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The study and detection of causative agents of infectious diseases are an important and urgent task, the progress of which can be
achieved only if different approaches are used. Current diagnostic technologies based on different biophysical detection principles allow
the research of complex biological substrates with a high degree of analytical reliability. Raman spectroscopy based on the discovery of
molecular structure has long established itself as a reliable analytical tool in various fields of science and technology.

The purpose of this report is to review current achievements in microbiology using the Raman spectroscopy, demonstration its limitations,
as well as the most important world trends in the application of this diagnostic technology for the study and indication of pathogens of

bacterial and viral infections.
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Introduction

Growing bacterial antibiotic resistance causes
increasing concern in modern society [1-3]. This problem
is of vital importance for global healthcare and its solution
demands more rapid and highly sensitive indications
of the agents causing bacterial and viral infections [4].
In addition to solving scientific and applied tasks, early
and specific diagnosis becomes the most important
aspect of the sanitary and epidemiological monitoring, a
counteraction to the threats of bioterrorism [5].

An ideal method of detecting infectious agents must
include simple stages of sample preparation, provide
quick indication of the causative agent, be automated,
and relatively inexpensive. Though current methods are
considered accurate, they are not sensitive enough and
require significant time for pathogen identification [6-9].
For instance, traditional methods of agent indication
are based on the gold standard oriented to culturing
bacteria in a dense growing media, differentiating them
according to the main morphological and biochemical
characteristics. The drawbacks of microbiological
methods are their high cost; duration (from several days
to several weeks) depending on the rate of bacterial cell
replication; impossibility to identify the so-called tolerant
(dormant) forms of bacteria which do not grow under the
conventional conditions (L-forms; viable but nonculturable

states; persister cells) and are not detected by routine
bacteriological investigations [10-12].

In clinical microbiology, classical methods relying
on identification of causative agent properties
(morphological, tinctorial, and cultural) are used mainly
during agent verification. However, these methods do
not take into consideration the phenotypic variations of
bacteria which may concern their biological properties
and are connected with the conditions of microorganism
existence [13-15]. Identification of bacteria with the
help of bacteriological analyzers upgrade essentially the
accuracy of the traditional microbiological methods but
their application requires isolation of pure agent cultures
during 18-24 h, expensive equipment, and expendable
materials [16-18].

Test-systems based on immunological agent
verification are recommended for precise taxonomic
identification at the species and intraspecies levels.
However, these methods are not direct, their diagnostic
value depends on the individual variations of the immune
response, and genetic mutations of bacteria. Besides, a
relatively narrow diagnostic range is also thought to be a
disadvantage as it depends on the availability of antibody
spectrum restricting the possibility of their usage for a
wide screening of samples [18].

At present, new effective molecular genetic diagnostic
tools are being actively implemented in the laboratory
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practice:  multiprimer polymerase chain reaction
(PCR), ligase chain reaction based on the detection
of sequences of separate conservative regions of
microorganism nucleic acids (RNA or DNA) [19-22].
The molecular genetic method possesses an obvious
advantage over the classic microbiological methods of
causative agent identification providing fast (4-5 h) and
accurate indication of the agent with high sensitivity and
specificity. Its versatility and probability of identifying both
bacterial and viral agents, the capability of investigating
small-volume samples, identifying intracellular pathogens
and dormant (nonculturable) forms of bacteria are justly
referred to the merits of this method [20, 21].

However, in spite of the evident advantages, PCR
analysis has some drawbacks too, for example, the
possibility to obtain a false-positive result when detecting
nucleic acids in nonliving bacterial cells [21, 23]. Inability of
this method to differentiate between a viable and nonliving
bacteria limits its application for the control of treatment
efficacy when it is necessary to perform the tests only
after removing dead pathogens from the organism which
takes 4-8 weeks [11, 23]. Time- and labor-consuming
sample preparation is also a technological weak point of
the molecular genetic methods. Besides, mutations of
microorganisms in the conservative genome region may
lead to false-negative results. Finally, a great number
of substances (heparin, EDTA, ethanol, isopropanol,
etc.) are able to inhibit polymerase reaction while in the
process of PCR samples are at risk of contamination [11,
21, 23]. Practical application of these methods restrains
the necessity of buying expensive equipment and
dependence on the kit of test-systems [9, 20, 21].

In the last decade, the method of matrix-associated
desorption/ionization gains in popularity especially
in combination with matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF).
This method is based on mass-spectrometric detection
of microorganisms by means of laser radiation in order
to identify genetically determined specific composition of
proteins and lipids of the bacterial cell [11, 24-26]. The
existing variations of this method connected with protein
(MALDI-TOF MS) or lipid profiling in combination with
gas (GC-MS) or liquid chromatography (LC-MS) are
becoming increasingly common in medical and sanitary-
hygienic investigations including microbiology for prompt
(within several minutes), reliable, and effective indication
of causative agents of infectious diseases [24]. However,
the advantages of MALDI-TOF in speed indication
are restricted by the necessity of preliminary isolation
of microorganism pure culture from the examined
biomaterials, which usually requires no less than 16—
24 h, and also procurement of expensive equipment, and
destruction of the sample in the course of its analysis
[24-26].

Thus, the widely used traditional methods of agent
detection have their strong and weak points and
limitations [18, 27, 28], therefore, there is a strong
necessity in searching for new and effective diagnostic
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tools for indication of pathogens implying some other
biophysical principles of detection. They must combine
rapidity, minimal sample preparation, low cost, high
sensitivity, and good reproducibility.

In recent years, modern analytical technologies
for determining the structure of biological molecules
allowing for obtaining information about metabolism of the
infectious agents have become the subject of increased
attention in biomedical investigations. These diagnostic
tools relying on spectroscopy and spectrometry enable a
sufficient bulk of information to be derived from a single
investigation without sample destruction. Among current
biomedical technologies based on early indication of
infectious agents owing to their analytical sensitivity and
specificity the researchers distinguish Raman scattering
spectroscopy (RS) as the most attractive and promising
method of indication and verification of causative agents
[9, 11, 18, 23, 29].

Current achievements in microbiology using RS
methods as well as the most important world trends
of using this diagnostic technology for exploration and
indication of agents causing bacterial and viral infections
are presented in this review. The following foreign
databases were used as the sources of information:
PubMed and Internet Grateful Med v. 2.6, CAB Health,
EDINA, and Dialog catalogues covering the period from
2010 till 2018.

Raman scattering and SERS spectroscopy

This method is based on the phenomenon of
resonance Raman (inelastic, combination) scattering of
monochromatic light (resonance Raman scattering, RRS)
which was discovered by the Indian scientists C.V. Raman
and K.S. Krishnan in 1928. Raman spectroscopy uses the
Raman effect occurring when the laser beam interacts
with a molecular substance [11, 15, 23]. Light filters are
used to separate the scattered beams from the obtained
light bundle. The scattered beams are amplified and
registered in the form of unique set of spectral lines having
the frequency other than the incident beam [9, 19, 29].
The scattering spectra are very sensitive to the nature of
chemical bonds both in organic molecules and inorganic
crystalline lattices. Owing to these properties, Raman
inelastic scattering is widely used in chemistry, geology,
ecology, materials science, cosmetology, criminology.

In the XXI century, new technologies of enhanced RS
proved to be indispensable tools for biomedical scientific
and applied investigations due to their main advantages,
i.e. being noninvasive, contact-free, requiring no sample
preparation, providing high speed of examination, the
possibility to work with aqueous buffer solutions, and in
combination with confocal, atomic-force, and electronic
microscopy [9, 11, 23, 30, 31].

The main frequency characteristics observed in the
process of investigation with the help of RS are highly
specific for various microorganisms and functional
groups of intracellular molecules representing a precise
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Figure 1. Surface-enhanced Raman spectroscopy — SERS (illustrated by the authors)

individual fingerprint which is capable of providing the
inner phenotypic profile of a single cell [32], identifying
gene expression [9, 30], compound biosynthesis [18,
31], typical subcellular structures and inclusions [9],
physiological states [23, 33], or metabolism changes [28,
29]. This feature made the RS technology very attractive
for exploration of different analytes including biological
objects. However, low signal intensity at the output was
the main reason why this method has not been widely
used for so long a time in biomedical researches. And
only in 90s years of the last century, when the Raman
spectrometer was combined with a confocal microscope,
registration of cell spectra, as well as the investigation of
very small objects within 1 um?3 in size including single
cells or their internal fragments, became

the specific molecular analysis of RS with the enhancing
signal of plasmon nanostructures [37-39]. The acquired
spectra are compared with those available in the software
database or control spectra of the museum strains.

A special kind of the surface-enhanced RS in which a
probe of the scanning probe microscope is used for signal
boosting was named tip enhanced Raman scattering
(TERS). SERS and TERS variants based on the effect
of plasmon resonance received a general name of
“giant Raman scattering” and allowed for considerable
widening of the RS practical application and recognizing
it as an extremely powerful and universal instrument for
almost all biological and medical investigations including
microbiology (Figure 2) [16, 38, 40, 41].

feasible [18, 28, 34].

A current application of the RS
technology in biology is stimulated
by the necessity to reduce the lower
limit of substance detection to study
primarily  intracellular  biomolecules
and microorganisms when solving
the tasks of biomedical diagnosis.
At the beginning of the XXI century
owing to the achievements in

Gastro-
nanotechnology, the most powerful endoscopy
technique of signal multiplication,
surface-enhanced Raman scattering

(SERS), became widely used. This
method of the enhanced RS (Figure 1)
uses SERS substrates representing
highly precise nanostructures with 10—
100 nm nanoparticles of silver and gold
sorbed on them in their active zone.
The generated plasmons significantly
increase the electric field around the
metal sharply intensifying the signal
(up to 10™ times) which makes it
possible to register vibration states of
the intracellular molecules (antibodies,
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nucleic acids, proteins, lipids) as well

as viruses [14, 16, 35, 36]. Therefore,
SRES is an analytical tool integrating
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Figure 2. Application of the Raman spectroscopy in microbiology
(illustrated by the authors)
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For the last several years, the RS became an
indispensable diagnostic tool for the online control of
changes in the molecular structure of the bacterial cell on
the basis of specific signals from proteins, nucleic acids,
lipids, carbohydrates, and inorganic crystals [41]. This
technology can be used for detection and indication of
microorganisms without sample preparation which makes
it a reliable and indispensable method for solving multiple
biomedical tasks [9, 11, 23, 41].

For example, RS provides the possibility to assess
the intra- and interspecies relations of bacteria. Specific
Raman scattering spectra for each type of cells
present additional information on their viability, status,
differentiation and atypicality, sensitivity to antibiotics
[9, 11, 42, 43]. During biofilm investigations, RS can
detect the main components of extracellular matrix and
secondary structures without their destruction which
enables the researchers to trace the process dynamics in
vitro [19, 44]. Short time of examination (20—40 min), high
resolution, simplicity of use make the RS technology and
its enhanced modifications perspective diagnostic tool for
identification of bacteria and viruses [9, 22, 30].

RS-compatible methods for bacteria indication

The renaissance of RS in biomedical researches
observed in recent years is connected with the rapidity
of obtaining results (minutes) and high specificity of
the scattering signal which are the most important
characteristics of this method possessing a great potential
for detecting and identifying bacteria in a mixed culture.
The essential advantage of RS is a vital determination of
bacterial biochemical composition with the possibility of
their further investigations [19, 22, 30]. As a rule, spectral
signatures make it possible to distinguish between gram-
negative and gram-positive bacteria as the scattering
intensity of the latter is usually higher in all wavelength
ranges [22, 30].

In recent years, the efficacy of indication, method

sensitivity, and reproducibility of its results depend to
the large extent on the composition of the examined
sample and the quantity of the bacteria present in it,
while the detection limit is mediated by the strategy of the
microbe cell isolation. Therefore, in many publications,
various techniques and solutions connected with sample
preparation are described in detail [22, 30, 45-47].

Sample preparation. Working out a RS-based strategy
of infectious agent indication requires consideration of
some aspects concerning sample preparation as it is of
crucial importance for gaining optimal results.

Agent culturing with isolation of a pure culture has been
recognized to be the best method of sample preparation
(Figure 3 (a)). Since this process occupies from several to
24 h and negates the RS merits, the spectroscopic analysis
is performed without any preliminary preparation of the
sample when working with natural and clinical bacterial
isolates. This technology is usually employed in case of
bacterial strain typing in retrospective epidemiological
investigations of infectious episodes [22, 47, 48]. And the
RS method does not yield in informativity to the pulsed field
gel electrophoresis which is considered to be a standard
method for typing pathogen bacteria [22, 47].

Another method of isolation and purification of the
sample is filtration through nanoporous membranes
(Figure 3 (b)). It is used rather widely in isolation of solid
particles from a liquid sample [45, 46, 48]. Bacteria have
different sizes usually within 0.5-5 pm. Since they are
substantially smaller than eukaryotic cells, their filtration
through the nanoporous membranes provides the
necessary enrichment of the sample.

The authors of the works [49, 50] have combined
filtration of the samples including Salmonella typhimurium,
Escherichia coli, and Staphylococcus aureus in the
buffered physiological solution using nanoporous
membranes containing metal gold or silver nanoparticles
labeled with the respective antibodies for SERS
spectroscopy. In this case, bacteria bounded to antibodies
remained in the membranes whereas unbound bacteria

were filtered out. The proposed method allowed
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the authors not only to differentiate these types
of bacteria but to separate the pathogenic strain
of E. coli (O157:H7) from the nonpathogenic
K12 as well. The total indication time was 45 min
and the detection limit was in the range of 10%
103CFU/ml of the buffer solution [49].

In the present investigations, conjugation of
bacteria with specific antibodies labeled with
gold or silver nanoparticles is performed before
filtration. In a typical experiment, the conjugated
bacteria remain on the filter surface after filtration
whereas unbound nanoparticles pass through
the membrane [19, 30, 50]. The efficacy of this
method was achieved by combining sample
preparation with the giant Raman scattering,
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Figure 3. Methods of sample preparation for Raman spectroscopy

(illustrated by the authors):

(a) culturing; (b) filtration; (c) differential centrifuging; (d) dielectrophoresis

164 CTMJ 2019 [ vol. 11 | No.4

one of the powerful techniques of enhancing the
signal of Raman scattering, its SERS or TERS
variants [14, 16].
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In the work by Chen et al. [50], the entire process of
preparing samples of aqueous suspension of E. coli cells
took 10-20 min depending on the type of filters. The limit
of bacteria detection was increased by two orders, to
10% CFU/ml, compared to the use of SERS substrates with
silver (gold) nanoparticles without the stage of filtration.

Choosing RS modification one should take into
consideration the chemical composition of the examined
samples, protein content, concentration of bacterial cells,
and presence of contamination. It should be also kept in
mind that sample preparation alongside with the correct
analysis of the Raman scattering spectra are the key for
successful agent identification [19, 22, 30, 45].

Another method of biomolecule detection and sample
enrichment is differential centrifuging (Figure 3 (c)). It is
usually employed for separating bacterial cells in the
solutions with a density gradient at which mass and size
of biomolecule are taken into consideration [22].

The second variant of centrifuging depends on the Zeta
potential of bacterial cells bound to the nanocomposite
structures on the basis of gold (AuNP) and silver (AgNP)
nanoparticles and features by a relative easiness of
obtaining, stability, and good plasmonic properties [9,
13, 51]. In the studies of Zhou et al. [52], the Raman
scattering bacterial signal has been shown to be about 30
times higher using this strategy than in case of employing
only mixed bacteria-colloid suspension. The total time of
the analysis did not exceed 10 min and the total volume
of reagents necessary for bacterial analysis was as little
as 1 ml.

In the method of sample concentration based on
dielectrophoresis, non-linear electrokinetic phenomena
are used for exploration of bacterial surface properties
which allows the concentration of bacterial cells even
in complex substrates such as blood or urine (Figure 3
(d)). Some researchers have shown that gram-negative
and gram-positive bacteria are immobilized on different
electric poles due to the differences in the structure and
properties of their cell wall [53-56].

Depending on the degree of polarizability of the
bacterial cell wall surface as well as the state of the liquid
phase, and dilution of the initial sample identification
of bacterial agents by the SERS method takes 3—6 min
[57-59]. In order to apply this method for bacteriemia
diagnosis, it is necessary to inoculate blood for obtaining
a higher bacterial concentration (detection limit is about
10° cells/ml) [59-61]. Braff et al. [55] have successfully
applied a highly sensitive 3D modification of linear
dielectrophoresis for separation of Pseudomonas
aeruginosa and Streptococcus mitis bacteria at the strain
level.

One more method of cell concentration, sorting, and
their manipulation is connected with the use of the so-
called Raman spectroscopy optical tweezers (RSOT).
This method is a well-known variant of RS enabling the
increase of Raman scattering intensity due to the longer
time of signal accumulation from single molecules or cells
in the solution without their sedimentation and fixation [9,

Raman Spectroscopy in the Study and Indication of Infectious Agents
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45, 62]. Previously, the method was used for selective
isolation of bacteria from the mixed culture of the yeast
cells (Saccharomyces cerevisiae) and two bacterial
species (Escherichia coli, Pseudomonas fluorescens)
based on their specific scattering spectra with the help of
the strongly focused laser beam [19, 44].

Pathogen identification. After sample preparation,
bacteria become ready for spectroscopic examination.
By means of multivariate analysis, even insignificant
phenotypic differences between the spectra of bacterial
cells can be used for pathogen identification. The software
provides the possibility to process sufficiently large data
volumes acquired in the course of examination of several
independent series. Physiological state of microbial cells
or the processing of spectrum parameters may influence
the results of identification [63—65].

Reliability of RS identification is based on the
qualitative database and statistical algorithms which are
applied to the Raman scattering spectra. It is understood
that the database supplied with the device contains
RS spectra of a huge quantity of genera, species, and
strains of microorganisms cultured under ideal conditions
(nutrient medium, temperature, time). Therefore, the
researcher should create culturing conditions as close to
the ideal as possible which may be realized in practice
only to a certain degree as the sample composition may
be complex, especially when medical tasks are solved,
and be different in each individual case [66—68]. The
bacterial phase of growth, sample storage conditions,
or contamination of the material by heavy metals may
influence spectrum variations and the quality of the entire
analysis [3, 64, 65, 69]. Having obtained a sufficient
quantity of scattering spectra, the model is classified and
analyzed by the comparison with those contained in the
database [3] (Figure 4).

Microbial contamination of the internal body media is
one of the main causes of infectious diseases. Exact and
quick identification of the causative agents in patients’
biosubstrates and the assessment of their sensitivity
to antibiotics are of great importance for clinicians [42,
43, 70]. Usually, only one examined bacterial species
is present in the sample when scientific researches are
conducted. However, in clinical practice, bacteriologists
deal commonly with bacterial association when they
analyze biosamples, therefore, the task is to identify all
pathogens.

Cam et al. [71] were one of the first to demonstrate
a successful experience of RS analysis of the samples
using SERS substrates. The RS helped identify the
composition of bacterial mixture consisting of three
different but related bacterial genera: Shigella sonnei,
Proteus vulgaris, and Erwinia amylovora and three strains
of Escherichia coli (BFK13, BHK7, DH5a).

In the subsequent investigations, it was shown that RS
in combination with metal nanoparticles (gold and silver)
may be used for the solution of clinical tasks for rapid
and specific indication of E. coli (O157:H7), S. aureus,
Salmonella spp., Shigella spp., Listeria monocytogenes,
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infectious agents [30, 81] are being rapidly evolving
since Raman scattering spectra can present a vast
array of information on the chemical structure of
intrabacterial biomolecules [19, 22].

As the sensitivity of RS depends on the way
of sample preparation, biosubstrate properties,
and the nanoparticles used a lot of reports have
appeared recently on the development of RS-based
biosensors including the field and mobile versions of
Raman spectrometers for quick and highly effective
indication of different bacteria which may be used
in expeditions or walking trips [22, 45, 46, 82].
Thus, Chen et al. [46] proposed a mobile biosensor
working on the principle of the Ag nanoparticles-
enhanced Raman scattering to detect living bacteria
in drinking water. Using this biosensor, indication
of E. coli, P. aeruginosa, S. aureus (MRSA) strains
resistant to methicillin from clinical isolates, and
Listeria spp. from food products was successfully
done during 5 min after pretreatment of the water

c Raman shift/cm-!

samples with Triton X-100 nonionic detergent.
The comparison of spectra enabled the detection

Figure 4. Example of using Raman spectrometry for investigation

of the viability of gram-positive Bacillus subtilis bacterium:

visualization of the spores (a) and the vegetative form (b) (atomic-
force microscopy). Raman spectrum (c) of a single spore detected the
biochemical marker of the mature endospore, dipicolinic acid, playing
an important role in the bacterial resistance and protection of their

DNA against damages (illustrated by A.A. Karpenko)

Enterococcus faecalis, Bacillus spp., and Enterobacter
spp. [19, 22, 30, 45, 46]. Aggregation of nanoparticles
and bacterial cells provided high intensity of the signal
from SERS substrates facilitating the decrease of the
agent detection limit to 102 CFU/ml. A complete analysis
requires 30 min [72-75]. Some examples of applying RS
for the solution of clinical tasks are given in the Table.

At present, methods using the combination of fiber
optic biosensors with RS for supersensitive detection of

and differentiation of two species of Listeria
(L. monocytogenes and L. innocua).

Another group of investigators, Wang et al.
[83], proposed a portable spectroscopic microfluid
biosensor with a high level of sensitivity (1-
10 cells/ml) possessing a subspecies specificity for
quick and effective indication and characteristic of
Escherichia coli (0O157:H7) in water. Monoclonal
antibodies with gold nanocrystals were used in this
method of indication.

Together with the labeled antibodies, antibiotics
interacting specifically with bacterial cellular walls may
be used as probes. In 2012, the Taiwan researchers Liu
et al. [84] used the technological SERS platform with
vancomycin-bound active silver nanoparticles for detection
and identification of Staphylococcus aureus, Klebsiella
pneumoniae, and Mycobacterium smegmatis in the
human blood.

Some examples of applying Raman spectroscopy for the solution of clinical tasks

. . Concentration Investigation
Sample preparation Biosubstrates Pathogens (CFUImi) time Reference

Filtration Milk, blood serum E. coli 5102 Up to 30 min Wang C. et al. [76]
S. aureus (MRSA)

Culturing Synovial fluid S. aureus 10%-103 60 min Fargasova A. et al. [77]
S. pyogenes

Culturing Blood serum S. typhi 10° 2h Naseer K. et al. [78]

Without sample Biofilm Pseudomonas aeruginosa 10%-10* 15h Bodelén G. et al. [79]

preparation

Centrifuging Sputum, urine Mycobacterium tuberculosis 108 2h Baron V.O. et al. [42]

Centrifuging Sputum Klebsiella pneumoniae 10%-10* 60 min Cheong Y. et al. [43]

Without sample Discharge from urethra ~ Chlamydia trachomatis 10'-10? 1-15h Chen Y. et al. [80]

preparation Neisseria gonorrhoeae
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In the works of Carey et al. [85, 86] it has been shown
that with the help of RS it is possible to reveal molecular
conformational changes in the bacterial cell after the
action of antibiotics (chloramphenicol and meropenem) or
hydrogen peroxide. The authors have obtained the data
on the quantitative and qualitative intracellular changes in
the content of peptides and nucleic acids, they have also
performed online in vivo assessment of metabolism by
the changes of citrate concentrations in Escherichia coli.

Their Japanese colleagues used the RS scattering to
monitor metabolism of Staphylococcus epidermidis which
is one of the leading nosocomial pathogens associated
with periprosthetic infections of biomedical implants [30,
45]. A metabolic response of bacteria to silicon nitride
action in situ has also been investigated. The dynamics
of antimicrobial impact and bacterial lysis staging,
membrane degradation, and onset of cellular death have
been demonstrated [30, 38].

In recent years, interesting results were presented
by Chinese and South-Korean researchers about the
possibility of using resonance RS in combination with
confocal microscopy for examining the changes in
the chemical structure of the bacterial biofiims in the
process of their generation [22, 46]. Concurrently, all
species of bacterial cells included into communities, their
metabolism, and signaling protein molecules involved
in the competitive interspecies interaction have been
verified.

Thus, high analytical characteristics of RS and
enhanced modifications of the method (detection
rate, sensitivity) make this contact-free technology a
valuable and promising diagnostic tool for biomedical
investigations. High RS specificity provides valuable
information on the phenotype of the microbial cell which
in combination with chemometric data makes it possible
to identify bacterial species and strains and to determine
the level of metabolism and degree of viability. As have
already been mentioned, the reliability of indication
greatly depends on the quality and completeness of the
database. A noninvasive character of RS technology is
one more benefit in relation to bacteria detection. Cells
remain intact and are ready for further analysis.

RS-compatible methods for indication of viruses

Using RS, the Japanese scientists Mori et al. [87] have
examined protein and amino acid structures of Norovirus-
like particles before and after encapsulation into cubic
microcrystals. The analysis of spectroscopic data
permitted conformation-sensitive Raman bands in viral
amino acid constituents to be assigned. The data obtained
has opened the possibility to conduct experiments in the
field of drug delivery in situ to determine the influence of
different preparations on viruses.

The scientists from Pakistan, Khan et al. [88], have
studied the possibility of diagnosing viral hepatitis B using
RS in combination with the image recognition method.
For the experiment, 119 verified serum samples collected

Raman Spectroscopy in the Study and Indication of Infectious Agents
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from patients infected with viral hepatitis B and delivered
from one of the country hospitals have been used. The
method was reported to have the diagnostic accuracy of
about 98%, sensitivity 100%, and specificity 95%.

Similar investigation has been carried out by Sohail et
al. [89] in which a presented diagnostic system used RS
for detecting viral hepatitis C. The system demonstrated
significant diagnostic power in terms of accuracy,
sensitivity, and specificity equal to 95, 97, and 94%,
respectively. Viral hepatitis C in the infected patients was
verified based on the molecular Raman scattering spectra
of blood serum.

The RS method has proved to be so successful as a
tool for identification of viral causative agents that it has
been suggested to be used as an alternative to traditional
methods of verification, for example, solid-phase enzyme
immunoassay. The Pakistan researchers Mahmood et
al. [29] have successfully tested the RS scattering for
indication of Dengue virus as a method for fast screening
of blood serum taken from the sick patients. The
comparative study has shown that the spectral method
in combination with the factor discriminant analysis
displayed much higher analytical characteristics (97.95%
sensitivity, 95.40% specificity) than the traditional enzyme
immunoassay.

Thus, application of various RS modifications in
biomedical investigations and microbiology in the last
decade proved to be a successful technology for fast and
reliable identification of bacteria and viruses. The time
necessary for agent detection serves as an important
factor and it, according to the data of different researchers,
does not exceed 2 h including sample preparation making
the Raman scattering method a perspective diagnostic
technique [86, 88, 90, 91].

Being highly specific and sensitive, the RS is able
to provide valuable information for the assessment of
phenotypic plasticity of the bacterial cell, its metabolic
activity, to identify infectious agents down to the genus
in the mixed culture. But it should be understood that the
reliability of agent identification strongly depends on the
quality of the Raman spectra database [86, 87, 92].

The perspectives of further application of the RS
method in biomedicine are connected with the analysis
automatization and standardization of the operation
procedure, on the one hand, and with creation of RS-
based mobile and mini-devices permitting investigations
at patient’s bed-side (in the point-of-care mode) or in field
conditions [47, 86, 93].

One more important problem is creation of a vast
database considering not only variations of specific
Raman spectra for different species and strains of
infectious agents but possible phenotypic variants of
morphological and metabolic plasticity of bacteria as well.

Solution of the mentioned problems will allow for
the application of the RS method for fundamental
investigations and in practical medicine as well to detect
bacteria and viruses as causative infectious agents. From
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all the above said, we may conclude that RS possesses a
great potential especially in combination with the effective
strategies of microorganism isolation and modification
of the method enabling the enhancement of the Raman
scattering signal and investigation of subcellular
structures of biological cells.

In this connection one more interesting direction of
biomedical application of the RS is worth mentioning.
With its help, Russian investigators from Moscow
State University in collaboration with their colleagues
from Dane and Germany obtained unique information
about oxidation-reduction potential and conformations
of mitochondrial cytochrome C which is connected
with the efficacy of providing energy to the cells and
the development of apoptosis [19, 30, 94]. It took the
investigations of these intracellular organelles to a new
level. SERS spectra of the living mitochondria placed
on the hierarchically structured substrates with silver
nanoparticles were found to present exclusive information
on the changes in the cytochrome C molecule structure
depending on the alterations of the mitochondrial
membrane potential, proton gradient, and ATP synthetase
activity [94].

Conclusion

For the last 5-10 years, Raman spectroscopy attracts
greater attention of the specialists in biomedicine.
A successful application of the RS for detection of bacteria
and viruses has been shown in the present review.
Among the cited works, there are numerous confirmations
of the fact that experimental and scientific microbiological
investigations using spectroscopic tools have entered
quickly the diagnostic arsenal of clinical medicine.

In addition to a highly sensitive and fast indication of
infectious agents, current RS modifications, giant Raman
scattering methods, allow the solution of multiple tasks of
molecular microbiology aimed at the study of prokaryote
metabolism, their phenotypic, morphological, and
metabolic heterogeneity, at the assessment of viability
and differentiation of the forms of the programmed
bacterial cell death.

In recent years, the biomedical RS methods were
evolving in the direction of extending the instrumental
base and applied medical investigations. The advent of
portable high-resolution laboratory Raman spectrometers
designed for highly effective biomedical investigations
complete with confocal Raman microscope and software
made it possible to analyze the obtained data, select the
samples, preprocess and examine the spectra on a real-
time basis.

The development of miniature biosensors capable
of investigating and measuring different phenomena
at the nanoscale level resulted in transformation of
diagnostic and treatment methods [95, 96]. In particular,
biofunctional Raman nanoparticles were used in vitro and
in vivo for nano-sensitization and multiplex diagnosis for
the detection of different infectious agents.
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Creation of portable variants of miniature Raman
spectrometer, professional pocket-size Raman analyzers
provided the possibility to carry out highly sensitive
microbiological investigations in field conditions [97], at sea
[98], Antarctic expeditions [99], space flights [100, 101].

The RS turned out to be an ideal tool for medical
investigations in vitro and in vivo for revealing molecular
cancer markers [72, 100, 102], atherosclerotic
vascular damages [100, 103], narcotic poisoning [104],
assessment of nanoparticle biodegradation in the
organism, and theranostics of many oncological diseases
[105, 106]. Currently, the RS is being actively used in
pharmacology (in studying molecular activity of medicinal
preparations and testing their biological activity) [11, 96,
100, 107].

Finally, unique analytical capabilities of the Raman
spectroscopy open new approaches for solving the
problems of chemical and biological safety. Chinese
scientists have proposed to use the SERS technology
with gold-coated aluminium substrates for capturing
the molecules of phosphororganic toxic substances.
This technology is reported to detect these substances
at a concentration of 1-10° [108]. FLIR Systems, Inc.
(USA) included a portable FirstDefender RMX Raman
spectrometer (Thermo Scientific, USA) among other
devices into the CBRN DR-SKO IDIQ system developed
in 2016 and designed to conduct all types of radiation,
chemical, biological, and nuclear reconnaissance and
which is already being delivered to the U.S. Military Joint
Services [109].

A great potential of the Raman spectroscopy is
evident but for its maximal realization it needs further
development. Among the most perspective directions
are extended automation, improvement of reliability,
portability, and mobility of the Raman spectrometers. In
recent years, a noticeable success is observed in this
direction: a number of handheld models for biomedical
researches are being currently developed or available
in the market (Bio Particle Explorer, rapid, Germany;
i-Raman Plus, Italy; SpectraCell RA, river diagnostics,
Netherlands).

The next trend is the development and implementation
of the standard operating procedure which optimizes the
reproduction of the entire chain of stages: from sample
selection, sample preparation to the measurement
of Raman spectra parameters and chemometric
identification of bacteria.

And at last, one more important issue is improvement
and completeness of the Raman spectrum databases
which must consider phenotypic variations of bacterial
physiological state.

Realization of these perspective directions will help
further propagation of this modern diagnostic technology
in biological scientific investigations and practical
medicine.
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