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Abstract

Rapid and sensitive bacteria detection and identification are becoming increasingly

important for a wide range of areas including the control of food safety, the pre-

vention of infectious diseases, and environmental monitoring. Raman spectroscopy

is an emerging technology which provides comprehensive information for the anal-

ysis of bacteria in a short time and with high sensitivity. Raman spectroscopy offers

many advantages including relatively simple operation, non-destructive analysis, and

information on molecular differences between bacteria species and strains. A variety

of biochemical properties can be measured in a single spectrum. This short review

covers the recent advancements and applications of Raman spectroscopy for bac-

teria analysis with specific focuses on bacteria detection, bacteria identification and

discrimination, as well as bacteria antibiotic susceptibility testing in 2022. The devel-

opment of novel substrates, the combinationwith other techniques, and the utilization

of advanced data processing tools for the improvement of Raman spectroscopy and

future directions are discussed.
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1 INTRODUCTION

Rapid and sensitive detection and identification of bacteria are becom-

ing increasingly important with the continual need to monitor the

presence and activity of bacteria for the control of food safety, the

prevention of infectious disease, and environmental monitoring.1,2

The most commonly used methods for bacteria detection and iden-

tification are culture-based methods which are reliable and well-

established.3 However, culture-based methods are time-consuming,

labour-intensive, and unable to meet the rapid requirement of bac-

teria detection. Improved analytical methods have been developed

such as polymerase chain reaction techniques4,5 and immunologi-

cal assays6,7 to shorten the total assay time with high specificity.

However, these methods have limitations for on-site testing and

need expensive reagents. Therefore, there is still a high demand

for alternative methods to improve testing efficiency, especially for

foodborne pathogens which need rapid detection to ensure food

safety and trace foodborne outbreaks, and clinical settings where

rapid identification is critical for the diagnosis of the infection

source.

Raman spectroscopy is emerging as a promising tool which can be

further improved and tailored for the application of analyzing bacteria

in a diverse range of fields including food safety, environmental moni-

toring, and clinical diagnosis.8–10 It is a powerful analytical technique

and has been widely used in the detection of chemical and biolog-

ical components.11–13 Raman spectroscopy is a form of vibrational

spectroscopy which can be used to build an ultrasensitive platform

when coupledwith nanomaterials formolecular recognition ability and

even single molecule detection.14 Furthermore, Raman spectroscopy

is a non-destructive method so samples will be available for addi-

tional investigations. The spectral features that correspond to a wide

range of important functional groups can provide essential informa-

tion about the biochemical constituents of bacterial cells.15,16 The

information can also be used to identify and discriminate bacteria

at a species level or strain level. Raman spectroscopy is a powerful

technique to detect bacteria in a label-freeway and identify themolec-

ular components of bacteria with rapid, sensitive, and non-destructive

features.

Bacteria detection is often the initial analysis performed in the

areas of food safety, clinical diagnosis, and environmental monitoring.

Other bacteria analyses including identification, discrimination, and

antibiotic resistance are also necessary. Sample matrices can affect

the performance of a method so the preparation of complicated sam-

ples is vital for the analysis of microorganisms. New and innovative

techniques enable the study of complex samples, such as food matri-

ces and clinical samples. The main emphasis of the review paper is a

brief overview of the most recent advancements and the application

of Raman spectroscopy for the analysis of bacteria in the past year

(2022). The advantages and limitations of these methods and the uti-

lization of Raman spectroscopy for different areas are discussed in

the review with the goal to provide an outlook of the most important

trends.

2 RAMAN SPECTROSCOPY FOR THE ANALYSIS
OF MICROORGANISMS

Raman spectroscopy utilizes vibrational spectroscopic techniques and

measures the inelastic light scattering of the radiation of monochro-

matic light from a laser source with a vibrating molecule. The inter-

action of the light with the vibrating molecule yields a spectral shift,

also called the “Raman” shift.17 The basis of Raman spectroscopy is

dependent on radiation, or the properties of light scattering, of which

there are three types relevant to spectroscopy. The three types of

light scattering or photon activity occur simultaneously as shown in

Figure 1.

First, there is elastic activity named Rayleigh scattering; most

photons are part of this activity, and after interacting with the sam-

ple, maintain their initial level of energy.18 Electrons in the sample

molecules are excited, then return to their initial ground state, where

there is minimal to no energy lost. This activity occurs more often than

the other types of scattering because it ismore likely that the electrons

will return to the ground state rather than losing or gaining energy.

Second, there is inelastic activity named Raman scattering; this phe-

nomenon occurs with roughly every 1 in 10million photons.19 This can

be further categorized into stokes and anti-stokes scattering, both of

which occur as part of Raman scattering, where the photons emitted

may lose or gain energy after interacting with the sample in a Raman

shift.18 The Raman shift is a change in wavelength. In stokes scatter-

ing, electrons are excited, then move to a higher energy state than the

initial ground state, causing photons to lose energy. In anti-stokes scat-

tering, which is more relevant to the analysis, electrons are excited and

then move to a lower energy state than the initial ground state, caus-

ingphotons to gain energy.Whenconsidering the interactionsbetween

photons and themolecules of the sample, Raman scattering, and stokes

scattering in particular, are the relevant types of activity that allow

useful data to be obtained from this method.

The inelastic Raman scattering, the Raman shift, and the overall

interaction can vary depending on the sample. Nonpolar groups have

intense Raman bands. The vibrational patterns given off by the interac-

tion between the laser’s photons and the sample’s molecular structure

aremeasuredby the spectrograph. This is illustrated by a spectral chart

of peakswhich is unique to the sample. Thepeakpattern is notonly rep-

resentative of the vibrational patterns of the sample’s molecules but

also describes the structure of the sample and how it interacts with

the photons. It acts as a fingerprint of the molecular structure of the

sample.20,21

The information from Raman spectra can be used to identify com-

ponents of the sample, such as singular whole cells, functional groups,

or surface proteins. The data is mapped on a chart with the intensity

on the Y axis and the Raman shift on the X axis. The peak intensity

depends on the unique characteristics of the sample and individual

peaks can be separated without overlapping.22,23 However, there may

be interferences that are difficult to differentiate from the target data.

The spectrum, whether representing the simple detection of a whole

cell or the fingerprint identification of functional group structures and
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F IGURE 1 Three types of scattering signals that are generated when light interacts with a sample and energy diagram for Rayleigh and Raman
scattering processes.

bacterial surface proteins, is used to identify the target analyte present

in the sample.

Raman signals are generally weak, but new techniques such as

surface-enhanced Raman scattering (SERS) havemade signal enhance-

ment possible by using metal colloids or nanostructured metal

surfaces. The commonly used SERS substrates are silver or gold

nanomaterials.24 The resulting Raman scattering can be improved by

several orders of magnitude by the interaction of small metal particles

with the target molecules. Raman spectroscopy for the analysis of bac-

teria is still facing some limitations regarding sensitivity, accuracy, and

interferences from complex samples. Raman spectroscopy can be used

to sensitively detect bacteria in sampleswith low complexity. However,

for complex samples like clinical and food samples, the sensitivity needs

to be further improved to enable the analysis of low levels of pathogens

and infections. High laser power may denature bacteria and change

the bacterial structure, potentially affecting the accuracy of the anal-

ysis. Therefore, more studies have been focused on the development

of novel nanomaterials to improve the sensitivity, more efficient bacte-

ria separationmethods tominimize the interference from real samples,

and advanced data processing tools to better analyze the raw spec-

tral data. With the use of novel nanomaterials, the Raman intensity of

the analysis of biological samples can be increased significantly.25,26

A Raman spectrometer can also be combined with a microscope. The

confocal Raman microscope allows precise measurements and the

examination of defined optical sections of two-dimensional (2D) or

three-dimensional (3D)mapping of a specific areawithin a sample.27,28

Raman spectroscopy can analyze samples in a solid, liquid, or gas state.

Biological samples contain different molecules, and a Raman spectrum

can offer interpretable and detailed information about all biochemical

components in the laser focus of the sample. Raman spectroscopy can

be applied for the detection of a single bacterial cell, the monitoring of

bacterial cellular response, and the identification of bacterial cellular

components.

3 BACTERIAL DETECTION

Rapid, sensitive, and accurate detection of bacteria continues to be

crucial in many areas including food safety, clinical diagnosis, and envi-

ronmental monitoring. The critical considerations for establishing a

detection system include assay time, sensitivity, specificity, cost, size,

and sample handling.29,30 Themajority of recent improvements in bac-

teria detection with Raman spectroscopy are aimed at increasing the

sensitivity of the analysis so that the method is capable of detecting

bacteria at a low level. It is also desirable and critical to developing an

assay which can be used directly on-site. An overview of the recent

publications using Raman spectroscopy or SERS for bacteria detection

is in Table 1. The table includes substrate, analyte, sample matrix, and

limit of detection (LOD).

The SERS technique is often employed to improve sensitivity, in

which nanomaterials are used to form an enhanced signal owing to

the hot-spot effect of metal particle arrays by surface plasmon res-

onance. SERS can also improve spectral clarity and reproducibility.

Therefore, SERS is more often used in bacterial detection than regular

Raman spectroscopy. The two principal strategies for bacterial detec-

tion using SERS are label-free and label-based methods. In label-free

methods, samples are mixed with the nanoparticles in a suspension or

deposited onto the SERS substrate directly, and then the chemical fin-

gerprint spectra of bacterial cells will be acquired.31,32 An alternative

approach is the use of SERS tags to achieve a sensitive detection with

the spectra of Raman reporter molecules as label-based methods. The

SERS tags are usually composed of nanoparticles modified with cap-

ture probes to target bacteria with a Raman reporter molecule.33–35

This approach has the potential to detect multiple bacteria simulta-

neously. The examples of these two types of strategies are shown in

Figure 2. The recent advances of Raman based bacterial detection are

more focused on the development of nanomaterials as novel SERS sub-

strates, the improvement of bacterial separation and concentration

methods, the development of portable and simple methods, the com-

bination with other technologies, and the indirect bacterial detection

by the analysis of metabolites or nucleic acids.

3.1 Novel SERS substrates

Various types of novel nanomaterials have been developed as SERS

substrates. Noblemetal nanoparticles offer a larger hot-spot effect for

the detection of various analytes, which enhances the effectiveness
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TABLE 1 Recent publications (2022) on bacteria detection using Raman spectroscopy or surface-enhanced Raman scattering (SERS).

Substrate Analytes Samplematrix LOD Ref.

Au@AgNPs S. Enteritidis Botanical drug 52 CFU/ml 31

N/A (Raman spectroscopy) E. coli, B. cereus Bacterial culture N/A 32

MNPs@Con

A/pathogen/TBDP@Raman tags

E. coli, S. Enteritidis Milk 101 CFU/ml 33

Au@MNP-WGA tag L. monocytogenes, C. jejuni, S. aureus Vegetable juice, fruit juice, and

river water

10 CFU/ml 34

ConA-Fe3O4@SiO2 NPs/bacteria/

aptamer-modified AuNNPs

S. aureus Serum 11 CFU/ml 35

AuNP/bacteria/Con A+BCNC)

conjugates

19 bacterial strains Bacteria culture N/A 36

AuNPs C. acnes, E. coli, S. aureus Bacteria culture N/A 37

Au@AgNPs/slide S. aureus Milk 6 CFU/ml 38

Au@AgNPs S. aureus Milk 0.25 CFU/ml 39

Fe3O4@AuNPs@NSP nanosheets E. coli Buffer <103 CFU/ml 40

GO@Au S. aureus, E.coliO157:H7, S.
Typhimurium

Skimmilk, carrot juice, grape

juice

<10 cell/ml 41

AuNPs Bacterial molecule (pyocyanin) Bacteria culture N/A 42

GO@Au/Ag S. Typhimurium, E. coli, S. aureus, L.
monocytogenes

Sputum, urine, whole blood 9 cells/ml 43

Au-NC-NBs S. aureus Milk, orange juice, human

urine, saliva

3 cells/ml 44

AuNPs/bacteria/ConA+BCNC E. coli 8739 Bacterial culture 103 CFU/ml 45

Au@AgNPs E. coli Bacterial culture N/A 46

AuNPs/NMPs S. aureus, E. coli Bacterial culture N/A 47

Fe3O4@Au-TcpNPs S. aureus Milk, orange juice 1.09 CFU/ml 48

Ag7O8NO3 nanorods 8 bacterial strains, 18 Salmonella
strains

Bacteria culture N/A 49

Au@Ag E. coli, V. anguilarum, V. harvevi, E.
piscicida, P. plecoglossicida

Tapwater 105 CFU/ml 51

AgNPs@PDMS S. aureus, S. Typhimurium, L.
monocytogenes, C. difficiles, C.
perfringens

Bacterial culture N/A 52

4-MPBA@AgNPs S. paratyphoid, B. subtilis, E. faecalis,
S. aureus

Probiotic beverage, chicken

breast

1.35 CFU/ml 53

Au-TPP S. aureus, S. flexneri Pork surface N/A 50

Au@Ag@SiO2 nanoparticles S. aureus Fish, milk 2 CFU/ml 54

Au nanopopcorns E. coli Mutton 143 CFU/g 55

AuNPs E. coliO157:H7 Lettuce 0.5 CFU/ml 56

AgNPs S. aureus, E. coli, C. indologenes Whole blood 3 CFU/ml 57

AuNS@4-MBA@Au@DNA S. Typhimurium Milk, meat 3-4 CFU/ml 58

Fe3O4@AuNCs S. aureus Milk 25 CFU/ml 59

of SERS and improves the detection sensitivity and accuracy. The fol-

lowing examples highlight the studies which developed novel SERS

substrates and innovative detection platforms based on SERS.

Novel SERS substrates were developed in some studies with a

large specific surface area, rich porous structure, or multi- dimen-

sional structure to improve the sensitivity and bacteria capture effi-

ciency, such as nanoparticles,35–39 nanosheets,40–42 nanostickers,43

nanoballoons,44 and nanopancakes.45 Li et al. synthesized an all-

nanoparticle microcapsule by a layer-by-layer approach as a SERS

substrate which enhanced the major bacteria’s peak and improved

the detection sensitivity.46 Gold nanoparticles (AuNPs) were adsorbed

on the calcium carbonate templates and silver nanoparticles (AgNPs)
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F IGURE 2 The two principal strategies of using surface-enhanced Raman scattering (SERS) for bacteria detection. (A) Label-freemethod:
Samples aremixedwith the nanoparticle solution and chemical fingerprint spectra are collected. (B) Label-basedmethod:Magnetic particles are
boundwith target bacteria for separation, and then SERS tags are added for detection. (Reproducedwith permission33,36).

were synthesized in situ as layers. Themethod allowed label-free SERS

detection of bacteria and demonstrated 13 additional peaks related to

bacteria composition. There are also studies focused on the improve-

ment of the synthesis methods for SERS substrates by using more

convenient, easier, and greenmethods. Chen et al. developed a flexible

hybrid substrate by depositing AuNPs on the surface of 2D nanom-

ica platelets (NMPs).47 The method enables the capture of bacteria of

similar polarity due to the concurrently hydrophobic and hydrophilic

properties of the nanohybrids. The substrate had high selectivity and

enhanced SERS signal intensity. A green synthesis method was devel-

oped by Qi et al. for the fabrication of SERS substrates by reduction of

natural cationic polysaccharide chitosan to compose AuNPs.48 It is an

eco-friendly, cheap, and simple method for the synthesis of sensitive

SERS substrates. Chen et al. fabricated nanoporous silver nanorods

with easily controlled length and thickness through a simple chemical

reduction.49 The substrate was used for the bacteria detection of 26

strains. The nanorods had a simple fabrication process and high perfor-

mance as a promising SERS substrate for sensitive bacteria detection.

3.2 Bacteria separation and concentration

Sample preparation is an important step for the bacterial analysis

in order to obtain an accurate and sensitive result. The real sam-

ple matrices that most research works on for bacterial analysis with

Raman spectroscopy are liquid samples as shown in Table 1. That is

mainly due to the relatively easier sample preparation for liquid sam-

ples. While for the analysis of the whole solid samples, the samples

need to be mixed with the diluent buffer and homogenized with a

stomacher. Then the liquefied sample will be used for the analysis of

bacteria.31 For the surface of the solid samples, a tape or swab can

be used to collect the sample and to be directly analyzed by Raman

spectroscopy.50 After the homogenization of the samples, an efficient

and specific separation of bacteria from complex samples can still

be challenging. The food particles and other components in the sam-

ple matrices might interfere with the reaction and affect the final

analysis results. Therefore, an effective method to separate bacteria

from complex samples is important to enhance the accuracy of the
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detection. Thebacteria separation is often combinedwithbacteria con-

centration, thus the concentration of target bacteria will be increased

and the sensitivity of methods will also be improved. Various stud-

ies and different strategies have been developed to address these

issues.

The immunomagnetic separation and filtration methods attract

more attention and new technologies have been incorporated into

thesemethodswithnovel nanomaterials andbio-recognitionelements.

Magnetic beads are useful tools for specific and fast separation and

concentration of analytes from complex samples by applying a magnet

and are ideal for on-site detection. The use of nanomaterials is often

combined with magnetic separation for the isolation of targeted bac-

teria. Magnetic iron-oxide (Fe3O4) nanoparticles are often combined

with noblemetal nanoparticles such asAuNPs40 andAu@Ag core-shell

bimetallic nanoparticles51 to enable in situ bacteria separation and the

SERS hotspot effect. The magnetic SERS substrate was applied for the

detection of Escherichia coli (E. coli) in real aqueous samples and the

results demonstrated the sensitivity was increased by approximately

two times after magnetic separation.40 Filtration is an alternative for

bacteria separation and concentration. Zhu et al. reported a study

that developed a multi-functional AgNPs@PDMS (polydimethylsilox-

ane) multi-hole filter membrane chip, allowing the concentration of

bacteria on the membrane for SERS detection.52 The SERS signal was

greatly enhanced. The method offered a simple and efficient sample

preparation formicrobiological samplingontoSERSsubstrates andwas

applied for the detection of several different foodborne pathogens.

However, the binding between nanoparticles and bacteria was not

specific in these studies. Biorecognition elements such as antibodies

and aptamers are often used to specifically capture target bacteria

when developing SERS based bacteria detection. Jin et al. developed

an aptamer-based SERS method for the rapid detection of Salmonella

Enteritidis (S. Enteritidis) by using a portable Raman instrument.31 4-

mercaptobenzoic acid (4-MBA) served as a Raman reporter molecule

and was self-assembled on the surface of Au@Ag NPs. The free

aptamers in the solution changed the SERS signal and were correlated

to the bacteria concentration. The approach showed high specificity to

S. Enteritidis with an LOD of 53 CFU/ml in a drug sample. Cell imprint-

ingmapping technique is a novel approach to specifically recognize and

capture bacteria. It has been successfully incorporated for the specific

detection of different bacteria using SERS in both liquid and solid food

samples by Yang et al.53 Molecularly imprinted polymers were used

in a study to specifically detect E. coli and Bacillus cereus (B. cereus) by

SERS.32 Magnetic separation can be combinedwith biorecognition ele-

ments to enhance the sensitivity and specificity of detection methods.

A study synthesized an interference-free Raman tag based on cova-

lent organic frameworks which was modified with antibodies.33 The

target bacteria were first captured by lectin functionalized magnetic

nanoparticles formagnetic separation and then formeda sandwich-like

compositewith the antibodymodified Raman tags.With the use of two

specific antibodies, the method was applied for the multiplex detec-

tion of E. coli and S. Enteritidis in milk samples and achieved an LOD of

101 CFU/ml.

3.3 Method simplicity and portability

In addition to sensitivity and specificity, the ease of use and sim-

plicity of a detection method is also critical. The development of

portable methods for on-site use is beneficial for clinical and food

safety testing of real samples. Additionally, commercially available

portable Raman spectroscopy can be easily used for in-field testing.

Zhao et al. developed a hands-on detection technique by synthesizing a

flexible SERS substrate through the precipitation of AuNPs on an inex-

pensive tobacco packaging paper (TPP).50 The paper based enhanced

substrate allowed a flexible SERS platform with in situ sample collec-

tion by directly swabbing onto the sample. However, the method is

limited to the detection of surface bacteria of a sample. Even though

the method was applied for the analysis of two different species, the

mixture of bacteria species still needs to be tested to determine the

results accuracy. Overall, the developed approach is a promising strat-

egy for the on-site screening of microbial contamination of sample

surfaces when combined with portable Raman spectroscopy. A similar

study fabricated a film for bacteria detection but in aqueous samples.54

A vancomycin grafted PDMS film was created for capturing bacteria

in the solution. SiO2-coated Au@Ag nanoparticles modified with an

aptamerwere used for SERS signals. An LODof 2CFU/mlwas achieved

for Staphylococcus aureus (S. aureus) in food samples. The approach has

considerable easeof use andcanbeapplied inmore foodmatrices.Gold

nanomaterialsmodified tape andarrayweredeveloped toeasily collect

solid surface samples for bacteria detection. Another interesting SERS

basedmethod that can be used to easily capture bacteriawas designed

byWang et al.55 The study developed a plasmonic hydrogel micronee-

dle array patch coated with gold nanopores that were modified with

specific aptamers for E. coli. The developed substrate enabled both

the extraction of bacteria from solid samples and SERS detection. The

method was applied to the analysis of E. coli on mutton samples. The

approach showedahigh specificity andanLODof143CFU/g.However,

liquid samples should be tested for future studies. The current design

of themethod is limited to the sample area that the substrate attached

to, while it is not available for large samples or the internal part of the

samples. Overall, the strategy still provided an innovative way to sim-

plify the sample preparation requirements and has high potential for

in-field microbial analysis.

3.4 Combination with other technologies

Raman spectroscopy can be used with other technologies to improve

the performance of the assay, such as lateral flow assays (LFAs)

and microfluidics. Several studies combined SERS with lateral flow

immunoassay for the detection of different bacteria.34,41,43 Lateral

flow assays offer the advantages of low costs, real-time analysis,

and portability. When combined with SERS, the sample preparation

step can be simplified, and the sensitivity can be improved. Multi-

dimensional membrane-like SERS tags were developed to act as the

SERS label with a larger surface area for quickly capturing targeted
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bacteria and for improving the SERS hotspot effect. For the study of

Wang et al,43 GO@Au/Ag nanostickers were labeled with two Raman

reporter molecules for the simultaneous analysis of four bacteria in

two test lines with an LOD of 9 CFU/ml within 20 min. The method

was applied in real clinical samples (human urine and blood). The

strategy significantly reduced total assay time for SERS detection and

increased the detection throughputs of LFA methods. Integration of

SERS tags into amicrofluidic dielectrophoretic sensor led to a very low

detection limit for complex samples.56 Chen and coworkers combined

SERS detection with microfluidics for a system with the capability

of bacteria pre-concentration, bacteria identification, and antibiotic

susceptibility study.57 A hybrid electrokinetic mechanism allowed for

the thousand-fold concentration of bacteria. The SERS detection was

conducted on a microchip for whole blood samples with an LOD

of 3 CFU/ml.

3.5 Indirect bacteria detection

Several studies measured the signaling molecules (metabolites) or the

nucleic acids of bacteria with SERS to determine the bacteria level

rather than detecting the target bacteria whole cells directly. Kim and

coworkers designed a paper-based 3DSERS substrate, enabling theAu

electrodeposition and the bacteria metabolites detection simultane-

ouslywithout pretreatment steps.42 The hydrogel skin of the substrate

excluded the attachment of macromolecules from the culture which

avoided the interference. The strategy resulted in high amplifica-

tion of the Raman signal intensity. A study developed a SERS-based

CRISPR/Cas assay on microfluidic paper.58 Single-stranded DNAs of

the target bacteria pulled down the SERS nanoprobes. The degree

of aggregation of SERS nanoprobes was correlated to the concen-

tration of the bacteria. The approach was able to detect Salmonella

Typhimurium (S. Typhimurium) with an LOD of 3–4 CFU/ml in milk and

meat samples.

Bacterial detection can also be achieved simultaneously with bac-

terial inactivation by the development of a novel SERS substrate. A

research group developed a SERS substrate of triple-functional Au–

Ag-stuffed nanopancakes (AAS-NPs) for bacteria capturing, detection,

and inactivation.45 4-mercaptophenylboronic acid servedas a SERS tag

and Raman reporter molecule. A sandwich structure of bacteria/SERS

tags/AAS-NPs was fabricated for sensitive SERS sensing. Multiple

bacteria including S. aureus, E. coli, andPseudomonas aeruginosa (P. aerug-

inosa) were captured and analyzed in human blood samples with an

LOD of 7 CFU/ml. The expressive Ag+-accelerated releasing capa-

bility allowed for the antibacterial effects. Another study developed

a strategy using Concanavalin A conjugated Fe3O4@SiO2 nanoparti-

cles for the magnetic separation of bacteria, then formed a sandwich

composite with aptamer modified Au nano-bridged nanoparticles. The

magnetic nanoparticles also had a photothermal elimination effect on

bacteria.35,59

The sensitivity of bacterial detection methods is always important.

The development of novel nanomaterials for SERS substrate and bac-

terial separation and concentration to achieve a lower LODwill still be

a trend. Further research will continue focusing on the nanomaterials

with large surface areas, multi-dimensions, and simple and green syn-

thesis methods. The combination with other technologies to improve

the sensitivity and simplify the detection steps have attracted more

attention for in-field applications.

4 BACTERIA IDENTIFICATION AND
DISCRIMINATION

While a rapid and accurate detection of the bacteria is critical, the iden-

tification and discrimination of bacteria present in the sample is also

important information. It is essential to rapidly determine the species

or strain of bacteria for a disease in clinical diagnoses and for food-

borne outbreak tracking. The variation in the biochemical composition

of bacterial cell membranes allows for the identification of bacte-

ria species with Raman spectroscopy due to the different vibrational

modes of biomolecules. The main advantage of Raman spectroscopy

is its capability for providing specific fingerprinting spectra, enabling

the selective discrimination between different kinds of bacteria gen-

era, species, and even strains. However, the differences among varied

bacteria can be very minor or subtle. It is still challenging to achieve

strain level differentiation due to the similar Raman profiles. Thus, it is

essential to develop novel techniques to enhance the Raman signal, to

amplify the differences among bacterial strains, and to better interpret

Raman spectra. Different strategies have been investigated for better

identification and discrimination of varying species. Detailed informa-

tion about the bacteria identification and discrimination by Raman

spectroscopy is summarized inTable2with representativepublications

cited in the table.

4.1 Advanced data processing methods

Advanced statistical analysis and data processing techniques are crit-

ical for studies targeted at the differentiation and identification of

bacterial strains to interpret the raw Raman spectral data. A variety of

methods have been developed to analyze high-dimensional data, such

as chemometrics tools andmachine learning algorithms.60 Chemomet-

rics, a multivariate statistical analysis, can reduce multidimensional

information to independent variables. The analysis can be unsuper-

vised or supervised models. Traditional linear classification models

are challenging when the Raman spectra of bacteria are highly simi-

lar. Different multivariate data analysis methods have been developed

for the identification and discrimination of bacteria with Raman spec-

troscopy, such as principal component analysis (PCA) in Figure3A,61–64

partial least square discriminant analysis (PLS-DA),63,65,66 and discrim-

inant function analysis (DFA).64 These methods have been applied to

discriminate waterborne pathogen species in drinking water,62 to dis-

criminate bacterial strains with different biofilm forming abilities,63 to

identify bacteria and yeast species in blueberries (Figure 3B),64 and to

differentiate common microbes in urine.67 PCA is a multivariate anal-

ysis and the most commonly used method to analyze Raman spectra.
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TABLE 2 Recent publications (2022) on bacteria identification and discrimination using Raman spectroscopy or surface-enhanced Raman
scattering (SERS).

Substrate Analytes Samplematrix Data processing Ref.

AgNPs E. faecalis, 3 types of E. coli Bacterial culture PCA 61

AgNPs C. parvum, E. coli, S. aureus Bacterial culture PCA, HCA 62

AgNPs 15 bacterial strains Bacterial culture PCA, PLS-DA 63

AgNPs S. hominis, S. cohnii, S. enterica, L.
mesenteroides, C. santamariae,

Blueberry PCA 64

N/A (Raman

spectroscopy)

B. subtilis, Salmonella enterica Drug sample PLS-DA 65

Au@AgNPs S. aureus, E. coli, L. monocytogenes Bacterial culture PLS-DA 66

N/A (Raman

spectroscopy)

20 bacteria species Urine PCA, SVM 67

AgNPs Multiple bacterial strains Bacterial culture K-means clustering, agglomerative

nesting (AGNES), CNN

68

AuNPs S. Typhimurium, S. Enteritidis, S. paratyphoid Bacterial culture CNN 69

N/A (Raman

spectroscopy)

S. Enteritidis, S. Typhimurium, S. derby Bacterial culture CNN 70

N/A (Raman

spectroscopy)

Porphyromonas gingivalis (Pg), Fusobacterium
nucleatum (Fn), Aggregatibacter
actinomycetemcomitans (Aa)

Bacterial culture Extra trees, AdaBoost, gradient

boosting, LDA, SVM,multi-layer

perceptron, passive-aggressive

classifier, quadratic discriminant

analysis

71

N/A (Raman

spectroscopy)

21 species of microorganisms Bacterial culture PCA, SVM 72

N/A (Raman

spectroscopy)

11 bacterial mutants of E. coli MDS42 Bacterial culture Artificial neural network, SVM 73

AgNPs C. perfringens, B. subtilis, B. amyloliquefaciens,
B. licheniformis, P. pabuli

Garlic powder k-nearest neighbour (KNN), least

square LS-SVM

74

N/A (Raman

spectroscopy)

E. coliO157:H7, V. parahemolyticus, S.
Typhimurium

Bacterial culture GAN-SVM 75

Ag-based E. coli, S. epidermidis Milk Dual-branchwide-kernel network

(DualWKNet)

76

AgNPs S. aureus, B. cereus Bacterial culture PCA 77

Au@AgNPs 8 bacterial species Bacterial culture Ward’s HCA 78

AgNPs-SASP C. perfringens, B. subtilis, B cereus Bacterial culture HCA, LDA 79

It can be combinedwith hierarchical cluster analysis to further discrim-

inate bacteria species.

Machine learning algorithms were combined with Raman spec-

troscopy for speeding up the identification and obtaining a high

differentiation accuracy. The principle of bacteria identification and

discrimination by Raman spectroscopy with machine learning for data

processing is shown in Figure 3C. In particular, convolutional neural

networks (CNN)68–70 and support vector machine (SVM)67,71,72 have

received widespread attention in Raman spectra analysis. SVM is an

optimization-based machine learning technique which increases the

data dimensionality to convert a nonlinear classification into a lin-

ear one. CNN is suitable for multi-classification analysis for in-depth

mining and interpretation of Raman spectra. A study compared two

machine learning models (an artificial neural network and a SVM)

for the discrimination between 11 bacterial mutants of E. coli with

Raman spectroscopy.73 Both models were found to have similarly high

sensitivity, specificity, and accuracy. Another study compared multi-

ple machine learning algorithms to discriminate clinically important

pathogens, andCNNachieved thehighest prediction accuracy.68 There

are also other models frequently used in the Raman spectra analysis

such as least squares SVM (LS-SVM)74 and K-means clustering.68 LS-

SVM is an extension of standard SVM and uses a least square linear

system as the loss function.

Machine learning algorithms normally rely on a large amount of

spectral data to train the model to improve the differentiation effi-

ciency. However, large volume data acquisition for bacteria identifica-

tion not only involves massive work but is also technically difficult in

many cases. In order to overcome the cumbersome operation, a study

utilized generative adversarial network and multiclass SVM (GAN-

SVM) to classify three pathogenic bacteria.75 TheGANmodel was able
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F IGURE 3 Different data processing techniques cited within this review. (A) Principal component analysis (PCA) for bacteria differentiation
with signal enhancement by environmental stress. (B) PCA and discriminant function analysis (DFA) for the characterization of bacteria and yeasts.
(C) Principle of microbial identification by Raman spectroscopy withmachine learning for data processing. (D) Generative adversarial network and
multiclass support vector machine (GAN-SVM)model for bacteria discrimination with a small amount of data samples. (Reproducedwith
permission58,61,67,75).

to integrate all the data and achieve powerful embedding from the

neighboring nodes. It can achieve good results with a small number of

data samples. SVM enabled better recognition and classification capa-

bilities than traditional methods, especially when dealing with large

amounts of similar spectral information. The specific spectral peaks

obtained from the classification results allowed the identification of

multiple bacterial species. TheGAN-SVMmodel showsbetter resource

efficiency and classification results as a promising tool for Raman

spectroscopy for bacteria identification. Another novel deep learning

model, dual-branch wide-kernel network (DualWKNet) offered a sim-

pler, faster, andeffective classificationof twocommonbacteriawithout

any separation procedures with accuracy up to 98%.76 These devel-

opedmethods require a short data acquisition time and small amounts

of training data.

4.2 SERS substrate modification

In addition to the advanced data processing tools, other strategies

have been developed to improve the discrimination ability for different

species. Alternative strategies were on the modification of SERS sub-

strates. The surfacemodification of SERSnanomaterials resulted in the

additional difference of the SERS fingerprints to improve the differen-

tiation efficiency. One study modified AgNPs with multiple chemicals

to provide additional dimensionality of the substrate.77 The modified

SERS substrate was able to distinguish different strains of B. cereus

simply by PCA, while the bare AgNPs only separated S. aureus and B.

cereus. Tian et al. developed a biofunctional nanoparticle array through

self-assembly of noble metal nanoparticles into dense 2D thin arrays

at liquid-liquid interfaces.78 The nanoarrays exhibited high sensitivity

and reproducibility and were able to differentiate 8 different bacteria

species with a high signal-to-noise ratio. Another similar study devel-

oped a sensitive 2D AgNPs self-assembled solid-phase (AgNPs-SASP)

for the SERS substrate.79 The substrate enhanced the effect of the

SERS signal and three bacterial spores were identified.

4.3 Environmental stress for signal amplification

External environmental stressors can also be used as the input to

treat bacteria to amplify the differences among varied species and

diversify the spectral differences. Bacteria have multiple complex reg-

ulatory networks to counteract stress and repair damage, resulting

in distinct responses for different types of bacteria even with the

same environmental stress. In one study conducted by Liu and cowork-

ers, the SERS spectra were shown to be amplified by environmental

stress (ultraviolet light, ethanol, and ultrasound) to achieve bacteria

discrimination.61 The SERS profiles also providedmolecular difference
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information among various bacteria under the external stimulus. After

the stress treatment, strain levels were discriminated with PCA. By

placing bacteria under different environmental stress, the bacteria can

be more easily identified and classified with greater reliability. Raman

spectroscopy enables the rapid identification and discrimination of

bacteria. With advanced analysis tools, even closely related bacterial

species canbedistinguished. This is highly important for theprevention

of foodborne outbreaks and the spread of pathogens.

The research on bacterial differentiation and classification is mainly

focusedon twoareas, the capability todetermine theminordifferences

among samples, and the strategy to amplify the difference. Therefore,

the advanced data processing tools attract more and more interest in

order to differentiate strainswith veryminor differences. Environmen-

tal stress will be useful to amplify the signal to achieve amore accurate

bacteria classification.

5 ANALYSIS OF BACTERIA ANTIBIOTIC
RESISTANCE AND SUSCEPTIBILITY

The antibiotic resistance of microorganisms is increasing due to the

over-use of antibiotics and has become a significant issue for disease

control and human health. Antimicrobial susceptibility testing is often

performed to quantitatively determine the antimicrobial effects of a

drug on pathogens. Current methods either require long cultivation

periods or expensive reagents. A rapid and sensitive method to test

the antibiotic sensitivity of a pathogen is essential for the prevention

of the spread of antibiotic resistance, themanagement of antimicrobial

drugs, and understanding mechanisms of the antibiotic susceptibility

of bacteria. Additionally, the identification of the antibiotic resistant

bacteria is highly important for efficient treatment decisions and epi-

demiological studies in clinical settings. Thus, there is a high demand

to develop rapid and reliable methods for antimicrobial susceptibility

testing and the identification of antibiotic resistant bacteria to facili-

tate effective and prompt disease treatment. Raman spectroscopy is

a novel technique with high potential for clinical applications. It pro-

vides the chemical fingerprint of bacterial cells with minimal sample

preparation. Different bacteria vary in their chemical composition and

macromolecular constituents on cell membranes. When the cells are

exposed to antibiotics, antibiotic resistant and sensitive bacteria will

undergo different metabolic pathways and change cellular chemical

composition. Raman spectroscopy offers a rapid and quantitative anal-

ysis of bacterial antibiotic resistance which is highly important for the

prevention and treatment of diseases and understanding antibiotic

resistancemechanisms.

5.1 Different bacterial responses during
antibiotics exposure

SERS has been successfully applied to analyze the different responses

of antibiotic resistant and sensitive bacteria during exposure to

antibiotics to assess the antibiotic susceptibility of bacteria.80 It has

been applied to differentiate the antibiotic-resistant and suscepti-

ble E. coli strains,81–83 S. Typhimurium,84 B. cereus,82,85 S. aureus,86

and carbapenem sensitive and resistant Klebsiella strains from clinical

samples.87 In addition to the instant one-time treatment of antibi-

otics, the antibiotic susceptibility testing was conducted over a long

period such as three months, or 21 days in some studies, to investigate

the dynamic molecular changes in the drug-resistant strains.84,88 The

bacteria responded to antibiotic stimulation rapidly and developed dif-

ferent degrees of drug resistance gradually.88 SERSwas used to record

themolecular changes that accumulated in theantibiotic-resistantbac-

terial strains. Additionally, SERS has been used for the antimicrobial

susceptibility testing of a drug which is a keymeasure to enable appro-

priate antimicrobial treatment in clinical labs. The minimum inhibitory

concentration (MIC) often needs to be determined during the test

in which bacteria are exposed to an antibiotic with a series of con-

centrations and the responses are measured to determine the MIC.

Saleem and coworkers characterized the antimicrobial properties of

two drugs against Bacillus subtilis (B. subtilis).89 Significant changes of

the signal intensity were detected by SERS following the application of

antibiotics. The SERS spectra features changed consistently with the

increased antibiotic concentration.

The identification of antibiotic resistant and sensitive bacteria can

be achieved with or without exposure to antibiotics. It was found

that the antibiotic resistant clinical E. coli strains had a higher nucleic

acid/protein ratio than the antibiotic sensitive ones.90 Without expo-

sure to antibiotics, the analysis methods for Raman spectra are more

important due to the very minor differences between bacteria. The

treatment of antibiotics can amplify their differences because of their

varied responses to antibiotics. The methods used to analyze the

Raman spectra for antibiotic resistance studies include chemometrics

methods such as PCA and PLS-DA,81–84,89,90 and machine learning

algorithms such as CNNand SVM.87,90,91 SERS or Raman spectroscopy

for the analysis of bacteria antibiotic resistance and susceptibility with

different data processing methods was shown in Figure 4. Machine

learning methods have been used to successfully predict the resis-

tance and sensitivity of Klebsiella pneumonia to carbapenem with a

CNN algorithm.87,91 The study conducted by Lu et al.91 determined

that the CNN model simplified the classification system for Raman

spectroscopy and provided higher accuracy for the identification of

antibiotic resistant strains when compared with the SVM and logistic

regressionmodels.

5.2 Combination with other technologies

SERS can be combined with other techniques to simplify the assay

procedure or improve the accuracy. Gukowsky and coworkers com-

pared three different sample preparation methods and found that

in situ mapping of bacterial cells on a filter membrane provided the

highest signal intensity and most accurate results regarding the differ-

entiation between antibiotic resistant and sensitive E. coli.83 Lin et al.

combined SERS with microfluidics that generated a concentration gra-

dient for antibiotics along lateral microwells so the bacteria could be
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F IGURE 4 Surface-enhanced Raman scattering (SERS) or Raman spectroscopy for the analysis of bacterial antibiotic resistance and
susceptibility with different data processingmethods. (A) SERS-based filter mapping for testing bacteria antibiotic sensitivity, (B) SERS for
dynamic monitoring of bacteria antibiotic resistance by principal components-linear discriminant analysis (PC-LDA), and (C) Raman spectroscopy
for antibiotic resistance analysis with the construction of ResNet taxonomic model. (Reproducedwith permission83,88,91).

encapsulated for antibiotic treatment and subsequent SERS analysis.92

The method greatly simplified the sample preparation procedure and

shortened the assay time. The whole analysis was performed on a

chip with only 20 µL of bacteria solution within 5 h. In addition,

portable Raman spectroscopy can also be used for the analysis of bac-

terial antibiotic susceptibility, which makes it possible for future use in

low-resource settings.84,85,88

Stable isotope labelling is often used in antibiotic susceptibility

analysis because the metabolic responses of antibiotic-resistant and

susceptible bacteria are varied. Labelling with heavy water is usu-

ally performed to indicate the general metabolic activity of active

cells. The response of metabolically active bacteria to antibiotics can

be differentiated from those of inactive cells. With stable isotope

labelling, Raman spectroscopy can further demonstrate the responses

of metabolically active cells to antibiotics regardless of the cultiva-

tion ability of the cells. A study identified multiple antibiotic-resistant

bacteria in chicken faeces and maggots using Raman spectroscopy.93

Samples were incubated in D2O-containing antibiotics and then C-D

Raman bands were measured to distinguish bacterial strains. Similar

studies were conducted for blood cultures94 and clinical strains.95,96

Similar to antibiotics, there are studies that investigated bacte-

rial responses to environmental stressors,97,98 heavy metals, and

herbicides.99 These studies are also helpful for the understanding of

bacterial inactivation mechanisms and the effect of different stres-

sors or chemicals on bacterial cells. SERS has shown to be a promising

method to determine the stress response of bacteria at the molecular

level. Raman spectroscopywas proved to have the potential to provide

accurateand fast identificationof antibiotic-resistantbacteria andana-

lyze the responses to antibiotics based on the studies above. It offers a

rapid alternative to current antibiotic susceptibility testingmethods.

6 SUMMARY AND OUTLOOK

Raman spectroscopy is a promising technique that can be applied

for bacteria detection, bacteria identification and discrimination, and

bacteria antibiotic susceptibility testing. Raman spectra provide com-

plementary information about the biochemical properties of bacterial

cells. This review highlighted the recent application of Raman spec-

troscopy for bacteria analysis in a wide range of areas including food

safety, clinical testing, and environmental monitoring. The improve-

ments and development of Raman spectroscopy-based methods have

been focused on the fabrication of novel SERS substrates, the devel-

opment of advanced spectra interpretation tools, the study of more

efficient sample preparation methods, and the involvement of other

techniques for better assay performance.

Utilizing advanced data processing methods will make it possible

to better interpret Raman spectra and identify minor differences in a

biological sample. It could be a problem to compare the results gener-

ated by different data processing tools. Future works should address

this issue by developing a universal tool or database for more reliable

results. The application of Raman spectroscopy in practical settings is
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also one of the future trends. Currently, it is still challenging to analyze

the bacteria in complicated environmental, clinical, or food samples

and large volume samples due to the interference from the sample

matrices. The development of sample preparation techniques with a

simple procedure and short time that are compatiblewith Raman spec-

troscopy needs further investigation. The combination of other novel

techniques with Raman spectroscopy to study microorganisms is still

developing and should provide new advances for a portable system for

in-field testing. All of these are important considerations for improving

Raman spectroscopy for the analysis of microorganisms.

Overall, the studies presented in this review demonstrate that

the Raman spectroscopy technique is capable of rapidly detecting,

identifying, and discriminating bacteria, especially combined with

effective bacterial separation and concentration strategies. Raman

spectroscopy has great potential in the field of bacteria analysis. The

application of Raman spectroscopy will continue to grow in a broad

range of areas with the development and improvement of innovative

technologies.
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