotted onto the MALDI
plate and was overlaid with a suitable matrix.'®

MALDI-MS: choosing the best matrix

It can be challenging to choose the most suitable matrix for
the analysis of specific bacteria. This is because there are cur-
rently no agreed guidelines documented (so called Standard
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Operating Procedures (SOPs)) to assist the process of choosing
the most suitable matrix and deposition protocol for the ana-
lysis of all possible microorganisms. Thus, the matrix is gener-
ally chosen through trial and error. The matrix used is usually
determined by looking at a number of different factors, includ-
ing the solubility of the matrix in different solvents, as well as
its ability for enhanced desorption and ionisation by having
the correct laser excitation frequency. An appropriate matrix
selection is a vital phase in the development of the sample
preparation protocol for the MALDI-MS and the preferred
matrices for direct analysis of bacteria for proteins include
CHCA, SA, DHB, with the addition of FA. On the other hand,
with lipid or phospholipid ionisation, 2-mercaptobenzothiazole
(MBT) or CMBT is favoured.'®” Unfortunately, there is no
agreement on what the best matrix for the MALDI-MS bacteria
profiling is, because of the various factors that contribute to
the ionisation process and thus the MALDI-MS profile quality.
These include the variability of sample preparation procedures
and the analyte itself, the chemicals used, etc. It has been
found that when using a different matrix for the same type of
bacteria, a substantial change occurs in the MALDI mass spec-
trum. For example, Demirev et al."®® noted that CHCA gener-
ated very different signals from the SA/4-methoxycinnamic
acid (MCA) mixture when used for E. coli cells.

The use of alpha-cyano-4-hydroxycinnamic acid (CHCA) has
been reported in nearly half of the studies in the field of
MALDI bacteria profiling for analysis of peptides or small pro-
teins. CHCA is generally chosen instead of other matrices, due
to its high detection rate, signal intensity in the lower mass
range'® 7" and its sensitivity.'”> It was concluded that a
higher frequency of signals resulted in the formation of
doubly protonated ions.'”? Despite the numerous advantages
that CHCA has to offer in MALDI-MS, there are also a number
of disadvantages, such as its lower signal resolution in com-
parison with FA and SA, it has a higher degree of peak broad-
ening and the lack of signals in the high-mass range, com-
pared to FA.'”*

SA is another well-known protein matrix, which has also
been widely used in studies carried out on bacteria profiling
using MALDI-MS. Many studies reported better ionisation of
high molecular weight proteins,'”” in turn benefiting from less
frequent peak broadenings, improved spectral quality, sample
homogeneity, greater mass accuracy, and shot-to-shot reprodu-
cibility, as well as better signal resolution. This matrix has also
been found to have the best signal-to-noise ratio and signal
intensity among other matrices."”’®"’® Furthermore, other
researchers preferred the use of FA as the matrix for bacteria
profiling, because of its ability to ionize compounds with
higher molecular weight,"” its good signal resolution and
shot-to-shot reproducibility.

As there are many matrices to choose from, some research-
ers have decided to use combinations of matrices for bacterial
analysis. A binary 1:1 mixture of 2-(4-hydroxyphenylazo)
benzoic acid (HABA)/MBT was found to produce peaks in the
high mass range from extracted proteinaceous materials
extracted from E. coli.'®°
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Finally, choosing an appropriate solvent is another vital
step for sample preparation prior to analysing samples using
MALDI-MS. Solvent volatility is frequently modified to attain
large biomolecule ionisation; this is because slow crystallisation
is thought to generate larger matrix crystals. Alternatively, the
homogeneity of the matrix layer is composed of small crystals
through fast solvent evaporation, enhancing shot-to-shot repro-
ducibility. Conway et al'®' described that the SA matrix dis-
solved in 30% ACN (0.1% TFA) and mixed with an
Enterobacteriaceae suspension in water led to a wider range and
higher signal intensity in comparison with when samples were
dissolved in isopropyl alcohol. Moreover, Ruelle et al.'® stated
that CHCA dissolved in 0.1% TFA/ACN (60 : 40) resulted in the
formation of peaks from E. coli suspension only in the low-mass
region, while additional peaks in the high-mass range were
detected when dissolved in ACN/isopropanol/0.1% TFA.

/ Bacterial sample preparation \
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As is clear from the above there is still much room for devel-
opment in the best matrix and solvent combinations to use for
MALDI-MS analysis of intact bacteria as well as solvent extracts
for peptide, protein or lipid analysis.

MALDI-MS: sample deposition approaches

Several sample deposition methods can be used for MALDI-MS
analysis. When the matrix and analyte are homogenized, co-
crystallisation occurs, prompting the formation of sweet or hot
spots. The methods for sample deposition are generally easy to
perform. The most frequently used ones for sample prepa-
ration are mixing the bacteria and matrix together, overlay,
underlay and sandwich methods. These methods are illus-
trated within Fig. 4.

Vaidyanathan et a analysed B. sphaericus, E. coli, and
Brucella laterosporus and observed difference in low- and high-
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mass ranges of MALDI-MS profiles when three separate
sample deposition methods were investigated. These included:

(a) Mixed method - a pre-mix of the bacterial suspension
with the matrix solution was used,

(b) Modified underlay method — where the matrix was first
spotted on a MALDI plate, then a pre-mix of sample/matrix
was added as an additional layer,

(c) Overlay method - where the bacterial sample was first
spotted on a MALDI plate, allowed to dry, and was then
covered with the matrix solution.

The last approach provided the best spectra in terms of the
number of detected signals and signal-to-noise ratio. Despite
this finding other workers have shown that the mix method
was preferred for the analysis of Gram-positive bacteria.'® This
clearly highlights that one sample analysis method does not
exist for the analysis of all bacteria.

Multivariate analysis

In this review we have introduced and discussed three
different physicochemical bioanalytical techniques that are
used for bacterial typing. All of these produce a large number
of characteristics about the sample under analysis. For FT-IR
and Raman these consist of thousands of complex vibrational
modes either from absorption of infrared light at a particular
wavelength (expressed as wavenumber), or from the shift in
the frequency of light from a laser excitation source in Raman
spectroscopy. For MALDI these data are representative of the
relative amounts of particular analytes (peptides, proteins,
lipids, etc.) with particular m/z. Thus, multivariate analysis is
needed in order to transform these spectra into useful outputs
that aid clinical microbiology.

The central principle of multivariate analysis (MVA) relies
on simplifying the data to a smaller number of variables
without compromising the information content within the
original data input, with the hope that this helps enhance
scientific reasoning. For bacterial characterisation and typing
there are generally two approaches: unsupervised methods

View Article Online
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that perform exploratory analysis; and supervised learning
methods that aim to effect identification of bacteria from a
spectral input. In general, unsupervised methods use only
the spectral input variables (X-data), whilst supervised
methods aim to take the X-data as input variables and
associate these data with a set of target output variables
(Y-data) which encode the identity of a set of bacteria of
interest.®

Perhaps the most popular unsupervised method is princi-
pal component analysis (PCA) which is used to reduce data
dimensionality and as an exploratory analysis shows structure
in the data by clustering spectra into groups with similar
characteristics, as well as being used to discover outliers. PCA
is not used to identify bacteria from their spectral profiles and
so in general supervised models are used for bacterial classifi-
cation from MS and spectroscopy data. The most popular ordi-
nation models are based on Fisher’s linear discriminant ana-
lysis (LDA), and include discriminant function analysis (DFA;
also termed canonical variate analysis (CVA)) and partial least
squares-discriminant analysis (PLS-DA)."83184

There are various nonlinear equivalents to these LDA
methods that perform nonlinear mapping from X-data (MS,
IR, Raman) to Y-data (bacterial identity). These methods are
generally referred to as machine learning techniques, with the
most well-known referred to as: support vector machines
(SVMs), random forests (RFs) and kernel PLS (kPLS) and for
the interested reader a recent tutorial review highlights these
alogorithms.'® Recently the interest in artificial intelligence
(AI) and artificial neural networks (ANNs) has grown and in
turn given rise to in depth learning. A variety of layers are
used in convolution neural networks, which are essentially
different to the single layer neural networks developed by
Rumelhart and colleagues.'®®'®” Finally, whilst supervised
learning methods are very powerful, they are not infallible and
so need to be robustly calibrated. It is vital that the number
of latent variables is selected carefully, and that supervised
models are validated through (e.g.) bootstrapping or n-fold
cross-validation, preferably tested with data not used at all in
model construction.'® Only then can precise prediction,

Table 3 Comparison of the characteristics of various vibrational and mass spectrometric techniques

Analytical technique

Techniques characteristics FT-IR spectroscopy Raman spectroscopy MALDI-MS

Cost of running per sample Low Low Low

Automation Yes Yes Yes

Sample preparation Minimum Minimum Minimum/moderate
(depending on biomolecule/matrix)

Amount of sample required 1-2 pL 1L 2 pL

Single cell analysis possible? No (but possible with AFM-IR and O-PTIR)“ Yes No

Analysis time 1 min 1 min 2 min

Reproducibility Good Medium Medium

Sensitivity High High High

Destructive of sample No No Yes

Size of generated data Small Small Average

Complexity of data Low Average Average

% AFM-IR, atomic force microscopy coupled with infrared; O-PTIR, optical photothermal infrared.
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Table 4 Advantages and disadvantages of vibrational and mass spectrometric techniques used in characterisation of bacteria

Method Advantages Disadvantages
FT-IR « Easy sample preparation « May need expertise in chemometric analysis of data
« Simple to use « The water band is very strong so the sample needs to be dried
« Sensitive technique « Different conditions (e.g. growth time and culture medium) can
« Provides general information about whole-bacterial cells cause variations in spectra
« Rapid analysis
« Portability
Raman « Provides information on biological structures « The Raman effect is weak leading to low sensitivity and long
« Able to analyse small quantities of samples collection times
« Single cell analysis « Interference with fluorescence
+ The water band is very weak « Spectral bands affected by environmental conditions (e.g. pH, growth
+ Rapid stage, etc.)
» Whole-cell molecular fingerprinting
« Portability
MALDI-MS . Rapid and specific detection of whole bacteria « MALDI matrix cluster ions obscure low m/z species (<600 amu)

« Ability to analyse high molecular weight compounds
(e.g. proteins) in a wide mass range

« Generally unaffected by growth conditions, as
ribosomes are key discriminatory features in spectra

« Soft ionisation technique

+ Sub-picomole sensitivity

- Wide array of matrices

increased and reliable quality control, and assurance in
disease diagnostics be provided.'®®

Comparative assessment of these
analytical techniques used in bacterial

typing

This review has highlighted several physicochemical techniques
that can be used for bacterial characterisation. Each of these
whole organism fingerprinting methods has advantages and
disadvantages, and these must be explored prior to an analyst
making an informed decision as to which tool to use.

Although different analytical techniques tend to provide a
specific type of information, the choice of which to employ
has so far been mostly guided by availability, cost and
intended applications. Table 3 provides a comparative assess-
ment of the performance of analytical techniques whilst
Table 4 highlights the advantages and disadvantages of these
techniques. Fig. 4 also emphasises the overall scheme of
sample preparation and in particular the reasons for choosing
one method over another. This is provided by a series of micro-
biological questions which are highlighted below:

- Typing to species level: for routine bacterial typing where
the genus and species identification is needed then
MALDI-MS is the technique of choice.

 Species/sub-species typing: whilst MALDI-MS is an excel-
lent identification method for sub-species analysis, vibrational
spectroscopy and in particular FT-IR spectroscopy is generally
preferred, although we note that Raman spectroscopy can also
be used for this purpose.

» Phenotypic characterisation: bacteria often adapt to their
environment and this will be by changing the physiology and

This journal is © The Royal Society of Chemistry 2021

leading to matrix interference with small molecules
« Homogeneity from spot to spot is variable
» Compromised quantification

biochemistry of the sample. This is best measured using FT-IR
spectroscopy, and Raman spectroscopy can also play a role here.

« Single cell analysis: for the analysis of single bacterial
cells the preferred method of analysis is currently Raman spec-
troscopy. However new optical, photothermal, and infrared
based spectroscopy methods are starting to emerge as illus-
trated in Fig. 3.

This information can aid experimental design in bacterial
typing and identification applications, with the tantalising pro-
spect of some techniques being able to measure single bac-
terial cells, which means that the clinician no longer needs to
isolate the microorganism prior to testing. Importantly, several
of these techniques provide complementary and confirmatory
data, offering highly reliable phenotyping results and more
comprehensive analysis of bioprocesses. The characteristics of
the various analytical techniques that can be used to analyse
bacteria as discussed in this review should be considered
along with the type of sample and preparation method in
order to ensure validity and reliability of the generated
information.

Conclusion and outlook

The development in the analysis of bacterial samples using
modern analytical techniques has been on the rise over recent
decades due to several advantages, such as rapid analysis and
accurate, and readily interpretable results, with more future
improvements expected in sample preparation and methods of
analysis from bulk bacterial samples to single cells. In this
review we have aimed to provide insights into the applications
of infrared and Raman spectroscopy as well as mass spec-
trometry for the characterisation and identification of bacterial
samples from different sources. Currently within clinical
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microbiology laboratories MALDI-MS is the method of choice
for bacterial identification. The success of this particular mass
spectrometry technique is largely down to its robust analysis
because it measures a small proportion of the bacterial cell -
namely the ribosomes, which are always present irrespective of
how the bacteria are cultured.

One of the main challenges for the future is the desire to
have even more rapid analysis by removing the need to enrich
and isolate the bacteria or fungi prior to analysis. Here the
high spatial resolution offered by both Raman spectroscopy
and infrared micro-spectroscopy means that there is potential
for single cell analysis, as illustrated in Fig. 3. The remaining
challenge here will be the necessity to locate the microorgan-
ism prior to analysis. For some highly complex samples like
soil or faeces this will be very problematic without the success-
ful implementation of mechanical capture mechanisms.

The whole organism fingerprinting methods discussed
within this review generate large amounts of high dimensional
phenotypic data about the sample analysis. Therefore, it is
essential that these techniques are combined with suitable
chemometrics and machine learning to provide easily interpret-
able outputs. In the wake of the novel coronavirus (COVID-19)
global pandemic, IR spectroscopy and Raman spectroscopy in
parallel with multivariate chemometrics may play a crucial role
in rapid and sensitive screening of RNA or glycoproteins for
severe acute respiratory coronavirus-2 (SARS-CoV-2),'*° the cau-
sative agent of COVID-19, that would potentially allow for timely
intervention of appropriate patient care, reduction of mortality
rate and continuous monitoring of COVID-19.

In summary, we believe that the powerful combination of
whole organism fingerprinting methods with robust infor-
matics will provide simple and efficient diagnostic and moni-
toring tools in many different areas including within the fields
of medicine, the environment and food, and by biotechnologi-
cal processes.
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