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FINDING NEW TOOLS FOR OLD ISSUES -
NOVEL STRATEGIES FOR BACTERIAL
ULTRASENSITIVE DETECTION

N. E. DINA!

Abstract: Currently, microbial culture-based and molecular assays (immunological or nucleic
acid technologies) are among the most commonly used methodologies in detection and
identification of microbial pathogens. This work reviews the development in the field of the
surface-enhanced Raman scattering (SERS)-based approaches for pathogen detection, including
whole-cell fingerprinting, label-free strategies and handheld diagnostic systems, which hold great
promise as rapid, reliable and affordable alternatives for infection screening and treatment.

Key words: SERS, microbial pathogens, ultrasensitive detection, high throughput screening,
bacterial infection, optofluidic system.

1. Introduction

Pathogen detection is the critical means in issues related to public health and
food safety; and only the rapid, sensitive and efficient tools can enable the end
users to make accurate assessments on the risks of infections (humans and
animals) or contaminations (foods and other commodities) caused by
microorganisms. One of the major concerns is the increasing rate of mortality due
to sepsis from 27% to 41% (only in the German hospitals) in 6 years [1]. Neonatal
sepsis, for instance, is present as a cause-specific mortality and morbidity
indicator in World’s Health Statistics Report for 2015 with significant
contribution [2].

The conventional methods in clinical bacteraemia diagnostic take between 1-2
days and involve plating, growth, colony counting and examination inside hospital
setting. The current limitations of these standard protocols for sample analysis and
infections’ diagnosis are constantly challenged by trauma situations, on-site
medical interventions, rapid analysis in outdoor conditions (caused by military
actions, related to water and environmental research), food safety and biodefense.
Thus, fast alternatives, reliable solutions for the healthcare providers are to
identify. The stringency is given by the current drive to decrease time of diagnosis
and to prevent infection-related morbidity and mortality. An innovative detection
and molecular diagnosis tool is now embodied in the combination of Raman
spectroscopy with nanotechnology [3-7].

Generally, only bulk samples or concentrated solutions may be investigated by
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using Raman spectroscopy owing to sensitivity limitations. However, a
particularity, the nanoscience phenomena of surface-enhanced Raman
spectroscopy (SERS) has already addressed such concerns, by allowing limits of
detection down to single molecules [8] or single cells [9, 10]. In addition, by using
ultrasensitive Raman spectroscopy, the detection benefits from high specificity
due to molecular fingerprinting, whilst cumbersome sample preparation and
invasive probing/treatment are avoided. These unique characteristics of SERS-
based approaches offer great potentials in applications such as pathogen detection,
infection diagnosis and high throughput screening (HTS) [11]. The main asset
remains the rapid, within minutes [12-15], and reliable spectral response of
bacteria, so crucial in sepsis awareness and prevention.

Spectral pathology, an emerging molecular diagnose approach, is exploring
biochemical fingerprinting via characteristic bond vibrations of the cellular
components, changes in Raman/SERS profiles related to disease onset and
progression [16]. As intrinsic molecular information is probed by the inelastic
scattering of light, no external label is required and only minute sample volumes
are necessary, making Raman scattering spectroscopy a very appealing tool.

While remarkable progress has been made in nanotechnology in the last
decades, by developing various nanostructured metallic surfaces used for
nanoparticles [17, 18], nanorods [19], dendrites [10], etc.; challenges or
drawbacks in real-life applications such as pathogen’s detection and biomolecular
screening remain to be overcome [20]. SERS-based approaches are still in their
experimental stages and require further research and validation before being
considered suitable for routine analysis in point-of-care (POC) tests or for
production on a commercial scale [21]. Thus, in this short review, the
development in optical biosensors by employing multiple-labelling or label-free
models and their practical relevance in pathogen’s detection is updated.

2. Microfluidic approaches in SERS sensing

SERS-based biosensors become more and more popular as a result of the
intensive drive towards using vibrational spectroscopy techniques for clinical
purposes in diagnostics. Infections are still a world wide spread cause of
hospitalization and contribute in a worrying rate to decease through severe sepsis
[1,2].

Microfluidic devices enable microorganisms’ detection at single-cell level by
using low-cost materials like PMMA (Polymethylmethacrylate) [22] or PDMS
(Polydimethylsiloxane) [23] and benefit from increased throughput capability.
These materials are transparent at optical frequencies (240 nM — 1100 nM),
facilitating the observation of contents in micro-channels visually or through a
microscope. Moreover, the molding technique allows mass-producing of
microfluidic chips from a mold. By sealing the tubings and injecting the fluid in
the detection window, the pathogens are not released in the ambient atmosphere
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and contamination is avoided. It enables cell culture by controlling the amount of
gas through PDMS or dead-end channels filling [24]. In the food industry inert
metals are commonly used, especially stainless steel and aluminium. Stainless
steels contain alloys such as chromium to increase resistance to corrosion
(rusting). With progress in the processing technologies and the integration of
nonconventional (i.e. not silicon-based) materials, a new field named
microelectromechanical systems (MEMS) emerged [23]. These miniaturized
systems overcome many demerits compared to bulkier analytical instruments:
they support precise control of fluids flowing under laminar regime, minimize the
analysis volumes required of reagents and samples, favour short reaction times,
enable multiplexed analysis, require less power to operate, are portable, and
involve low production costs. Today, structures can be fabricated with sub-
micrometre precision, flows of liquids can be precisely controlled using integrated
or external pumps and valves, and quantitative detection of various analytes can
be assessed with high sensitivity using optical-based techniques.

Micro-particle separation plays an important role in several microfluidic
approaches assuring the detection in complex matrices such as full blood, food-
related media, etc. [25]. Density gradient centrifugation and tangential flow
filtration or cell sorting systems are the commonly used approach to isolate the
target cells from such heterogeneous samples. Several strategies combined with
microfluidic devices are sedimentation, filtration, cell deviation, cell trapping, etc.

Sensing for pathogens is provided either by “ON” and “OFF” signals from
typical reactions of nucleic acids, enzymes, antibodies or aptamers (indirect
detection) or whole-organism fingerprint and a whole array of additional
information like cell-drug interaction or biochemical screening and quantification
(direct detection). In each case the specific values for purity and cell health must
meet requirements for further analysis and assessments. Furthermore, the huge
and expensive equipment used in biomolecular detection fields, conventional
antibody-antigen reaction-based such as enzyme-linked immunosorbent assay
(ELISA), involve diffusion-dominated kinetics that are too slow and difficult to
carry target molecules to the detection surface, thus resulting in low sensitivity
(~100 nM). This aspect in addition to long hybridization time (4—6 h), high costs
due to elaborate enzyme tagging and sophisticated optical instruments that are not
portable, limit their practical relevance.

The combination of optical tweezers (OT) with fully-integrated microfluidic
systems enables the design and concept of new devices for biological analysis
with enhanced sensitivity and ready-to-use also by non-specialized personnel [26].
Miniaturized OT-microfluidic models solve common issues by space-saving
analysis platforms, reduced maintenance work for critical alignment procedures,
and enhanced versatility through the integration of optical traps. Optical trapping
is achieved by tightly focusing a laser through a high numerical aperture (NA)
objective. Optical micro-tweezers (uWOT) based on fibre bundles can trap a
single cell and excite its Raman response [22, 27]. Important to notice that in this
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particle-size range, nOT provides a trapping efficiency comparable to that of OT
based on high-NA microscope objective, as the tests performed on red blood cells
and tumour cells (colon cancer cells) diluted in phosphate buffered saline solution
unveiled. The Raman signature recorded for a cell optically trapped into the
microfluidic channel was mainly dominated by the lipids and protein specific
bands, but with a high noise signal contribution [26].

Laser Trapping Raman Systems (LTRS) consist of a laser source for trapping
and potentially a second laser source for Raman excitation; a microscope to focus
the trapping laser beam, image the trapped particle, and collect the Raman signal;
a spectrometer and a detector to record the Raman spectra. In order to minimize
the elastic scattering from the trapping and exciting laser while maximizing the
Raman signal, a notch filter is usually required. Since laser tweezers trap particles
near the focal point of the objective lens, the particles are necessarily aligned in
the high intensity part of the beam, enabling efficient Raman excitation. As a
result, most LTRS systems use the trapping laser to also act as the Raman
excitation light source, although a second laser can provide additional flexibility
[25]. Raman spectra of trapped yeast cells revealed distinct spectra depending on
whether the yeast cells are alive or dead [25, 28]. Soon afterwards, it was applied
to obtain SERS from single optically trapped bacterial spores [29].

LTRS in microfluidics involves the ability to continuously trap, characterize,
and release individual particles/spores/cells for on-line Raman-based particle
identification or for a series of successively arriving particles with different
properties.

In addition to optical trapping, microfluidic systems have also been combined
with electrostatic trapping [30, 31]. Moreover, combining microfluidics with
SERS enables much faster Raman measurements, and makes possible to identify
cells and characterize cellular chemical dynamics in flow, without needing to trap
the particles [25]. Microfluidic microbial culture devices were recently designed
in order to facilitate the cell seeding process by utilizing capillary action and the
rapid determination of minimum inhibitory concentration (MIC) of antibiotics
was assessed especially for bacteria with unknown resistance mechanism [24].

A promising approach including an optofluidic system and rapid on-chip SERS
detection and identification of bacteria was very recently developed [32]. The
novel biochip for rapid separation and concentration of bacteria for further label-
free and highly sensitive on-chip detection/analysis was successfully tested on S.
aureus, E. coli, and P. aeruginosa. By combining the biased AC electroosmosis
(ACEOQ) and dielectrophoresis (DEP) with a 3D electric field design, a separation
mechanism and selective concentration of bacteria from a heterogeneous sample
within 5 minutes was achieved [32]. Those two working principles combined
resulted in the high-purity selective concentration of target nanocolloids/bacteria
into the center electrode and a powerful microfluidic platform for rapid on-chip
SERS detection of pathogen from blood samples. In the same study is presented a
cell-based biochip using rapid and label-free approach represented by AC electric
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field induced electro-rotation (eROT) and developed to evaluate the drug
susceptibility of cancer cells. In this case, DEP single-cell trapping is used for
subsequent eROT detection and drug-cell interaction is successfully monitored.

Figure 1 sketches the main steps for bacterial detection by using integrated
microfluidic devices, SERS sensing and chemometric techniques.
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Capture: Surface immobilization of the bacteria  Invitro assay: Microfluidic device uptake after sealing  Detection: Silver laser induced detection spot synthesis

Analysis: SERS raw spectra acquisition Analysis: Spectra preprocessing Analysis: Classification of the spectral data

Fig. 1. Schematic illustration of representative components and steps required in high
throughput Raman/SERS-based techniques applied to date for integrated biosensors for
bacterial detection: capture - detection - analysis phases of the sensing process.

Schroder et al. developed a spectroscopy-based rapid test that reveals the
resistance of Enterococci towards vancomycin within 3.5 hours (including the
pre-cultivation step) [6]. By means of integrated DEP, bacteria were directly
captured from dilute suspensions on a micrometer-sized region of a chip. Then
Raman spectroscopic analysis of the trapped bacteria over a time span of two
hours in absence and presence of antibiotics revealed characteristic differences in
the molecular response of sensitive as well as resistant E. faecalis and E. faecium.
The Raman spectra are projected into a statistical model and confirm whether the
pathogens are sensitive (positive vancomycin effect score) or resistant (negative
vancomycin effect score) towards vancomycin. Thus, antibiotic-bacteria
interactions can be rapidly detected and explained with Raman-based systems, an
emerging clinical tool for the challenging nosocomial pathogens’ management.

Spectroscopic methods provide a high potential to become general applicable
for bacteria, independently of their taxonomic profiles and show practical
advantages compared to most gene- or antibody-based arrays that require special
knowledge of the geno- or phenotypes of the resistant bacteria.

Spectroscopy in synergy with DEP [6], 3D hybrid AC electrokinetic strategy for
concentration [12, 32], lateral flow immunochromatography [33], and



180 Biophysics for Biomedical and Environmental Sciences

chemometrics is already applied with various clinical scopes. Among vibrational
spectroscopies, SERS is confirmed as a label-free reliable tool that is able to
identify and analyze cell/bacteria/virus/protein/molecule without DNA
hybridization and antibody-antigen reaction.

3. Handheld SERS-based diagnostic systems

The key features of a HTS technique are being simple, fast, cheap and reliable. SERS
is a promising candidate considering the trivial sample preparation required the rapid
analysis, its high sensitivity and molecular specificity. Therefore, SERS meets the basic
needs of sensing and diagnostics, non-traditional and mobile imaging and it’s a matter
of time to answer the question whether it can supersede current, conventional
techniques. Portable, miniaturized Raman instruments are already tested in vivo for
clinical use, for instance in real-time tumoral margins assessment and resection [34].
The advent of single-cell sensing and the ability to realize real-time, in vivo analysis
turn Raman-based “cellular medicine’” more and more feasible.

Most recent label-free SERS-based sensing attempts show clinically relevant results
[19, 35]. Kotanen et al. identified five types of bacteria pooled in human serum by
evaluating the SERS profiles from preloaded and recovered bacteria with Principle
Component Analysis (PCA) and Partial Least Squares Differential Analysis (PLSDA)
models. The protocol involves lysis filtration and recovery of bacteria followed by
irradiation with a 785 nm laser handheld Raman spectrometer on a silver nanorod
substrate [19].

Spectral acquisition times have been reduced to maximum several minutes for
hundreds of spectra as a result of technological progress. Unfortunately, the laborious
data analysis performed for evaluation, validation and calibration of the chemometric
models necessary for classification and comparison of the bacterial spectral fingerprints
is still consuming valuable time and computational resources.

Considering the label-free aspect, SERS-based detection will represent a more
valuable tool when reducing the post-processing steps of data analysis; since the
extraction of such a large volume of spectral information still requires complex
multivariate analysis. Moreover, the common analysis of the Raman/SERS spectral
profiles is related to the changes in intensity of individual bands that can only provide
semi-quantitative information. Still, subtle changes in biochemical composition are
noticeable when careful analysis of the absolute intensity and of each contribution is
carried out. By employing support vector machines [35] and complex data processing
and dedicated software, the results are remarkable. Leave-one-batch-out cross
validation, where the multi-level model (PCA-PLS-LDA or PLS-LDA-LDA) is tested
with data of an independent biological replicate, yields >85% sensitivity and even
higher specificity with respect to the prediction based on spectral minor changes [6, 19,
35].

This review has emphasized some of the key developments in SERS assays for
bacterial detection, molecular diagnose and point-of-care analysis. A comparison
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between Raman and SERS-based approaches is presented in Figure 2 by highlighting
their assets and particular detection approaches.

Raman

+ High spatial resolution with *  Label-free detection
confocal microscopic '« Invivo assays
geometry '+ Subcellular resolution;
* Molecular specificity / infracellular
y » Simple sample preparation organelles screening
S E R s In any physical state | = Cytotoxic response
/ « Insensitivity o quenching monitoring
* Minimal background /
J contribution |
- Ultrasensifivity | + Discrimination of bacterla at |
+ Single-cell level | sircll_ jonsl

« Fast acquisition
+  Ability to multiplex

Fig. 2. Advantages and common attributes of Raman and SERS detection methods.

SERS nanotags are highly multiplexable based on excitation from a single laser
wavelength [36-38], an important consideration for portable diagnostic
instrumentation. In general, SERS nanotags are of great benefit to the point-of-
care market, since they can be leveraged in a variety of assay systems to create
highly sensitive, multiplexed detection of numerous biological targets.

A new subject for the spectroscopic-based detection approaches might become
quorum sensing. Bacteria have a quorum sensing mechanism used to coordinate
certain behaviours such as biofilm formation, virulence, and antibiotic resistance,
based on the local density of the bacterial population. Quorum sensing can occur
within a single bacterial species as well as between diverse species, and can serve
as a simple indicator of population density or the diffusion rate of the cell's
immediate environment. Various molecules can be used as signals: common
classes of signalling molecules are oligopeptides in Gram-positive bacteria, N-
acyl homoserine lactones (AHL) in Gram-negative ones.

SERS is between the few methods of detection with ultra-sensitivity, able to
sense even o single molecule of biological interest. By thoroughly comprehending
this communication principle between cells, SERS might provide valuable input
in bacterial biofilm control strategies [39]. In contrast to bactericidal approaches,
SERS would exert less selective pressure which in turn would reduce the
likelihood of resistance development. This might be the paradigm shift
acknowledged by SERS for the old clinical issues related to bacteraemia and
sepsis.
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Conclusions

The intensive effort that has been exerted to develop feasible SERS-based
biosensors for bacterial detection will definitely enable future strategies for
replacing conventional culture-based clinical assays for sepsis prevention. New
tools of ultrasensitive detection and diagnose are needed since more and more
bacteria evolve to the stage of negating a wide spectrum of antibiotics, even the
latest generation ones. The promising miniaturized, handheld spectrometers will
in time become more of an omnipresent icon of future point-of-care analysis and
will turn traditional clinical analysis in lab setting obsolete.
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