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Rapid culture free Pathogen detection using SERS technique

Ujjal Kumar Sur* and Amar Ghosh
Department of Chemistry,
Behala College, University of Calcutta, Kolkata-60, India

Surface-enhanced Raman scattering (SERS) spectroscopy has emerged as a versatile surface sensitive spectroscopic
analytical tool on account of the gigantic augmentation of weak Raman signal and can assist appropriate detection of
chemical and biological systems. SERS technique is so versatile that it can be employed from diverse applications
ranging from plasmonics, sensing, catalysis to biomedical applications and diagnostics. This novel powerful technique
has been utilized to detect pathogens including bacteria and viruses. In this paper, we have discussed the use of
various SERS active substrates for the rapid identification of pathogens like viruses and bacteria. The pathogen
detection by SERS technique represents a novel approach for rapid microbial diagnostics, where SERS can be
directly applied on clinical sample rather than pure cultured one. We review comprehensively in a comparative
manner the various studies involving the utilization of SERS technique to detect pathogens and provide a novel
approach in terms of diagnostics applications. A few examples have been provided from the recent studies on the
detection of pathogens by SERS technique from our research group © Anita Publications. All rights reserved.
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1 Introduction

Raman scattering occurs as a consequence of interaction of electromagnetic radiation with matter,
which results in the shift of frequency or wavelength of the incident radiation. After the development of
strong, monochromatic, polarized and tunable lasers, the Raman spectroscopy has transformed into a highly
sensitive technique to investigate the complicated molecular structure. On the other hand, the applications
of conventional Raman spectroscopy are constrained as a result of the low scattering cross section of the
Raman scattering process, which is ~ 12-14 orders of magnitude below fluorescence cross section for various
biological and organic molecules [1-7]. Consequently, the unexpected high Raman signals obtained from
pyridine molecules adsorbed on a rough silver electrode was demonstrated by Fleischmann and coworkers
from the University of Southamption, United Kingdom in 1974 [8]. This outstanding discovery brought
significant interest among researchers from various fields such as physics, chemistry, biology, mathematics
and engineering. Surface-enhanced Raman scattering (SERS) takes place with the huge increase of the weak
Raman scattering intensity by molecules in the vicinity of metallic nanostructured surfaces [5-8]. The SERS
enhancement factor, which can be defined as the ratio between the Raman signals from a given number of
molecules in the presence and in the absence of the metal nanostructure depends on the size as well as the
shape of the nanostructures. SERS enhancement is generally around 10°, but it may reach as high as 10'°
at certain highly efficient sub-wavelength regions [5-8].

As evident from the literature, Raman spectroscopic technique has been applied for analyzing
the composition of solids, liquids and gases. Therefore, this versatile technique can be utilized in diverse
applications such as study of art and archeological materials (paintings, coins and sculptures), analysis of
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environmental pollutants, medical and biomedical applications, analysis of minerals and ores as well as
detection of explosives [5,9,10,18].

Raman spectroscopy has broad medical and biomedical applications and can be used as a diagnostic,
analytical tool in medical field as well as structural probe for various biological materials [10]. Recently,
it has been applied both ex-vivo and in- vivo to deal with numerous biomedical phenomena; for example
early detection and diagnosis of cancers [11], examining the outcome of different agents on the skin [12],
determination of composition of herbal medicines to check the health and safety conformity of herbal
products in the market [ 13], rapid detection of pathogenic microorganisms and analysis of tooth structure in
dentistry [14]. Many studies have been reported in the literature on the oncological applications of Raman
spectroscopy for the detection of malignant and non malignant tissues in different sites of body [15,16].
There are reports on the detection of breast, brain, cervical, gastrointestinal, lung, oral and skin cancers
using Raman spectroscopy and its potential for in- vivo clinical implementation [ 15-17]. In dentistry, Raman
spectroscopy has been used to determine the chemical structural properties of dentin and enamel in tooth
[14]. However, most of the studies are still at the proof of concept stage. In addition, problems and issues yet
need to be determined to bring this technology in hospital environment. However, low sensitivity problem
of conventional Raman spectroscopy need to be solved for the clinical implementation of this versatile
technique.

The discovery of SERS has solved the low sensitivity problem of conventional Raman spectroscopy
and also perks up the surface sensitivity in general making the technique more appropriate. It also motivates
the investigation of the interfacial processes relating enhanced optical scattering from adsorbates on metal
surfaces [ 18].

SERS technique has different applications such as plasmonics, sensing, catalysis, medical and
biomedical applications and diagnostics. This novel powerful technique has also been utilized to detect
pathogens which include bacteria and viruses.

In this review article, we have shown the recent use of various SERS active substrates for the fast
identification of pathogens like viruses and bacteria. We have reviewed in a comprehensive and comparative
manner the range of studies involving the utilization of SERS technique to detect pathogens and provide a
novel approach in terms of diagnostics application.

Due to space limitations, a complete review of all recent work on this new part of research is
impossible. Nevertheless, a few examples including our own results had been abridged to demonstrate the
recent development in SERS research in the detection of pathogens.

2 Historical background and gradual development of SERS

Raman spectroscopy, a spectroscopic technique is derived from molecular vibrations and inelastic
scattering of monochromatic light, usually from a laser in the visible, near-infrared or near-ultraviolet region
of electromagnetic spectra. This effect was discovered by famous Indian physicist Professor CV Raman in
the year 1928 [19]. The weak Raman signal observed in conventional Raman spectroscopy can be explained
by the low scattering cross-section (~107° cm? molecule™). Therefore, Raman spectroscopy provides low
sensitivity in terms of signal and is the major cause for its inapplicability in practical fields for a long time
[5-7].

Fleischmann and his group at the University of Southampton, United Kingdom performed Raman
spectroscopic study with high intensity of signal by increasing the number of adsorbed molecules on a
roughened metal electrode surface. In 1974, they reported very high quality Raman spectra of pyridine
molecule adsorbed on electrochemically roughened Ag electrodes [§]. The authors attributed the enhancement
in the Raman intensity to an increase in the surface area of the Ag electrode by the electrochemical roughening
method.
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Later, Jeanmaire and Van Duyne [20] from Northwestern University, USA, in 1977 first time
recognized that surface area is not the key factor in the above phenomenon. Albrecht and Creighton [21] of
University of Kent, UK, reported a comparable result in the same year. These two groups provided strong
proofs to reveal that the strong surface Raman signal must be generated by a real enhancement of the Raman
scattering efficiency (10° to 10° enhancement). The effect was later named as surface-enhanced Raman
scattering and now, it is an universally accepted surface sensitive analytical technique. The exact mechanism
of the enhancement effect of SERS is highly controversial as found in the literature. There are two major
mechanisms accountable for the large enhancement effect of weak Raman signal obtained from pyridine
molecules adsorbed on electrochemically roughened Ag surface. Jeanmaire and Van Duyne suggested an
electromagnetic effect on the enhancement of Raman signal [20]. The electromagnetic theory is based on the
excitation of localized surface plasmons. On the other hand, Albrecht and Creighton projected a theory based
on the charge transfer effect of the adsorbed molecule on the enhancement efficiency [21]. This chemical
enhancement theory relies on the charge transfer complex formation of the adsorbed molecule. However, it
is very difficult to separate these two effects experimentally.

The most important highlight in the SERS research was the study of SERS spectra from single
molecules (SM-SERS) by two research groups independently in 1997 [22,23]. The detection of single
molecules using SERS technique and accomplishment of eventual limit of detection in any analytical
detection was possible by combining other techniques, for example, fluorescence spectroscopy and scanning
tunneling methods along with SERS techique.

Under appropriate environments, SERS enhancements of the order of 10'* can be obtained. It is
important to mention here that special sites, occasionally referred to as “hot spots”, are accountable for the
observed enhancement in SERS effect to a large extent. Therefore, current research work in SERS is focused
on the controlled and reproducible fabrication of metallic nanostructures to form geometries like “hot spots”
where the Raman probe molecules are properly located for large Raman enhancement. This will offer new
information in novel research areas like plasmonics.

3 Applications of SERS

SERS is the most responsive analytical technique existing both to surface science and nanoscience,
which can be applied along with other surface sensitive techniques to study various fundamental and applied
areas for example corrosion, catalysis, advanced materials, diagnostics, and sensing.

Nie and Emory [22] carried out study on single-molecule SERS by employing SERS technique along
with the transmission electron microscopy (TEM) and scanning tunneling microscopy (STM) techniques and
observed Raman enhancement in the order of 10" to 10" for single rhodamine 6G (R6G) molecule adsorbed
on selected Ag nanoparticles.

The surface-enhanced Raman scattering spectroscopy (SERS) can be employed for the detection of
short live reaction intermediates such as radical and radical ions on the electrode surface and determination
of the overall reaction mechanism. Tian and his group reported the first in-situ electrochemical SERS (EC-
SERS) study on the electrochemical reduction of PhCH,Cl in acetonitrile (CH;CN) on Ag electrode [24]. They
detected benzyl radical anion as an intermediate and 3-phenylpropanenitrile as the major reaction product.
The overall reaction mechanism involving the adsorption process of PhCH,Cl on the Ag surface and all
other possible interactions including the solvent has been explained from the SERS study. The SERS results
were further confirmed by theoretical quantum mechanical Density Functional Theory (DFT) calculations to
recognize the reaction intermediate and products.

Mulvihill et al established that LB assemblies made of various polyhedral Ag nanocrystals can be
used as SERS substrates for the high senstivity detection of arsenate and arsenite ions in aqueous solutions
with a detection limit of 1 ppb [25]. The SERS substrate can be used as chemical sensor, which is both highly
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reproducible as well as highly portable, and could be easily implemented in field detection. SERS technique
can be further used in environmental analysis to study target molecules such as pesticides; herbicides;
pharmaceutical chemicals in water; banned food dyes; chlorophenol derivatives and amino acids; chemical
warfare species; explosives; and a variety of organic pollutants [26.,27].

Immobilized metal nanoparticles in the form of SERS substrates can be used for biomedical
diagnostics. For instance, the SERS substrate can be used as glucose sensor to detect glucose in human blood.
Although, glucose is most commonly monitored by electrochemical-based sensors, a substitute protocol
using SERS substrates fabricated by NSL technique has been employed to detect glucose in blood [28].

4 Applications of SERS in pathogen detection

SERS can be applied as a tool to distinguish pathogens such as bacteria and viruses [29,30]. Several
research groups have reported the application of SERS-based assays for pathogen detection [29-32] ever
since Efrima ez al first demonstrated the SERS spectrum of a bacterial cell surface [31,32]. Nevertheless, the
majority of the SERS-based assays face a great deal of problems as a result of excessive fluctuations of SERS
signals. These large fluctuations arise essentially from the non-homogeneity in the SERS-active substrates
and due to incompatible binding between the bacterial cell surface and the SERS substrate. Metal colloids
and nanostructures, which can be used as SERS active substrate, have poor biocompatibility. Therefore, it
is necessary to develop new novel biocompatible substrates for Raman enhancement in case of biological
molecules especially for rapid pathogen detection.

Liu et al used SERS-active Ag/AAO nanostructured system to monitor antibiotic induced chemical
changes in bacterial cell wall [33]. The “chemical features” acquired from SERS spectrum of bacterial cell
wall facilitates rapid identification of drug resistant bacteria within an hour. Furthermore, distinctive changes
in the SERS profiles were observed in the drug-sensitive bacteria in the first phase (i.e., 1 hr) of antibiotic
exposure, which could be used to differentiate them from the drug-resistant bacteria. The SERS based novel
technique to detect pathogen was applied to a single bacterium. This rapid SERS detection of pathogens
makes possible direct analysis of clinical specimen as an alternative to pure cultured specimen. It is important
to mention here that conventional protocols for diagnosing bacterial infections based on the isolation of pure
culture of the bacterium, followed by the determination of the identity of the isolate and an examination
of the isolates responses to various antibiotics in terms of proliferation or viability. For such biological
assays, an incubation period ranging from days to weeks or even months is required in order for the bacteria
to grow to a density that can be handled by the available diagnostic tools. Over the past decade, several
PCR-based methods have been developed for the identification of bacteria. Mass spectrometry is another
substitute technique which has the potential for culture-free bacterial diagnostics. However, like the PCR
approach, mass spectrometry depends on the available prior knowledge on the pathogens, which may or may
not exist. Lastly yet importantly, neither of the PCR or mass spectrometry based approaches can be applied
to live bacteria to monitor their responses to antibiotics or to conduct functional tests. However, SERS
based spectroscopic method solve the limitation of PCR based methods. The newly developed SERS active
substrates based on Ag/AAO system can be used for to observe the fine changes in the bacterial cell wall
during the bacterium’s different growth stages and of the bacterium’s response to antibiotic treatment during
early period of antibiotic exposure.

Recently, Ankamwar et al [34] fabricated a stable (more than three months) and homogeneous
SERS active substrate from silver nanoparticles (Ag NPs) synthesized from leaf extract of Neolamarckia
cadamba for the detection of two strains of bacteria, gram positive (Staphylococcus aureus, S. aureus)
and gram negative (Escherichia coli, E. coli) bacteria. Figure | demonstrates the TEM image of the as-
synthesized silver nanoparticles along with their UV-visible spectrum, SAED pattern and the resultant SERS
spectra generated upon interaction with S. aureus and E. coli. These Ag NPs upon interaction with bacteria
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can exhibit large Raman enhancement factor ((3 + 0.20) x 107 and (5 + 0.40) x 107 for S. aureus and E.
coli bacteria, respectively) with almost zero fluctuations. The SERS substrate developed by them is nearly
homogeneous with a relative standard deviation value of 6.32 calculated from 50 repeated measurements
from various locations on the SERS substrate.

SERS spectrum of gram-positive bacteria
{S. qureus) using AgNPs as SERS substrate

132
1330

\“ 180
NN

Raman intensity

626 J
|

N AN

Raman shift (cm-1)

SERS spectrum of gram-negative bacteria
{E.coli) using AgNPs as SERS subsirate

2

5 -

g 855 * |
= c r w - 1330 |
E g KL}" ,\ms,m Ff\“'j”
H B WO v W

- -
Wawelengh{nm}

AgNO; + NCL extract

Raman shift (cm-1)

—>TAgNPs

Fig 1. The TEM image of the biosynthesized silver nanoparticles along with the UV- vis spectrum, SAED
pattern and the resultant SERS spectra generated upon interaction with S. aureus and E. coli bacteria.
Reproduced with permission from Ankamwar B, Sur U K., Das P, Anal Methods, 2016; 8: 2335-2340.
Copyright @ Royal Society of Chemistry, Inc.

Besides this, the fabricated SERS substrate are extremely stable even after three months. Gram
positive bacteria can be differentiated from Gram negative bacteria using this nearly homogeneous, stable
SERS active substrate. The SERS data presented in this study is highly stable, uniform and reproducible,
which shows the versatility of the biosynthesized SERS active substrate. This SERS active substrate is
capable of detecting extremely low concentrations (10° CFU mI™") of E. coli and hence shows high sensitivity
(see Fig 2). Figure 2 demonstrates the SERS calibration curve obtained with SERS intensity of the peak at
1330 cm ' (C-N stretching mode) as a function of concentration of bacteria E. coli. The 1330 cm™' peak
became detectable at 10* CFU/ml of E. coli concentration. The SERS intensity increases with concentration
of the bacterial solution, as it is exponentially correlated to the concentration of E. coli bacterial cells in
the sample between 10* CFU/ml to 10% CFU/ml. Experiments were repeated five times with each bacterial
concentration, and the standard errors of the mean for each concentration are also shown in Fig 2. The major
intention of this SERS study using biosynthesized Ag nanoparticles was to develop a rapid fingerprinting
method for the characterization of bacteria particularly E. coli, which is associated with urinary tract infection
(UTI), a common disease among most people of all age groups in developed countries like India and China.

Biosynthesized Ag nanoparticles obtained from the plant extract of Reetha and Shikakai were
utilized as SERS active substrate for rapid detection of harmful bacteria like Mycobacterium tuberculosis,
which is recognized as drug-resistive to most of the common drugs available commercially [35]. Figure 3
shows the SERS spectrum of Mycobacterium tuberculosis on biosynthesized Ag nanoparticles. In the SERS
spectrum, major peaks were observed at wavenumbers 437, 915, 1175 and 1390 cm™.
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Fig 3. The SERS spectrum of bacteria Mycobacterium tuberculosis on biosynthesized Ag

nanoparticles. Reproduced with permission from Sur U K, Ankamwar B, Karmakar S, Halder A,
Das P, Materials Today: Proceedings,5 (2018) 2321-2329. . Copyright @ Elsevier Ltd.

The high quality SERS spectrum was observed by irradiating the whole bacterium via laser light
as it interacts with the silver nanoparticles used as SERS substrate and it should principally reveal the
information about molecular structure inside ten nanometers of the farthest bacterial cell wall [36]. The
components as well as structural design of the bacterial cell wall are different in different bacteria and such
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structural differences in cell wall should be clearly evident by SERS study. In this study, each SERS profile
corresponds to the mean spectrum averaged from 10 samples after compilation of the SERS data within
10-20 second. Raman photon counts on the order tens of thousands unquestionably assign that these spectra
are from the SERS process and not due to normal Raman scattering. The Raman enhancement factor for
the biosynthesized Ag nanoparticles employed as the SERS substrate was anticipated from the calculation
of the enhancement factor for 10 SERS samples and was found to be (5 + 0.10)x 10°. The SERS spectra
recorded for Mycobacterium tuberculosis sample displayed unique characteristics which are dissimilar with
respect to both peak position and intensity from the Gram-positive and the Gram-negative bacteria tested
and reported earlier by the same group [34]. These characteristic SERS profiles might disclose the presence
of mycolic acid and other components which are created in the cell wall of Mycobacterium tuberculosis
bacteria. In comparison to the SERS data acquired from both Gram-positive and the Gram-negative bacteria,
the 730 cm™! peak is very feeble and the peak at 1330 cm™' is completely absent in the SERS spectra of
Mycobacteria. This distinctive feature may be due to the presence of long chain fatty acid in the outermost
hydrophobic membrane of Mycobacteria, obstructing the peptidoglycan layer from impending towards the
SERS substrate and thus withdrawing or completely removing the 730 and 1330 cm™' peaks [37,38]. As a
result, the compositions of the outermost membrane are comprising of biomolecules such as arabinogalactan,
mycolic acids, lipids, which would make a major contribution in the observed extremely complex SERS
spectra [38]. The SERS spectra of the Mycobacterium strains inactivated by heat treatment and formalin
suspension inactivation illustrated nominal dissimilarities in contrast to the spectra of viable Mycobacteria.
Consequently, it can be concluded that detection of Mycobacteria was possible without taking biosafety level
3 precautions during Raman measurements.

Numerous infectious diseases including lung tuberculosis (TB) in human being are caused by
deadly bacteria Mycobacterium tuberculosis and it causes over two millions deaths yearly worldwide [39].
Therefore, the vigilant discovery of contributing pathogens is necessary for premature diagnosis, therapy, and
control of this deadly disease. Several available conventional diagnostic techniques such as sputum smear
microscopy, chest radiography and tuberculin skin testing are insensitive, laborious, prolonged and results
are not accurate and frequently nonspecific [40,41]. Several rapid modern diagnostic protocols, which are
commercially available in the market have been developed in order to improve the diagnostic accuracy for
TB. PCR and other molecular amplification techniques are although both capable and prominent, none are
more than additive to the diagnosis of TB due to variable sensitivities of the test results [42]. Additionally,
these tests are specific for the detection of particular microorganisms and not applicable for diagnosing
a wide spectrum of causative agents. Several rapid commercial techniques are now available for species
identification of M. tuberculosis complex. However, these techniques are very expensive and limited to
selected, frequently encountered species, as evident for available commercial techniques such as the reverse
line blot assay, the Amplicor nucleic acid amplification test and the Gen-Probe Amplified Mycobacterium
tuberculosis direct test [43]. However, the operation of 16S rRNA gene sequencing in routine practice
at laboratories has a number of limitations, such as high cost, complexity, and the lack of peer-reviewed
databases and clear explicit explanations. As a result of these constraints, there is enduring necessity for fast,
simple option that can be readily applied to cultured bacteria from clinical material, which will facilitate
the rapid detection of a wide spectrum of microorganisms. Although, thorough chemical information can
be obtained from the SERS profile, it is very difficult to clearly understand it owing to the presence of any
number of SERS-active vibrational modes in pathogens like bacteria.

Consequently, it is feasible to assign specific peaks indecisively from the prior biochemical
information on the biochemistry of the pathogens to be investigated. In addition, the process of peak
identification in SERS profile is more time-consuming due to the lack of proper database resource of SERS
spectra. It is important to mention here that the aim of the SERS study using biosynthesized Ag nanoparticles
was to develop SERS technique as a rapid fingerprinting diagnostic method for the qualitative and quantitative
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characterization of bacteria of Mycobacterium groups with species particularly Mycobacterium tuberculosis,
which is associated with deadly disease TB, a common disease among most people of all age groups in
developed countries such as India, China, Thailand, other South Asian countries, African countries and
Brazil. Mycobacterium tuberculosis is known to be drug-resistive to most of the common drugs. The SERS
based rapid diagnostic technique will additionally assist in general understanding the role of various drugs
including antibiotics and entire mechanism of the diagnosis of various diseases based on Mycobacterium
tuberculosis bacteria and development of new drugs. It is expected that this study will generate breakthrough
in overall understanding of microbial diagnostics.

5 Limitation of SERS technique in pathogen detection and future trend

It was demonstrated that the SERS technique can be useful for rapid detection of pathogens like
bacteria and viruses based on the recently developed biosynthesized SERS-active substrate giving highly
reproducible, stable and uniform Raman signal with large enhancement factor and almost zero fluctuation.
One can potentially differentiate known or unknown pathogens rapidly within a few sec using the SERS
spectra of bacterial cell wall as fingerprint. It is important to mention here that SERS based pathogen
detection method is particularly helpful for the analysis of slow-growing bacteria, which normally may take
weeks during laboratory tests.

On the other hand, the SERS based detection method of bacteria can not make a distinction of one
strain from another within the same bacterial species. This is the most important drawback of the SERS
based detection of bacteria. The SERS based technique for the detection of pathogens are inferior compared
to genome sequencing or mass spectrometric based proteomics analysis in terms of the molecular level
specificity.

However, quite a few original applications and functional tests can be carried out by utilizing the
advantages of the new method’s convenience, rapidity, stability and high sensitivity.

=

i s

Fig 4. The schematic diagram explaining the SERS based pathogen detection along with its
diagnostics applications from clinical samples. Photo courtesy B Ankamwar

Finally, the SERS technique is competent for evaluating the features of a single (live) bacterium and
measuring the bacterium’s antibiotic sensitivity. This novel platform provides an extraordinary prospect to
study the physiological processes of an individual bacterium. This should allow SERS technique to be used
to perform clinical microbial diagnostics directly on a clinical specimen without the need of bacterial pure
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cultured samples, which are both time consuming and a little bit difficult to carry out. Clinical samples such
as blood, urine, stool, saliva, sputum which are directly collected from the infected persons and patients in the
hospitals and can be subsequently utilized to carry out SERS base detection technique of pathogens. Figure
4 shows the schematic diagram explaining the SERS based pathogen detection along with its diagnostics
applications from clinical samples.

Itis expected that several new and unknown diseases like Swine Flu, Avian flu, Japanese Encephalitis,
Ebola, Zika and Dengue which are very difficult to detect within a short period of time, can be qualitatively
and quantitatively detected using the newly developed SERS based protocols. The detection of these harmful
pathogens will facilitate the development of vaccines to overcome or control the diseases among the masses
in the form of epidemic. In addition to this, prior and extensive knowledge of the pathogens and its rapid
extensive characterization is essential for the development of new drugs. It is important to mention here that
diseases like Swine Flu, Avian flu, Japanese Encephalitis and Dengue have emerged as lifethreatening and
harmful in different parts of the world in recent years. It is essential to develop new diagnostic tools and
sensing devices to control these new diseases.

6 Conclusions

Surface-enhanced Raman scattering (SERS) deals with the increase of the weak Raman scattering
intensity by molecules in the presence of nanostructured metallic surfaces especially gold and silver
nanoparticles. It has developed into a versatile spectroscopic and analytical technique due to the rapid
progress of nanoscience and nanotechnology for extremely sensitive and selective recognition of chemical
and biological systems. The augmentation of Raman signal is known to initiate from the strong optical
intensity localized within 10 nm from the surface of metallic nanostructures. Using SERS, the chemical
features within this range from the surface of the SERS-active substrate can be detected and analyzed in an
extremely sensitive manner.

The sensitive and stable SERS profiles along with the “chemical features” obtained from SERS
spectrum of bacterial cell wall facilitates speedy recognition of pathogens like bacteria and viruses within
a very short time scale. Rapid and accurate diagnosis for pathogens and their antibiotic susceptibility is
critical for controlling bacterial infections. Conventional methods for determining bacterium’s sensitivity to
antibiotic depend mostly on measuring the change of microbial proliferation in response to the drug. Such
“‘biological assay’’ inevitably takes time, ranging from days to weeks.

In this review article, we have demonstrated the recent use of various SERS active substrates for the

rapid identification of pathogens like viruses and bacteria. It is expected that this kind of study will produce
breakthrough in overall understanding of microbial diagnostics.
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