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Thesis Scope

Infectious diseases are currently responsible for over eight million deaths per year.
Efficient treatments require accurate recognition of pathogens at low
concentrations, which in the case of blood infection (septicemia) can go as low as
one per milliliter. Detecting and quantifying bacteria at such low concentrations is
challenging and typically demands cultures of large samples of blood (~1 milliliter)
extending over 24-72 hours. This delay seriously compromises the health of
patients and is largely responsible for the death toll of bacterial infections. Recent
advances in nanoscience, spectroscopy, plasmonics, and microfluidics allow for the
development of optical devices capable of monitoring minute amounts of analytes
in liquid samples. Among all of them, surface-enhanced Raman scattering (SERS)
offer several advantages over other optical probes with respect to versatility,
sensitivity, selectivity and biocompatibility. Future challenges to achieve this,
include the development of multifunctional SERS probes with optimized plasmonic
nanostructures as basic building blocks. Plasmonic structures as key components of
SERS probes can offer high local optical fields for sensitive diagnostic with much
lower acquisition times. This later parameter is of paramount importance due to
the sample volumes commonly screened in the actual medical practice. Utilizing
the progress that has been made in the design of SERS-encoded particles, the
application of SERS probes is about to revolutionize bioanalysis. In this thesis we
will show the proof-of-principle for enabling the multiplex identification and
quantification of microorganisms directly on their biological matrix with
unprecedented speed, low cost and sensitivity using SERS. These studies are very
promising and will pave the way for further development of a new generation of

medical devices.
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Based on the precedents indicated previously described, the general objective of

this work is the design of a system able to detect microorganisms faster and in a
more efficient way than those used in the clinical practice. This doctoral thesis
intended to develop and optimize a method for multiplex detection and
quantification of the most common microorganisms causing bacterial infections. The
design of this system will be based on a variation in the SERS intensity. This will be
accomplished using encoded plasmonic nanoparticles (NP) functionalized with bio-
recognition elements. In this case, when a sample (biological fluid) containing the
biological target to be identified interacts with the recognition elements on the NP
surface, will induce an accumulation of them at the targeted microorganism

surface generating thus, an enhancement of the SERS signal.

After an exhaustive bibliographical revision of the, to date, detection methods; It
can be summarized that the application of nanostructured materials to the
development of new detection techniques is a fact. Among them, SERS is a
powerful analytical technique that has proven to be particularly effective in
environmental monitoring and detection applications. The field of microbiological
determination requires an imminent advance in the detection time with respect to
the identification and quantification of the microorganism. Therefore we can

define the following specific objectives for this thesis:

1. Synthesis and functionalization of plasmonic nanostructures with different
Raman codes. Importantly, each batch of nanoparticles should be functionalized
with a concrete Raman code while keeping its colloidal stability to assure a
homogeneous SERS signal. Moreover, the multiplex capability of the system will
relay in the production of as many codes as possible keeping the colloidal

stability of the encoded nanoparticles.
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2. Bio-functionalization of the encoded nanoparticles with different bio-recognition

elements (antibodies or aptamers) each one targeting a specific microorganism.
A very important fact is that these structures will be designed to be colloidal
stable in saline aqueous media, after being bio-functionalized and subsequently
will be capable of keeping their colloidal stability in biological fluids. This a
crucial factor, in order to induce differences in the SERS intensity depending on
the presence or absence of the targeted microorganisms. Optimization of the
different functionalization protocols and quantities of recognizing element to
functionalize will be studied. As well as the parameters of specificity, cost,
reproducibility, variability of the produced signal or the loss of its biological

function.

System design and development of the microfluidic platform. In order to carry
out the system tuning, different components have to be optimized. |) Design of
the microfluidic system including the channel pattern, diameter and flow rate.
I1) Volume and concentration of the functionalized plasmonic nanostructures in
relation to the volume of the sample to be measured. Ill) Selection of
wavelength and power of the laser. IV) Position of the microfluidic system
during the measurement in order to minimize background / instrumental noise

and thus obtain an accurate quantification in the shortest time possible.

Assays in saline medium and biological samples using the bio-functionalized
encoded plasmonic nanostructures and the microorganisms to be quantified. In
order to achieve this, several steps will be taken: I) Detection and quantification
of a single microorganism in saline medium, checking that the recognition
element works properly and that the SERS signal increment is sufficient to carry
out both the identification and the quantification of the microorganisms. )

Detection and quantification of a mixture of microorganisms in saline medium.

| s
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Testing that the recognition elements are specific for each microorganism and
interactions between them or with other components of the sample do not
occur. ) After testing the microorganism optical detection system (MODS) in
saline medium, different biological fluids will be used to check its performance
in real samples. 1V) All the obtained results previously mentioned in the steps
above, will be corroborated in parallel with traditional methods for

microorganism quantification like bacteria culture in blood agar plates.

5. Comparison between the different available recognition elements studying their
efficiency. This will be checked by means of their affinity to the microorganisms
and the intensity of the SERS signal obtained. Time dependent studies will be
performed monitoring how the SERS intensity increases and which is the

highest value when screening a sample.

6. Optimization of the method to achieve the lowest sensitivity as possible
meanwhile the acquisition times are also maintained very short. For this, it is
important to make variations of the different parts of the system, in order to
obtain the best result in the final gear. The influence of various parameters in
the synthesis and functionalization of the nanoparticles will be studied; As well
as composition material, shape or size, looking for greater efficiency in the
signal of the hot spots generated. Such as stability of NPs in different media,
cross reactivity or loss of specificity, among others. It will also be necessary to
optimize the orders of magnitude in the final mixes analyzed for NPs and
bacteria, as well as the design of the microchips with variations of the channel

size and the flow rate.
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Introduction

2.1. PREFACE

Despite the progress in modern medicine, infection continues to represent one of
the greatest challenges facing humanity. Such type of infections can be broadly
divided into two main categories according to the location of the patient at the
time the infection developed: (i) community-acquired and (ii) nosocomial (hospital-
acquired) infections. Nosocomial infections occur worldwide and affect both
developed and resource-poor countries, and they are mostly related to infections

of surgical wounds, as well as the urinary and lower respiratory tracts.’

Infections acquired in health care settings are among the major causes of death
and increased morbidity among hospitalized patients leading, consequently, to a
remarkable increase in health care costs (only in Europe the estimated costs are €7
billion/year, including direct costs only and reflecting 16 million extra days of
hospital stayz). The European Centre for Disease Prevention and Control, ECDC,
estimates that nosocomial infections contributes to 50,000 deaths only in Europe
in 2011 and that an average of 7.7% of hospital patients had nosocomial infections
in Europe (>2 million individuals annually) and almost 9% worldwide." The
increased length of stay for infected patients is the greatest contributor to costs.
One study showed that the overall increase in the duration of hospitalization for
patients with surgical wound infections was 8.2 days, ranging from 3 days for
gynaecology to 9.9 for general surgery and up to 19.8 for orthopaedic surgery.
Prolonged stay not only increases direct costs to patients or payers but also
indirect costs due to lost work. The advancing age and the greater prevalence of
chronic diseases among admitted patients as well as the increased use of
diagnostic and therapeutic procedures which affect the host defences will provide

continuing pressure on nosocomial infections in the future. The increased use of
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drugs, the need for isolation, and the use of additional laboratory and other

diagnostic studies also contribute to costs.

Additionally, rapid and long range human mobility is now responsible for the fast
geographical spread of infectious disease, making the fight against infections to be
tackled globally. Nowadays, mobility and traffic have reached a complexity and
volume of unprecedented degree. More than 60 million people travel billions of
miles on more than 2 million international flights each week.? Hundreds of millions
of people commute on a complex web of highways and railroads most of which
operate at their maximum capacity. Despite this increasing connectivity and our
ability to visit virtually every place on this planet in a matter of days, the magnitude
and intensity of modern human traffic has made human society more susceptible

to threats intimately connected to human travel.

Notably, although both community-acquired and nosocomial infections can be due

to many agents, 95% of the infections can be ascribed to around 30

microorganisms (Figure 2.1).
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Figure 2.1. Most prevalent pathogens in (A) community-acquired and (B) nosocomial infections.

Viral agent in red. Data obtained from European Prevalence Survey of Healthcare-Associated

Infections and Antimicrobial Use (EPPS) 2012.
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The time to initiation of effective antimicrobial therapy is known to be the single
strongest predictor of outcome, as every hour delay in its administration increases
by 8% the risk of death.” Besides the obvious economic benefits, the
development of fast, accurate, and inexpensive diagnostic methods appears as a
major goal for alleviating human pain. Conventional microbial typing methods are
reliable but suffer from inherent time-consuming complexities. Among these
methods, the most common one remains the culture of the microorganism in
different media to isolate the species and identify its nature (Figure 2.2 A).
Sequential cultures can be avoided by implementing mass spectrometry (MS)
techniques to the identification of isolated pure colonies (Figure 2.2 B). These
methods, including the identification by MS, require of time for the agent to grow
(24-72 h). On the other hand, immunological test to identify microorganism are
also popular. Immunological techniques such as enzyme-linked immune sorbent
assay (ELISA, Figure 2.2 C), fluorescence immune assay (FIA) or radioimmunoassay
(RIA) offer faster results but cannot be considered multiplex. Further, they require
a considerable amount of sample and are expensive (100 € for each analytical kit
or 100.000 € for an automatized system). To increment portability, a new FIA-like
technique known as lateral flow immunochromatography has been recently
developed (Figure 2.2 D). This method is simple, the chemicals can be stored for
certain time, and offers results that can be easily interpreted with the naked eye
(i.e., it does not require extensively trained personnel). However, each reactive
strip, necessary to identify a single given agent in a single given sample, is about
200 €. Furthermore, this method suffers from poor sensitivity and, thus,
accumulation of microorganisms in the sample is a necessary step to allow the
positive detection of the target. Alternatively, some labs are introducing the
polymerase chain reaction (PCR) to identify microorganisms through the profiling
of their genetic code (Figure 2.2 E). This technique is quantitative and semi-
multiplex, but also laborious, slow and expensive (250 € each analysis of sample).

Overall, it can be concluded that the current methods for detection of
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microorganisms are flawed of problems related to sensitivity, selectivity, speed,
price and technological restrictions. In this scenario, surface-enhanced Raman
scattering (SERS) spectroscopy offers an exceptional opportunity for the
development of new sensing devices amenable to implementation quantitative

multiplex analysis in real time.®

The application of nanostructured materials toward the development of novel
detection techniques with improved sensitivity and/or simplified and faster
applicability has rapidly become an appealing alternative to other technologies.
Among them, SERS is a powerful analytical technique which has already proven to

be particularly effective in environmental detection and monitoring applications.

Cell Culture
A ]

PN ,'T\
<

Cxturr 0 ¢
Yh{\\x\x 4’\}‘\

Figure 2.2. Some examples for the actual detection of microorganism in clinical diagnosis. (A) Cell
culture, (B) Mass spectrometry of isolated pure colonies, (C) ELISA, (D) Lateral flow

immunochromatography, and (E) PCR.

Essentially, SERS can be described as the Raman scattering amplified by the

presence of a plasmonic structure in the close vicinity to the target analyte. In such
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a case, the main cause of the excitation of the vibrational levels of the molecule is
the collective oscillation of the conduction electrons of the metal, upon excitation
with the appropriate light. This generates an ultra-strong electromagnetic near-
field in the proximity of the nanostructure surface (known as localized surface
plasmon resonances, LSPRs). As Raman scattering, SERS provides a complex
spectral pattern that contains all the compositional and structural characteristics of
the molecule under study.7 SERS, as Raman, is also characterized by an extreme
experimental flexibility since Raman measurements can be carried out over a wide

spectral range, are insensitive to air and water and require no sample preparation.

Recent spectacular advances in nanofabrication techniques fuelled the
development of a large variety of rationally designed SERS substrates with an
optimized, uniform and reproducible response. This successfully translated the
spectacular analytical potential of SERS to reliable, widely accepted and
commercially viable sensing applications. The dependence of LSPRs with
parameters such as size, shape, composition and surrounding medium provides
multiple possibilities for tuning the optical response and, thus, optimizing the SERS
performance of the plasmonic nanostructure for a specific application. In
conjunction with the control of the signal amplification provided by the optical
enhancer, a key step in the practical implementation of sensing applications
(including SERS) is the appropriate chemical functionalization of the “bare” metallic
surface. This step is necessary to impart the required selectivity and/or sensitivity
towards the target analyte, especially in complex mediums. Two design approaches
are commonly used to devise plasmonic nanostructures as SERS sensing platforms:
(i) direct SERS and (ii) encoded particles. In direct SERS, the detection is achieved
by directly acquiring the SERS spectrum of the analyte. However, when performing
direct SERS, several other species besides the target molecules can be detected
simultaneously thus hampering the application of this strategy when complex

analytical matrixes are involved, such as those in bio- or environmental
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applications. In fact, when the number of targets and background species is high,
the overlapping of vibrational modes of different molecules is very likely then
making the interpretation of the overall vibrational spectrum extremely difficult or
nearly impossible. On the other hand, SERS-encoded particles can be typically
prepared by using an efficient plasmonic substrate which is labelled with a SERS
molecule, protected with an external inert layer and functionalized with the
appropriate selective chemoreceptor (such as an antibody, Ab, or an aptamer,
Apt,). In this case, the identification and quantification of the analyte are indirectly

correlated to the presence and intensity of the specific SERS label.

2.1.1. PLASMONIC MATERIALS FOR DIAGNOSIS OF INFECTIOUS DISEASES

A critical aspect in the implementation of a SERS-based sensing strategy for
microorganism detection relies on the preparation of the appropriate plasmonic
materials. In general, the format and functionalization of the plasmonic materials
are dictated by the selected strategy (i.e., either direct SERS or by using encoded
nanoparticles). The task of finding ‘the universal SERS substrate’ is not trivial and
may not even be the right approach for implementing SERS as an analytical tool.
For practical quantitative analytical applications, SERS must fulfil the typical
requirements of an analytical technique: reproducibility of the results, linearity of
the response, standardization, molecular selectivity and clear methodology for
sample preparation. Unfortunately, these requirements are not easily met in the
case of SERS experiments. Chemical and electronic effects must be carefully
controlled to bring SERS as close as possible to the basic analytical requirements.
SERS can be maximized mainly through control of two main factors: (i) careful

design of the optical substrate and (ii) its appropriate functionalization.

Regarding the optical substrate, SERS has been mainly obtained in nanostructured
thin films and colloidal nanoparticles.®'° Colloidal nanoparticles are advantageous

for many reasons. Their versatility and easy synthesis with a high degree of control
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over the composition, shape and size, make them by far, the most commonly used
substrates in SERS. Through careful control of these three key factors (composition,
size and shape), the optical and plasmonic properties can be tuned to maximize
the SERS enhancement.'’ The composition of the metallic nanoparticles deeply
affects the intensity of the SERS signal. In this respect, the most important SERS
platforms so far have been made of silver and gold,** while research using other
materials (Cu, Pd, Pt, Rh, CuTe, Si, etc.)13 is still marginal. In general, it can be stated
that silver is a much more efficient optical material than gold, giving rise to SERS
signals over two orders of magnitude higher than those of gold, as silver scattering
contribution is larger than that of gold. Additionally, silver can be excited from the
UV to the IR while gold is restricted to the red or IR owing to damping by the
interband transitions. As a consequence, silver nanoparticles are preferred when
dealing with practical applications. However, it is worth noting that gold
nanoparticles not only permit a better control of particle size and shape but they

are also significantly more stable and biocompatible.'**>

Nowadays, many methods are available to obtain colloids with high SERS activity,
but this topic continues to be a booming research field. Within the limits of wet
chemistry, colloidal methods can be divided in a variety of processes, including
chemical reduction, laser ablation or photo-reduction, being the first one the most
commonly used.**” The chemical reduction usually comprises a metallic salt
(precursor), which is reduced by a chemical agent to produce colloidal dispersions
that containing particles of different size and variable shapes. Regarding the
synthesis of silver nanoparticles, the control over size and shape is much more
difficult than in the case of gold due to its higher reactivity. However, many
synthetic processes have been described to obtain different sized and shaped
nanoparticles including seed-mediated, polyol, biological, hydro/solvothermal,
galvanic replacement, photochemical, electrochemical or template-mediated

18-21

synthesis, which give rise to highly monodisperse colloids in shape and size.
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Among these methods, the seed-mediated growth process is the most widely used
when dealing with shape controlled nanoparticle synthesis. This protocol includes
a two-step process in which the first step consists in the generation of very small
spherical particles. In the second step, the particles grow anisotropically in a
different direction due to the reduction of metal salts on the surface of the initial
seed nanoparticles. The presence of preformed seeds is highly advantageous since
the particle size distribution becomes significantly narrower. The control of
experimental variables such as the concentration of the metal salt, the reducing
agent, the growth speed, the temperature, the capping agent or the chosen
solvent provides a broad range of different sized and shaped nanoparticles

(Figure 2.3).""%

A IB

500 nm

Figure 2.3. Transmission electron microscopy (TEM) images of nanoparticles with different shapes,
sizes and composition; (A) gold nanospheres; (B) gold nanorods; (C) silver nanoplates; (D) gold
nanostars; (E) Ag nanobars; (F) Ag nanocubes. Figures adapted with permission from ref. */?*%

and *°.

16 |



UNIVERSITAT ROVIRA I VIRGILI
Optical methods for ultrafast screening of microorganisms
Carme Catala Garcia

Introduction | chapter 2

Besides the simplicity of the synthetic methods, ‘as prepared” metal nanoparticles
present remarkable advantages when dealing with diagnostic systems in biofluids
as permit direct SERS analysis within the analyte natural solution medium; present
a large surface area and good dispersion in liquids that allows for a close
adsorbent—adsorbate interaction, so that the analyte can be naturally retained
onto the nanoparticles’ surface; the Brownian motion of the analyte-particle
complexes minimize the damage to the sample, even when using more energetic
laser lines and higher power at the sample for excitation; and, fundamentally
allows for the screening of large volumes of fluids, as required in the modern

clinical practice for diagnosing infectious diseases.

2.1.2. FABRICATION AND LABELLING OF SERS-ENCODED NANOPARTICLES

Despite all the advantages mentioned above, bare plasmonic nanoparticles are
usually not enough for the appropriate recognition of complex analytes such as
microorganisms. Direct SERS spectra of microorganism usually show common
spectral patterns, especially when studying close related species. Additionally, if
the goal of the method is the determination of the microorganism directly in the
biological matrix, the chemical species present will overlap the microorganism
SERS spectra making impossible the interpretation of the result. Thus, as an
alternative, SERS can be used to identify as a labelling method in a similar to the
way as fluorophores are used in immunology bioassays.27 Although fluorescence is
powerful and convenient, the lack of features in the obtained spectra (usually
composed of just one broad feature) limits the number of analytes that can be
recognized without uncertainty. Thus, the use of SERS as encoding alternative is
rapidly gaining relevance not only because of its unprecedented detection limits
that dramatically decrease the detection times, but also owing to the practically

unlimited number of barcodes that can be used for simultaneous detection.
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The fabrication and characteristics (material, size, biocompatibility, and others) of
the desired SERS-encoded particles strongly depend on each specific application.
However, all of them share some common requirements: a) the presence of an
optical enhancer; b) the addition of the SERS code; and c) the protection with a
silica or polymer layer to prevent leaching of the SERS reporter while providing a
suitable surface for biofunctionalization”® and colloidal stability (Figure 2.4 AB).
The first reported works using SERS-encoded particles for multiplex determination
relied either on the addition of a SERS tag directly onto the plasmonic particles or
on the pre-coupling of the tag to the biomolecular interface.”” Nowadays, the
preparation of SERS-encoded particles is becoming more exotic. The simplest way
to produce SERS-encoded nanoparticles comprises the SERS codification of single
spherical plasmonic colloids and encapsulation within silica or polymer shells.*®3?
On the other hand, silica coating of nanoparticles is also a mature technology.>
Thus, the key step for the codification of single nanoparticles relies on the
incorporation of the Raman label to give rise to a signal as strong as possible
without compromising colloidal stability (Figure 2.4 C). The formation of the
protective shell around the single colloidal particles inhibits plasmon coupling and,
in turn, the generation of hot spots (specific gaps between particles where the
electromagnetic field is extremely high due to coupling between their plasmon

34,35
)

resonances . Even though the recent demonstration of the heterogeneous

distribution of plasmon modes within anisotropic particles ***’ is leading to the
development of highly active nanoparticles such as nanostars or lace **%
(Figure 2.3), still the most popular approach for the fabrication of nanometer-sized
SERS-encoded particles is the use of nanoparticle aggregates as plasmonic cores.
Particle aggregation can be easily promoted by changing the solvent, increasing the
ionic strength of the suspension,* or just spontaneously due to the adsorption of
the Raman label.** Notwithstanding, these uncontrollable aggregation processes

are usually undesired because they lead to a random distribution of hot spots with

the subsequent signal heterogeneity from cluster to cluster. Thus, several
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approaches were developed toward controlling aggregation (Figure 2.4 D). One of
the oldest and probably most successful approaches comprises the so-called
composite organic-inorganic nanoparticles (COIN).42‘44 The COIN approach consists
in the controlled label-induced aggregation of silver particles. An external shell of
bovine serum albumin (BSA) is spontaneously retained onto the COIN and not only
protects the code but also allows for further functionalization with biomolecules
such us proteins (antibodies). Other strategies for the generation of aggregated
encoded particles relies on inducing aggregation by increasing the ionic strength

4548 1n fact, these particles have

followed by silica coating of silveror gold colloids.
recently been demonstrated to give rise to a sufficiently intense signal to be
individually identified in a Raman flow-cytometer.*’ Nevertheless, both methods
still yield uncontrollable aggregates with the ensuing fluctuations in their SERS
intensity. For this reason, an increasing activity is observed toward the

development of controlled methods for the fabrication of SERS active dimers

13,48-54

including spheres, cages, pyramids, or even rods.

0 600 700 800 900 400 600 800 100 1200 1400 1600
Wavelength/nm Raman shift/cm™?

Figure 2.4. (A) Some examples of encoded plasmonic nanostructures including single particle rods
or stars and dimers, trimers and tetramers of spheres. (B) Encoded gold spheres and their
plasmonic response. (C) SERS response of encoded (gold spheres) with four different SERS labels.

Figures adapted with permission from ref. ****>and 3%°>°°
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2.1.3. DIRECT SERS ANALYSIS OF BACTERIA
The most common approach for the SERS analysis of bacteria relies on the
acquisition of the intrinsic SERS spectra of the microorganisms placed in direct
contact with the SERS substrate. Traditionally, this was achieved by simply drying a
mixture of unfunctionalized “naked” silver nanoparticles and highly concentrated
bacteria onto an appropriate Raman spectroscopy substrate, prior to spectral
acquisition (Figure 2.5 A).>"%°A large number of SERS spectra is then collected over
different points to improve the statistical reliability and reproducibility of the final
bacterial fingerprint (Figure 2.5 B). Chemometrics is finally applied for positive

identification and discrimination between bacteria (Figure 2.5 C).
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Figure 2.5. (A) SEM image showing coverage of silver nanoparticles on Bacillus atrophaeus spores.
(B) 110 Bacillus atrophaeus spore spectra overlaid showing good signal reproducibility (DP = data
point, CC = cross-correlation value). (C) PCA plot showing discrimination between five Bacillus

spore samples and Pantoea agglomerans. Figure adapted with permission from ref. *’.

Under this scenario, the SERS spectra are the sole result of the contributions from
the components of the bacterial membrane. Nonetheless, the final spectral profile
has shown to be extremely sensitive to several experimental factors such as
colloidal properties and sample preparation.”® In particular, the rather
inhomogeneous distribution of the nanoparticles onto the bacterial walls

significantly limits the spectral reproducibility and hampers any quantitative
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estimation of the target concentration. Several new approaches were developed
for solving this problem while reducing the bacteria concentration required to
achieve a detectable signal. For instance, magnetic-plasmonic core-shell
nanoparticles were used in place of traditional colloids to enable the fast
concentration of bacteria by applying an external point magnetic field. As a result,
a large number of microorganisms and nanoparticles can be effectively condensed
into a highly compact dot (Figure 2.6 A).°" On the other hand, Szymborski et al.®
combined periodic structures of nanosized fibers with nanostructured gold layers

to be used as a dual efficient SERS-filter for the immobilization of bacteria from

solutions such as blood, urine, water, or milk (Figure 2.6 B).
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Figure 2.6. (A) Schematics of the condensation process of magnetic gold nanoparticles and
bacteria, together with a SEM image of the area of analysis (bacteria are shown in dark contrast,
the scale bars is 1 pm). Figure adapted with permission from ref. ®*. (B) Scheme of embedding
bacteria on the SERS platform directly from the solution and SEM image of the polymer mats
(PLLA-b) covered with 90 nm of gold. Figure adapted with permission from ref. 2. (C) Schematic
diagram showing the cross-sectional view of a bacterium on a Van-coated substrate. SEM images
of bacteria on the substrate (scale bar 500 nm) plus an optical image of the Van-coated region

with the captured E. coli (scale bar 5 um). Figure adapted with permission from ref. ©.

In addition to mechanical forces, other strategies exploiting biochemical

interactions have been developed to this purpose. A paradigmatic example is
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represented by the work of Wang and co-workers.®® Here, SERS active silver
nanoparticle arrays were coated with vancomycin (Van), an antibiotic used to treat
a number of bacterial infections. Profiting from the high binding affinity of bacteria
towards Van, a thousand-fold increase in bacteria capture from biofluids (saliva,
phlegm or blood) was achieved without introducing significant spectral
interference (Figure 2.6 C). Van-coated SERS substrates acted both as a bacterial
capturing tool and an efficient sensing platform for the identification of the SERS
fingerprints of the targeted bacteria. The authors reported the concentration of
30% of Enterococcus contained in 1 mL o water (10” cfu/mL) onto a microscopic
Van-coated area of 30 um in diameter. This microscopic localization helps to reduce
the laborious procedure required to locate the bacteria on the substrate and

therefore facilitate their subsequent sensing by SERS.

2.1.4 INTEGRATED SERS-MICROFLUIDIC DEVICES AND SERS-ENCODED

NANOPARTICLES

Despite all the improvements regarding sample manipulation and concentration,

the traditional approach to the direct SERS analysis of bacteria dried on a solid

substrate retains major issues in terms of spectral fluctuations, extremely long

measuring time to acquire statistically reliable datasets, and lack of quantitative
48,64,65

response. These limitations can be potentially addressed by combining SERS

with microfluidics.

Recent advances in the microfabrication have led to the development of novel
microflowing systems for bio-particle separation and analysis. Implementation of
microfluidics and biosensor technologies provides the ability to manage and
integrate chemical and biological components into a single platform, offering the
opportunity for developing portable, autonomous and disposable devices capable
of performing real-time detection, unprecedented accuracies, and simultaneous

analysis of different analytes in a single device.®® Microsystems are already
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revolutionising the way we do science and have led to the development of a

number of ultrasensitive bioanalytical

biological samples.®”®®

devices capable of analysing complex
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Figure 2.7. (A) Application of two-phase liquid/liquid segmented flow in a microfluidic chip for the

acquisition of Raman spectra of the separation medium oil and SERS spectra within the droplets at

the measurement point in the second channel. Figure adapted with permission from ref. ®. (B)

Scheme of sample preparation, including the sample lysing module (bead-beating system) for the

bacterial cell disruption, the internal storage container, the syringe pump system, and the droplet-

based microfluidic device mounted to the microscope stage.

Popp and co-workers®*®

provided the first example of flow-through SERS

measurements of bacterial samples in a microfluidic device (Figure 2.7 A). Such

approach drastically reduced the acquisition time while improving the spectral

reproducibility by analysing the sample in suspension. Initially, the authors

demonstrated the efficiency of this SERS-microfluidic device in the classification of

9 different pre-cultivated E. Coli strains (buffered solutions, ca. 8x10’ cells/ml).*

Subsequently,

6 different species of pre-cultivated mycobacteria

(buffered

solutions, concentration range from ca. 4 to 40 x10’ cells/ml) were successfully

identified.® In this latter work, a bead-beating module for the disruption of the

bacterial cells was combined with the microfluidic device (Figure 2.7 B), leading to

an automated closed system for sample preparation and measurement. Disruption

of the bacterial membrane allows the colloidal silver nanoparticles to interact with
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all cell components rather that the sole bacterial walls. As a result, richer spectral
information is available in the SERS spectra, thus improving the overall

discrimination capabilities via chemometric methods.

As the ultimate goal for bacterial identification is the complete bypassing of the
cultivation step, concentration procedures were then implemented into SERS-

70-73
In

microfluidics biosensors, mostly based on microfluidic dielectrophoresis.
dielectrophoresis (DEP), non-uniform electric fields are exerted on dielectric
particles, including cells and microorganisms, to control their location.”* Cheng et
al.”® combined a short-range DEP and long-range AC electroosmosis flows to
rapidly and selectively concentrate pathogens in the diluted human blood sample
at the stagnation area on a SERS-active roughened electrode. The high density of
bacteria aggregates at the measuring spot allowed obtaining intense SERS
fingerprints of S. aureus, E. coli, and P. aeruginosa spiked into blood down to ca.
10° cfu/mL. Typically, 50 pL of 20 times diluted human whole blood spiked with
pathogens (dilution was necessary to avoid blood cell coagulation) were dropped
onto the chips and subjected to AC excitation for 3 minutes (ca. 40-50% capture

efficiency onto the stagnation area was achieved) before being investigated by

SERS during 5 minutes.

Microfluidic DEP devices were also integrated with SERS using encoded

|.”% captured and

nanoparticles for the detection of bacteria. Madiyar et a
concentrated E. coli DHa5 cells coated with SERS tags on a nanoelectrode array
placed at the bottom of a microfluidic chip (Figure 2.8 A). The SERS signal was
successfully measured during DEP capture with single bacterium sensitivity and a
quantitative response in the 5 to 1x10° cfu/ml range (buffered solutions,
Figure 2.8 B). The SERS-encoded nanoparticles consisted of iron oxide—gold core—
shell nanoparticles initially coated with thiolated-PEG, then infused with a Raman

reporter and finally conjugated with a selective Ab. Typically, the bacteria and

antibody-conjugated SERS-encoded nanoparticle solutions were mixed together
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and incubated overnight at 4 °C. Then several centrifugation/washing cycles were
applied to remove the excess of unbound particles, before the analysis. Bacteria
detection was also successfully performed in more complex media spiked with 5 x

10° cfu/mL E. coli cells.
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Figure 2.8. (A) Outline of the DEP capture of the bacteria coated with SERS-encoded nanoparticles
for the Raman detection. A representative TEM of E. coli DHa5 bacterial cells attached with SERS-
encoded nanoparticles is also included. (B) Optical microscope image taken under 4x
magnification showing the microfluidic channel and the active square at the center. (c) SERS
intensity from the samples with the bacterial concentrations in the 5 to 1.0 x10° cfu/mL range
(DEP capture time = 50 s). The inset shows that a 100 um diameter laser focal spot aligned with a

200 pum x 200 pm active DEP area. Figure adapted with permission from ref. %,

Lin et al.”' exploited a DEP microfluidic device for trapping individual
microorganisms in a defined location in space for their in situ interrogation with a
confocal micro-Raman system. Clusters of gold nanoparticles aggregated in the
presence of dye molecules where silica-coated and bioconjugated with Ab to be
used as SERS-encoded nanoparticles. Buffered suspensions of two bacteria
(Salmonella enterica serotype Choleraesuis and Neisseria lactamica) were mixed
with SERS-encoded particles and incubated for 1 h at room temperature before
being submitted to multiple centrifugation/washing cycles to eliminate unbound

nanoparticles prior to DEP-Raman analysis. The practical detection limit with a 10
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min measurement time was estimated to be 70 cfu/mL while the total assay time
including sample pre-treatment was less than 2 h (no quantitative response was

reported).

With the aim of improving the detection specificity and signal enhancement by
reducing the miss-binding, Wang et al.”® recently developed a biosensor using a
three-epitope detection scheme to avoid the antibody-antigen binding failures
which may occur in the one-epitope setup. Here, different SERS-encoded
nanoparticles were conjugated with three monoclonal antibodies binding to three
different membrane receptors. Buffered suspensions of E. Coli O157:H7 pre-
concentrated via a DEP-microfluidic device were then incubated with the mixture
of SERS-encoded nanoparticles. SERS analysis was performed on droplets of
sample solutions placed on a gold-coated microscope slide. Under this set-up, only
SERS signals consisting of the superimposed contributions of the different SERS
tags were associated with positive recognition events. LOD down to 1 CFU/mL

were reported.

Unfortunately, while the sensitivity issue has been addressed by some of these
methods, only small volumes (~microliters) of samples, which are normally not
relevant for clinical diagnosis, can actually be investigated. Further, additional steps

to record a suitable signal for identification are often required.
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2.2. THEORETICAL BACKGROUND

2.2.1. OPTICAL BACKGROUND

2.2.1.1. Laser and waves
The laser has revolutionized the world of Science and Technology in multiple fields
as, for instance, that of Spectroscopy, which is a scientific area of great relevance

for the study of molecular structure and dynamics as well as for chemical

75,7 77,78

analysis.”>’® Spectroscopy is based on the interaction of light with matter. Light
is an electromagnetic radiation, which is the combination of an oscillating electric
and magnetic field, mutually perpendicular, which propagates through space
carrying energy from one location to another (see Figure 2.9). Nearly all types of
electromagnetic radiation can be used to study and characterize matter by means

of spectroscopic technics.”

Electic Field

I A = Wavelength

Figure 2.9 Diagram showing the propagation of an electromagnetic wave. Adapted from

http://www.google.es/search?g=electromagnetic+radiation
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2.2.1.2. Optical properties of metals
Metals such as gold (Au), silver (Ag), copper (Cu), or aluminum (Al), have long been
known to have different optical properties from standard dielectrics. They, for
example, reflect light very efficiently in the visible, making them good materials for
mirrors of various types. These particular optical properties, along with many other
physical properties, such as heat or electrical conductivity, all have the same
physical origin: the presence of free conduction electrons. It seems fairly intuitive
that these free electrons result in large heat or electrical conductivity. Their
connection with the optical response of metals may however appear less obvious

at first sight.

The free electrons of a metal move in a background of fixed positive ions (the
vibrations of ions, or phonons, are ignored here in a first approximation), which
ensures overall neutrality. This forms, by definition, a plasma and can be called a
free-electron plasma, or solid-state plasma.?® The study of a solid-state plasma is
different from that of a gaseous plasma, since the emphasis is on equilibrium
phenomena in the first case, while it is more on instabilities or steady state

8981 The optical response of this free-electron plasma will

properties in the latter.
govern all the optical properties of metals, at least in the visible part of the

spectrum where its characteristic resonant energies reside.

2.2.1.3. Localized surface plasmon resonances (LSPR)
In metallic nanoparticles, the localized surface plasmon resonances (LSPR) appears
because the electric field of an incoming light wave induces a polarization of the
"free electrons with respect to the much heavier ionic core. The net charge
difference occurs at the nanoparticle boundaries (the surface) which in turn act as
a restoring force (see Figure 2.10). The surface plasmon absorption metallic

nanoparticles can be shifted depending on the size, shape and nature of the
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82-85

surrounding medium. For gold and silver particles, the surface plasmon

resonance occurs within the visible region, (see Figure 2.11).

Electric
Fleld

Electron
Cloud

Figure 2.10. In this figure illustrating the excitation of dipole surface plasmon oscillations. The
electric field of an incoming electromagnetic radiation induces a polarization of the "free"
electrons with respect to the much heavier ionic core of a (gold) nanoparticle. A net charge
difference is only felt at the nanoparticle boundaries (surface) which in turn acts as a restoring
force. In this way, a dipolar oscillation of the electrons is created. This is Known as the surface
plasmon resonance. In the case of rods or ellipsoids, the oscillation can take place in two different

directions, so that longitudinal and transverse surface plasmon resonances can be excited.

LONGITUDINAL
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Figure 2.11. Characteristic extinction spectra (absorption + scattering) corresponding to spherical
and rod shaped gold nanoparticles. The spherical gold nanoparticles only display one plasmonic
band (at 536 nm for this particular sample), while rod shaped gold nanocrystals exhibit two
plasmon bands, transverse and longitudinal (with corresponding maxima at 517 and 722 nm,

respectively, for this particular example).
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2.2.2. RAMAN SPECTROSCOPY

In 1928 the Indian scientist Sir Chandrasekhara Venkata Raman, together with K. S.
Krishnan and independently by Grigory Landsberg and Leonid Mandelstam in the
former Soviet Union®, were the first to experimentally demonstrate the
phenomenon named after him as Raman scattering (RS) or Raman effect which led
him a couple of years later to be awarded with the Nobel Prize in physics (1930) for
his work on the scattering of light and the discovery of the Raman effect®’. It must
be recalled though, that the theoretical principle of this effect was predicted by the
Austrian scientist Adolf Smekal in 1923.%® Raman spectroscopy is based on the
Raman effect which lies in the inelastic light scattering by any particular substance
upon illumination. In the original experiment a simple hardware setup, consisted of
sunlight as the light source focused onto the sample, passing through a

telescope.® The sample could be either a liquid or its dust-free vapour.

At first, the phenomenon was measured on a number of different common liquids
with the observer's eye to be the proof of the existence of a modified scattered
radiation. However, the Raman scattering is a very weak effect. Only one in ten
millions of the scattered light particles, or photons, actually exhibit a change in
wavelength. Because of this, advances in Raman spectroscopy were delayed for
several decades, until the discovery of intense light sources to amplify the effect
and consequently the observed scattered light. The laser as an intense and
efficient light source from one hand, along with the development of more effective
detection systems on the other hand, brought breakthrough changes later on, in

the field of Raman spectroscopy.

2.2.2.1. Raman effect
Absorption or scattering are among the major phenomena that may occur when
light interacts with matter. Absorption occurs when the energy of the incident

photon, which the light is composed of, corresponds to the energy gap between
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the ground state of an atom or a molecule and an excited state. The photon may
be absorbed and the molecule will be promoted to an excited state of higher
energy. In the case when the energy of the incident photon does not correspond to
a specific energy level of an excited state of an atom or a molecule upon
illumination, scattering may occur. The predominant part of the photons are
elastically scattered in a process called Rayleigh scattering. During this process the
scattered photons have the same frequency as the incident photons (vg). A very
small fraction of the scattered light, one in a 10°-10® photons, undergoes inelastic
scattering in the process known as Raman scattering, resulting in a scattered
photon with different frequency than the incident photon. In this case, the energy
of the scattered photon is different from that of the incident photon by one
vibrational unit. For example if the energy of incident photon is hvg, the difference

between the two energy states (Vg and V;) is hAv.

The Raman scattering effect comes from the fact that the light interacts with the
molecule and distorts, polarizes, the cloud of electrons surrounding the nuclei to
form a short-lived state known as “virtual state”. This state is not a stable stage and
the photon is re-radiated. This occurs when the light and the electrons interact and
the nuclei begin to move at the same time. Since the nuclei are much heavier than
the electrons, there is a change in energy of the molecule. Transfer of energy will
occur either from the incident photon to the atom or molecule or from the atom
or molecule to the scattered photon. Depending on whether the process starts
with a molecule in the ground state or from an atom in a vibrationally excited state,
the scattering process may be classified as Stokes or anti-Stokes scattering. Stokes
scattering occurs from the ground vibrational state (Vy) to an excited vibrational
state (V;) due to the energy absorption by the molecules (hAv). However, some
molecules due to thermal energy may be already in an excited state (V;) as shown
in Figure 2.12. Therefore anti-Stokes scattering occurs from the excited state (V;) to

the ground state (Vo) a process that involves energy transfer to the scattered
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photon (hAv). The relative intensities of these two processes depend on the
population of the various states of the molecules. The fact that the majority of the
molecules are in room temperature, very small number of atoms are expected to

be found to an excited state.
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Figure 2.12. Schematic representation of the Rayleigh and Raman scattering.

2.2.2.2. Raman selection rules
The infrared (IR) spectroscopy and the Raman spectroscopy are the two types of
spectroscopy that involve vibrational transitions. The fundamental vibrational
transitions can be studied by both IR and Raman spectroscopy because they have
different selection rules. Whether a transition is allowed or not, is defined by the
selection rules. For Raman scattering the fundamental selection rule is the one
that occurs from the change in polarizability in a molecule. The polarizability is a
molecular property and measures the deformability of a bond under the influence
of an external electric field, inducing a temporary dipole. Symmetric vibrations will
give the most intense Raman scattering (Raman-active). Unlike to Raman
spectroscopy, in IR spectroscopy, an asymmetric vibration (IR-active) will be more
intense when a net change in the permanent dipole moment occurs during the

vibrations.
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Symetric C -O Strentch Asymetric C -O Strentch

Figure 2.13. Raman active (left) and IR active (right) vibrations of carbon dioxide.

Figure 2.13 shows the C-O symmetric (left) and asymmetric (right) stretch in carbon
dioxide. The symmetric one is not IR-active because no net change occurs in the
dipole moment, while the asymmetric one is IR-active due to a change in dipole

moment.

On the other hand the symmetric stretch in carbon dioxide is Raman-active due to
the change of the polarizability of the molecule Figure 2.14 illustrates the different
shapes of the electron cloud which can be found during the equilibrium, the

extended and compressed symmetric motions.

O-= C >0 O C O O0—C=—0
Extended Equilibrium Compressed

Figure 2.14. Changes in the polarizability of the carbon dioxide molecule. In green are represent

the molecular movement and with black tones shown polarizability ellipsoid.

2.2.3. SERS

Surface-enhanced Raman scattering (SERS) spectroscopy is a surface-sensitive
technique that enhances the Raman scattering of molecules that are in the close
vicinity or directly attached to plasmonic materials such nanostructures metal

surfaces or metallic nanoparticles.”® The amplification of the Raman signal is so
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efficient that can be increased by several orders of magnitude reaching
enhancement factors (EF) higher than 10" being even able to detect single

73,91-93
molecules.”™

2.2.3.1. Hot Spots
The maximum SERS EF may be of the order of ~10° on a spherical nanoparticle and
under certain conditions can be as high as ~10'°-10'". As an example of such cases

is the apex of a metallic. >

Additional signal amplification arises from the interaction of two or more
neighbouring plasmonic nanoobjects. The maximum SERS EF typically occurs at
some specific regions on the substrate surface where the localized surface
plasmon resonances (LSPRs) between individual nanostructures are coupled
resulting in a significantly higher electromagnetic field and therefore, molecules

34,92

adsorbed on these points can profit from it. Shalaev et al developed a

theoretical approach that predicts extremely large electromagnetic field

94-96

enhancement on fractal surfaces combining the discrete dipole approximation

(DDA) method and the fractal features from the aggregated colloids or rough

surfaces.”’?®

It is in these special regions “hot spots” that the resonance of the
electromagnetic radiation is concentrated. The locations of the hot areas depend
strongly on the geometry of the fractal, the excitation wavelength and the
polarization of the incident laser. In addition, it has been demonstrated that the
same area could be a hot spot or a cold zone depending on the excitation

wavelength used.
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Figure 2.15. Schematic configuration of a hot spot. The incoming wave is incident along the x-axis
with polarization along z, and the signal is analyzed in the backscattered direction with
polarization either parallel || (z) or perpendicular | (y) to the incoming polarization. The main
axis joining the two particles, which defines the direction of the main axis of the hot spot, eHS is

defined by angles 6 (co-latitude) and ¢ (longitude) in spherical coordinates.

In Figure 2.15 we can see a geometrical scheme of a hot spot. The excitation beam
is considered to be incident along x and perpendicular to the dimer axis along z
and we consider excitation occuring only with incident polarization along the dimer

axis, for which maximum coupling to the main LSPR is obtained.”

2.2.3.2.  SERS substrates
The success condition for the SERS studies is highly dependent on the interaction
between the absorbed probe molecule and the surface of the plasmonic
nanostructure. The synthesis of metal nanoparticles is an expanding research area
due to the potential applications for the development of novel technologies. The
most used substrates in SERS are made mostly of silver (Ag), gold (Au), which are
good candidates due to their stability and biocompatibility of the Au, and much
less of copper (Cu) due to its high reactivity. Most Raman measurements occur in
the visible and near infrared wavelength range where all the three metals

100

mentioned above hold LSPRs. In Figure 2.16 are shown the approximate

wavelength ranges for SERS of Ag, Au, and Cu.
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Nevertheless SERS experiments have been also performed in other metals like

102 103

rhodium (Rh),*®* platinium (Pt),'** ruthenium (Ru),’® and aluminium (Al)."** Novel

105,106 . . 107
" semiconductors such as TiO,,” " and quantum

materials such as graphene,
dots (QDs)'®*% have recently been reported to show SERS, although they do not

fit traditional definitions of SERS substrates.

Cu

wny

Ag

200 400 600 800 1000 1200 1400
Wavelength (nm)

Figure 2.16. Approximate wavelength ranges where Ag, Au, and Cu have been well

characterized and are established to support SERS.

2.2.3.3. Colloidal silver nanoparticles (AgNPs)
Among the previously mentioned materials, Ag is probably the most important one
in plasmonics. And, since SERS is derived from the LSPRs in nanostructured metals,
Ag outperforms the other materials due to its higher extinction coefficients,
sharper extinction bands, higher ratio of scattering to absorption, and extremely
high field enhancements. Moreover, silver is able to support strong surface
plasmons in the visible (vis) and near-infrared (NIR) regions of the spectrum by

tuning its size and shape."’

Nowadays, advances in synthetical methods allow the generation of Ag
nanostructures with varied morphological properties which overcome the

difficulties of the precise control of the Ag due to its lower chemical stability when
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26,110,111
d.

compared to gol In Figure 2.17 are presented briefly some of the

synthetic methods used to generate certain morphologies.

Shape lllustration LSPR? Applications? | Method of Synthesis

Sphere and

300-450 |SERS; LSPR sensing} Polyol process (single-crystal);
quasi-sphere

assembly Citrate reduction (quasi-sphere)
Polyol process;

Cube and : ina
400 - 480 |SERS; LSPR sensing; ¥ :
tuheated clbe assembly Seed-mediated growth
Polyol process;
Tetrahedron and
350 - 450 SERS Light-mediated Growth

truncated tetrahedron

Polyol process;
400 - 500 Assembly seed-mediated growth;
light-mediated growth

Octahedron and
truncated octahedron

Bar 350 - 900 SERS Polyol process
Spheroid 350 - 900 SERS Polyol process
Right bipyramid 500 - 700 N Polyol process
Beam : Electron transport Polyol process
Becahed Seed-mediated growth;
PEABGN 350 - 450 g light-mediated growth;
citrate reduction
Wave guiding;
Wire and rod 380 - 460 electronics; SERS; Seed-mediated growth (
assembly

Polygonal plates

i 350- 1000 |[SERS; LSPR sensing Light-mediated growth;
and disc

polyol process

, <4mo
W M PRI T

Branched structures 400 - 1100 SERS Seed-mediated growth

Hollow structures

380-800 |SERS; LSPR sensing Template-directed growth

Figure 2.17. Summary of the Shapes, LSPR Absorption Peaks, Demonstrated Applications, and
Methods for Synthesis of AgNPs. a The main absorption peak (nm). b Assembly means the

nanostructure has been assembled into larger structures for plasmonic applications or studies.
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2.2.3.4. SERS instrumentation
Current dispersive Raman instruments are coupled with microscopes and several
laser beam lines as excitation sources. The choice of the excitation wavelength
(mainly from the visible to NIR) depends strictly on the application. An important
factor to take into account when performing a SERS measurement, is the Raman
scattering efficiency since it depends on the fourth power of the frequency.'?
Therefore, shorter wavelengths improve the Raman sensitivity although the risk of
fluorescence or sample degradation also increases and has to be considered.™*
Figure 2.18, shows a basic Raman spectrophotometer set-up attached to a confocal
microscope. In this particular set-up and in most modern Raman
spectrophotometers, the inelastically scattered light is collected at 180° geometry.
In the confocal unit, the light from the laser initially passes through a pinhole
aperture. This light is then delivered through the notch filters (interference filters)
where it is completely reflected into the microscope and reaches the sample

through the beam splitter. Then, the inelastically scattered light passes back

through the same optics, a monocromator and finally reaches de CCD detector.

113,114
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Figure 2.18. Schematic representation of a dispersive Raman instrument coupled with a confocal

microscope with a detailed description of a microscope objective **

2.2.3.5. Biomedical applications and SERS sensing
SERS as a powerful molecular spectroscopic technique with the capability of
ultradetection sensing is a reliable analytical tool that is expanding its realm of
applications from diagnosis and biomedical applications to environmental
monitoring with potential multiplexing and real time analysis. In serious medical
issues the fast and accurate detection of the pathogen is literally a matter of life
and death. SERS biosensors can be applied in the detection of biological samples

5

and diseases, including various types of cancer,””® prionic diseases such as

6

Alzheimer and Parkinson*'® or infections.*!’

Therefore, there is a potential
substitution of the time consuming and more costly traditional immunological
detection assays which employ antibody methods as the enzyme-linked
immunosorbent assay (ELISA) by SERS immunosensors with the ability to provide
information in the complex biological environments with minimum sample

preparation and high spatial resolution.
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2.2.4. MICROORGANISMS

The etymology of the word microorganism is derived from the Greek word
ULkpOBLo¢ [microbes], which is composed of utkpdg [Micros] and Biog [bios]. That
means a very small living being that can only be viewed with a microscope, also
called micro-organism. The concept of microorganism does not imply a taxonomic
or phylogenetic relationship, as it encompasses unicellular and multicellular
organisms that have no evolutionary relationship to each other. The group includes
both, prokaryotic microorganisms (bacteria, etc.) and eukaryotes (protozoa, etc.),
also some algae and fungi, and even acellular biological entities with an
ultramicroscopic size such as viruses or prions. The latter generally are not
considered living beings and therefore are not strictly microorganisms; however,

they are also included in the study field of microbiology.'*®

Because of evolution and natural selection, nowadays, there is vast microbial
diversity which can be seen in many ways, for example, in variations in cell size,

morphology, motility, metabolic strategies, etc.

All organisms contain ribosomes and thus ribosomal RNA, this molecule has been
used to construct a phylogenetic tree of all life forms, prokaryotic and
eukaryotic."® From comparative ribosomal RNA sequences three phylogenetically
distinct lineages of cells have been identified; two of these lineages contain only
prokaryotes, while the third is composed of eukaryotes. The lineages, referred to
as evolutionary domains, are called The Bacteria, The Archaea and The Eukaryota
(Figure 2.19). These domains are thought to have diverged from a common

ancestral organism called The LUCA.
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Figure 2.19 Universal phylogenetic tree. This tree is derived from comparative sequencing of

ribosomal RNA (16S or 18S). Adapted from https://commons.wikimedia.org/w/index.php?curid=26075698

The term "bacteria" is still widely used in a general sense to mean "the prokaryotic
organisms" and in this sense it includes all the prokaryotes. However, molecular
studies have indicated that the prokaryotes can be divided into two fundamentally

different groups (domains): the domain Bacteria and the domain Archaea.*®

Most Bacteria are free-living, they do not necessarily form specific associations
with other organisms. Bacteria normally occur as members of mixed communities
which include fungi, algae, protozoa and other organisms. Such communities can
be found in a wide variety of natural habitats water, surfaces of plants, soil, within
the bodies of mammals. Those microorganisms which are normally present in a

particular habitat are referred as the microflora of that habitat.*'*?

Bacteria which colonize a given habitat may affect each other in various ways; for

example, they may have to compete for primary requirements like as nutrients,
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oxygen, space, light, etc. and those organisms which cannot compete effectively

are likely to be eliminated from the habitat. '**

One important reason for study Bacteria because the cause some major diseases
as well as a number of minor ones; the prevention and control of these diseases
depend largely on the efforts of medical, veterinary and agricultural
bacteriologists. Importantly, the pathogenic bacteria are only a small proportion of
the bacteria as a whole meanwhile most bacteria are innocuous or even positive to

124,125
humans.™™

2.2.4.1. Bacteria Pathogens
Some diseases are due to "errors" in the body's chemistry, but in many diseases
symptoms result from the activities of certain microorganisms, on or within the
body; any microorganisms which can cause diseases is called a pathogen.
Sometimes a disease is due to an organism which does not usually behave as a
pathogen and which may actually be a member of the body's own microflora,
called opportunist pathogens. Disease does not necessarily follow exposure to a
give "causal agent". In fact, the occurrence of a disease typically depends on
various factors, including the degree or resistance of the host and the virulence of

the pathogen.'*®**’

Different pathogens act in different ways. Some produce toxins or other substances
which disrupt specific physiological processes, while others invade particular cells
or tissues and may also form toxins. Even when localized in the body, infections

often have systemic effects.'*®

Some pathogens are able to synthesize a biofilm; increasing therefore their
virulence. Biofilms can be defined as an organized group of microorganisms living

within a self-produced matrix of polymeric substances which gets attached to

129

several surfaces.””” These microbial collectives are found to be ubiquitous in almost
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130 Biofilms can be found in both biotic and abiotic surfaces.***

every environment.
Biofilms have been seen to be present on liquid surfaces as a floating mat and in

submerged state also.™**

2.2.4.2. Isolation of Pathogens from clinical specimens
A clinical examination of a patient, may suspect that and infectious disease is
present. Samples of infected tissues or fluids are then collected for microbiological,
immunological, and molecular biological analyses Figure 2.20. The swab is streaked
over the surface (i.e. an agar plate) or placed directly in a liquid culture medium. In
some cases, small pieces of living tissue may be also sampled for culture.
Figure 2.20 summarizes current recommendations for initial culture of organisms

isolated from typical clinical specimens.

If clinically relevant organisms are to be isolated and identified, the specimen must
be obtained properly. The clinician must ensure that the specimen is removed from
the actual site of the infection. In addition, recovery of pathogens may not be

3 The sample must also be taken under

possible if insufficient inoculum is taken.
aseptic conditions so that further contaminations are avoided. Care must also be
taken to ensure that metabolic requirements for certain organisms, such as anoxic
conditions, are maintained. Once obtained, the sample must be analyzed as soon

as possible.**
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Figure 2.20. Clinical and diagnostic methods used for isolation and identification of infectious

pathogens.™*

An aspect to bear in mind is the term "quorum sensing" was first introduced by

Fuqua et al. (1994)*° and later explained by Wuster and Babu (2007)."*” In some

cases, cells in a high-density population exhibit characteristics which are absent in

the same cells in low- density populations. The cells secrete signal molecules of a

special kind, and if cell density researches a certain minimum "quorum" these

molecules accumulate to a level which activates certain genes within the cells. The

low- molecular- weight signalling molecule is called an autoinducer, because the
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cells themselves produce it. Different bacteria may produce different autoinducers
which regulate different characteristics; in some cases different species produce
the same autoinducer, but for regulating different genes. Some bacteria produce a

range of autoinducers for controlling the expression of various properties.

2.2.4.3. Gram + / Gram -

Gram staining is a method used to differentiate bacterial species into two large
groups called: gram-positive and gram-negative. The name comes from the Danish

138 Gram

bacteriologist Hans Christian Gram, who published his method in 1884
staining differentiates bacteria by the chemical and physical properties of their cell
walls (see Figure 2.21) by detecting peptidoglycan, which is present in the cell wall

of Gram-positive bacteria.’®

Gram-positive bacteria retain the crystal violet dye,
and thus are stained violet, while the Gram-negative bacteria do not; after
washing, a counterstain is added, commonly safranin or fuchsine that will stain the
Gram-negative bacteria in pink meanwhile for the Gram-positive bacteria the

counterstain is unseen because of the darker crystal violet stain.

The Gram stain is almost always the first step in the preliminary identification of a
bacterial organism. However, while Gram staining is a valuable diagnostic tool, not
all bacteria can be definitively classified by this technique. This gives rise to gram-

variable and gram-indeterminate groups.'*

This differentiation enables it to prescribe adequate drugs. Generally, Gram-

negative bacteria are more resistant to antibodies and antibiotics than Gram-

positive, because they have a largely impermeable cell wall.**°
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Figure 2.21. Structural features of the cell wall that distinguishes the Gram-positive from the

Gram-negative bacteria, which are two principal classes of pathogenic bacteria. **°

2.2.5. ANTIBIOTICS

Usually, when we are suffering from a bacterial infection doctors' prescribe
antibiotics. However, there is a wide range of antibiotics available, and vary both in
its use and its mechanism of action. As previously described, bacteria can be
divided into two major classes: Gram-positive and Gram-negative. Gram-negative
bacteria are more resistant to antibodies and antibiotics than Gram-positive
bacteria, because they have a largely impermeable cell wall.***** Figure 2.22
summarizes the main classes of antibiotics giving also a brief overview of their

effectiveness for different bacterial infections.
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2.2.5.1. AntiMicrobial Resistance (AMR)
Resistance to antimicrobials (AMR) is a natural process that has been observed
since the first antibiotics were discovered and, indeed, the genes that confer drug

resistance upon some strains of bacteria predate antibiotics by millions of years.'**

AMR arises when the micro-organisms which cause infection survive exposure to a
medicine that would normally kill them or stop their growth. This allows those
strains that are capable of surviving exposure to a particular drugto grow and

193 This has led to the

spread, due to a lack of competition from other strains.
emergence of ‘superbugs’ such as Methicillin-resistant Staphylococcus aureus
(MRSA) and extremely drug-resistant tuberculosis, bacteria which are difficult or

impossible to treat with existing medicines. '**

AMR has increasingly become a problem in recent times because overuse of
antimicrobials has increased the rate at which resistance is developing and
spreading. In the past, resistant infections were associated predominantly with
hospitals and care settings, but over the last decade resistant infections have been

seen in the wider community too. ®7 4%

2.2.6. SEPSIS

Sepsis is a syndrome which results from the body’s response to an infecting
microorganism. Upon activation, the immune competent cells, cause the release of
cytokines and activation of different cascade systems that ultimately, affect the
endothelium. This course of events results in what is known as inflammation. In
sepsis, the inflammatory process is systemic; it affects every organ system in the
body, even remote from the original infection site. If unrecognized and left
untreated, there is a considerable risk of progression to the most severe form,

septic shock. Despite enormous advances in understanding the disease processes
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145-149

and technical progress sepsis is still increasing. In Table are summarized the

most frequently microorganisms causing sepsis.

Streptococcus pneumoniae

Streptococcus pyogenes (Grupo A)

Gram positive
Streptococcus agalactiae (Grupo B)

Staphylococcus aureus

Neisseria meningitidis
Aerobes Escherichia coli

Bacteria . Klebsiella
Gram “Enterics”

Enterobacter Serratia

negative

Citobacter Salmonella

Pseudomona aeruginosa

“Non-enterics” -
Acinetobacter

Anaerobes Bacteroides fragilis

Flaviviuus

Viruses —
Coronaviridae

Candida

Histoplasma

Aspergillus

Table 1. Sump up of microorganisms that acquired a special relevance or high incidence rates in
hospitals. The division is shown separated by domain and some characteristics of microorganisms
such as oxygen tolerance, staining of grams and subdivision between enteric and non-enteric.

Highlighted in bold the selected microorganisms.**°

2.2.7. Characteristics of the bacteria used in this thesis

To develop the microbiology part of this thesis, we selected four bacterial strains
with high incidence rates in hospitals. Specifically, two gram + strains that are
Streptococcus agalactiae (Table 2) and Staphylococcus aureus (Table 3) and other

two gram- strains, Escherichia coli (Table 4) and Pseudomonas aureginosa (Table 5).
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2.2.7.1. Streptococcus agalactiae

Streptococus agalactiae Lehmann and Neuman 1896
g Domain Bacteria
"3 Kingdom Eubacteria
Eé Phylum Firmicutes
© Class Bacilli
o Order Lactobacilles
5‘5 Family Streptococcaeceae
E: Genus Streptococcus
@ Specie agalactiae

Appearance single, in pairs, or chains

g" Size 0.5- 2.0 umin diameter
E Colour creamy / tan
e Texture dry
§ Optical Quality opaque
Hemolysis Beta
.g Gram positive
2 Movility Non motile
% Spore Non spore-forming
g metabolism facultative anaerobes
'5 Capsule variable, virulents strains ecapsulated.
Salt tolerance variable
Chemo-organotrophic fermentative metabolism producing mainly lactose, no gas
Catalse negative
Oxidase negative
Hipurate positive
Bile esculin negative
Human It can be commonly found in normal flora to the mouth, nouse and throat.
Most The most commonly associated it is with neonatal infections such as sepsis,

. . L. 151 . . . . .
common | pneumoniaand meningitis. " Itis only fatal in adults in the immunocompromised

diseases or elderly (mortality rate of 15% in patients aged 65 or older). ****

Biofilm production has been suggested to be important for Group B Streptococcus

Biofilm pathogenesis along side many other elements, including phylogenetic lineage and

. ™ 153
virulence factors, such as pili and capsule type.

It is a commensal bacterium colonizing the intestinal tract of a significant
Clinically proportion of the human population. However, it is also a pathogen which is the
significance leading cause of invasive infections in neonates and causes septicaemia,

meningitis and pneumonia.'154

Phagocytosis is the major mechanism for combatting streptococcal infection.
Host D-alanylation of lipoteichoic acid (LTA) contributes to the virulence of S. agalactiae.

defenses | This allows Gram-positive bacteria to modulate their surface charge, regulate ligand

binding and control the electromechanical properties of the cell wall. 15

Table 2. Short characterization and description of Streptococcus agalactiae. Image and text

151-155

adapted from references and https://www.yoonigimages.com/kr/images/detail/105652534/Editorial/streptococcus-agalactiae-

bacteria-sem.
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2.2.7.2. Staphylococcus aureus

Staphylococcus aureus Rosenbach 1884

Domain

Bacteria
Kingdom Eubacteria

Phylum Firmicutes

Class Bacilli

Order Bacillales
Family Staphylococcaceae
Genus Staphylococcus
Specie aureus

Scientific classification

Appearance single, in pairs, orirregular grape-like clusters
Size 0.5-1.5 pm in diameter
Colour Creamy / tan
Texture dry
Optical Quality opaque
Hemolysis Alpha Prime or Beta

Morphology

Gram positive
Movility Non motile
Spore Non spore-forming
metabolism Facultatives anaerobes
Capsule variable, virulents strains ecapsulated.
Salt tolerance High salt tolerance (up to 10% NaCl)
Catalse positive
Oxidase negative
TGA test black colonies
Coagulase positive
MSA test Colorless; colonies Yellow; Medium

Characteristics

Human
microbiom
Most
common
diseases

The genus Staphylococcus is part of normal flora widespread over the body surface.

It is common for this bacteria to cause impetigo, toxic shock, syndrome, bacteremia,
endocarditis, folliculitis furncle and osteomelitys.156

Biofil Many strains have the ability to form biofilms wich can then colonize structures such
iofilm
as medical catheters, stents, heart valves, prostheses, shunts and valves.”’

Generally it is possible separated the Staphylococcus species into coagulase-

negative, like as S. epidermidis or coagulase-positive wich includes S. aureus ,this
8

Clinically

significance . . - _ - .15
especie are a major cause of morbidity and mortality in nosocomial infections.

Phagocytosis is the major mechanism for combatting staphylococcal infection.
Host Antibodies are produced which neutralize toxins and promote opsonization.
defenses The capsule and protein A may interfere with phagocytosis. Biofilm growth on

implants isimpervious to phagocytosis.159

Table 3. Short characterization and description of Staphylococcus aureus. Image and text adapted

from references™®**’

and hhttps://es.wikipedia.org/wiki/Staphylococcus_aureus#/media/File:Staphylococcus_aureus_VISA_2.jpg
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2.2.7.3. Escherichia coli

Escherichia coli Mingula 1895

s Domain Bacteria

B Kingdom Eubacteria

gf:.’ Phylum Proteobacteria

ﬁ Class Gammaproteobacteia
E Order Enterobacteriales

’é Family Enterobacteriaceae
.g Genus Escherichia

wv

Specie coli

Appearance single
Size 0,5 um in diameter and 1.0-3.0 um in length.
Morphology Colour Creamy / tan
Texture dry
Optical Quality opaque
17 Hemolisis Ocasionally, Beta.
Q
] Gram negative
(7]
= Movility motile, peritrichous.
[ .
s Spore Non spore-forming
© metabolism Facultatives anaerobes
© . .
£ Oxidasa negative
© Catalasa positive
Methyl red tests positive
Indole positive
manitol positive
lactose positive
Voges-Proskauer negative
It can be commonly found in lower intestines of human and mammals. When E.coli
Human . . . . . .
. . locates in human large intestines, it can help digestion processes, food breakdown
microbiome . S . 160
and absorption, and vitamin K production.
Most . . . . . . . .
Extraintestinal E. coli infections, such as urinary tract infections and neonatal sepsis,
common ta huge public health problem.
. represent a huge public hea roblem.
diseases P gep P
The formation of biofilm is very frequent, but also variable. Despite the various
Biofilm studies on the factors and genes that regulate this process; results are not
conclusive.'®
. They are caused mainly by specialized extraintestinal pathogenicE. coli strains that
Clinically . . . .
L can innocuously colonize human hosts but can also cause disease upon entering a
significance . ., 163
normally sterile body site.
E. coli strains are confronted with a formidable array of host defenses, including
Host urine flow and a panoply of antimicrobial factors.To counteract, usually E. coli strains
defenses | encode surface filamentous adhesive organelles called pili type 1that can mediate
bacterial binding and invasion.™®

Table 4. Short characterization and description of Escherichia coli. Image and text adapted from

160-163

references and hhttp://es.globedia.com/mutacion-bacteria-coli-transgenicos.
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Table 5.

2.2.7.4.

Scientific
classification

Characteristics

Human
microbiome

Pseudomona aeruginosa

Pseudomona aeruginosa

Domain Bacteria

Kingdom Eubacteria

Phylum Proteobacteria
Class Grammaproteobacteria
Order Pseudomonadales
Family Pseudomonadaceae
Genus Pseudomona

Specie aeruginosa

Appearance rod
Size 1-5pmlongand 0.5-1.0 um wide
Colour Creamy / tan
Texture mucous / dry
Optical Quality opaque
Hemolysis Ocasionally, Beta.

Morphology

Gram negative
Movility Motile, unipolar
metabolism aerobic
Odor in vitro likes a grapes, caramel or strawberry.
gas No
Catalse positive
Oxidase positive
Lactose negative
Citrate test positve
Pigments Produce water-soluble pigments which diffuse through the
medium: pyocyanin (blue-green), pyoverdine (yellow-green,
fluorescent), and pyorubin (red-brown, produced by a small
proportion of strains).

The genus Pseudomonas is distributed practically everywhere, for example in
water, soil, vegetation, gasoline, inanimate objects, in humans, animals, etc.

The vectors of transmission are: By air, contaminated water is a good source and it is

possible to transmit the bacteria through the medium of saliva droplets.165

Most
common
diseases

Itis common for this bacteria to cause nosocomial infections like pneumonia,

. iy e . 164
meningitis, endocarditis or bacteremia.

Biofilm

It produce robust biofilms. P. aeruginosa biofilms cause severe problems in

immunocompromised patients including those with cystic fibrosis or wound

. . 166
infection.

Clinically
significance

The Immunocompromised individual is possible that will be infected by P.
aeruginosa. Itis one of the main leading causes (18%-20%) of nosocomial lung
infections. Chronic obstructive pulmonary disease patients are also frequently

colonized in their lungs with P. aeruginosa and present diverse symptoms ranging

from mild bronchitis to pneumonia with sepsis.167

Host
defenses

Despite innate and adaptive immune responses upon infection, P. aeruginosa is

capable of efficiently escaping host defenses, but the underlyingimmune

. . 168
mechanisms remain poorly understood.

adapted from reference

infections-2445282.html .

164-168

Short characterization and description of Pseudomona aeruginosa. Image and text

and http://beforeitsnews.com/health/2012/08/is-this-the-cause-of-all-infla mation-allergies-and-respitory-
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2.2.8. BIOLOGICAL TARGETS

Biological targets or recognition elements are molecules that have the ability of
binding highly specific to concrete targets through molecular recognition. Nature
offers a large variety of organic molecules of different composition, size and
complexity that serve to provide structure and function to biological process and
organisms. ' Conjugation of inorganic nanoparticles to biomolecules generates
hybrid materials that can be uses to let the nanoparticles interact specifically with

)% Nanoparticle-biomolecule conjugates bring

biological targets (see Figure 2.23
together the unique properties and the ability of biomolecules for highly specific
binding by molecular recognition. The biological targets used in this thesis are

further discussed.*”*

Figure 2.23. Relative size of nanoparticles and biomolecules, drawn to scale. Schematic
representation of a nanoparticle with 5nm core diameter, 10nm shell diameter, with PEG
molecules of 2000 and 5000gmol-1 (on the left, light grey), streptavidin (green), transferrin
(blue), antibody (IgG, purple), albumin (red), single-stranded DNA (20mer, cartoon and space
filling). Proteins are crystal structures taken from the Protein Data Bank (http://www.rcsb.org) and
displayed as surfaces; PEG and DNA have been modelled from their chemical structure and space

filling. *"°
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2.2.8.1. Antibody

Antibodies or immunoglobulins (lg), are proteins that interact specifically with

antigenic determinants (epitopes). They are found in serum and other body fluids.

Serum containing antigen-specific antibodies is called antiserum. Ig can be

separated into five major classes on the basis of their physical, chemical, and

immunological properties: IgG, IgA, 1gM, IgD and IgE, see Figure 2.24.

IgM
Disulfide
bond “‘- f”
= =) -
Joining—  JZ 22
; / W "
chain e ,Jﬁ \:T“Q %

Joining
chain

172

2

IgA
\\ N

Secretory
protein

Figure 2.24. Schematic representation of an antibody molecule and its fragments. For detailed

description, see text. Adapted from https://www.labome.com/method/Mouse-Antibody.html

_—— Antigen
Bindling Site .
1 VH
, CH
Fab Hinge
N 9": I?ﬁgion 5

55—

-55- s
Light /
Chain C

Oligosaccharide

Fe O\ Y
Y <>

4 O

Heavy 4
Chain ¢

LEGEND

Fab Fragment, antigen-binding

Fe Fragment, crystallizable

CL Constant domain, Light Chain
CH Constant domain, Heavy Chain
VL vatiable domain, Light Chain
VH Variable domain, Heavy Chain

Hypervariable Region
‘Variable Region

. Constant Region

Figure 2.25. Schematic of a typical IgG. Adapted from http://www.ebioscience.com/knowledge-

center/antigen/immunoglobulin/structure.htm
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An antibody has a molecular weight of about 150 kDa, it contains two couples of

3 From top to bottom, the molecule

polypeptide chains in a Y-shaped structure.
measures about 10 nm*’* and the two arms are about 15 nm apart.’’® As is shown
in Figure 2.25, each couple contains a heavy and light chain. The two heavy chains
(blue) are linked by disulfide bonds and have a molecular weight of 50 kDa, the
light chains (orange) of 25 kDa.'”® The structure of 1gG molecule comprises two
types of fragments, Fab and Fc. The Fab (fragment antigen binding) is used for
binding specific antigens and contains two identical Fab fragments, which are held
together by disulfide linkages in the hinge (H) region. A Fab fragment consists of
the heavy (H) and light (L) variable (V) chains (VH and VL) and the constant (CH 1
and CL) chains. Other segments are the Fv (variable fragment) consisting of the VH
and VL chains. The Fc (fragment, crystallizable) contains antibody-effector

177-179

functions. These are, for instance, complement activation, cell membrane

receptor interaction and transplacental transfer. **°

2.2.8.2. Antibody-Antigen-Interaction
In immunology an antigen is defined as a substance to which a specific antibody
binds with a dedicated affinity. Antigens are in the majority of cases proteins or
polysaccharides.”® The antigen-binding sites of all antibodies are formed by
cooperative interaction between the variable domains of both, heavy and light

7 The variable regions of the V subunits (VL and VH) form connecting

chains.
segments, which occur in spatial proximity in the three dimensional structure. The
specificity and affinity of antigen-binding-sites are determined by the sequence of

these variable regions.'’®

The interacting variable domains form a receptor that binds the antigen strongly
but non-covalently. An antibody reacts only with subdomains of this antigen — the
epitopes. Natural occurring antigens are mostly multivalent, i.e. they have multiple

epitopes. An antigen-antibody reaction is similar to a ligand-receptor- or enzyme-
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substrate-bond. The effective forces are steric complementarity, hydrogen bonds,
van der Waals forces and hydrophobic interactions. The measurable strength of
antibody-antigen-bindings is called binding affinity. A high-affinity antibody binds
tightly to its antigen. The production of antibodies by organism is a complex

process and the main function of the humoral immune system.

2.2.8.3. Aptamer
During the 1980's, studies into the replication of HIV-1 and adenoviruses revealed
short regulatory RNA sequences that interacted with specific proteins. These
studies revealed that short sequences of nucleic acids could interact with and
affect the function of proteins. In 1990, the first organic aptamers were
independently produced by two different groups, *** and Turk and Gold.'®®
Ellington and Szostak coined and defined the term aptamer, a short sequence of
RNA or single-stranded DNA (ssDNA) selective to a target molecule. They selected
RNA aptamers from a pool of 1013 unique sequences towards two chemically
similar dyes. Although the dyes were similar in structure, they found that the
sequences were specific towards the dye they selected and did not cross react. It
was therefore demonstrated that aptamers were able to differentiate between
similar targets.'®* During Tuerk and Gold’s study, RNA aptamers were selected from
a pool of 65,000 unique sequences derived from a wild-type sequence already
known to interact with the target. It was noted that selected sequences were
structurally similar to the wild-type and the synthetic aptamers disassociation
constant (Kd) was similar to the wild-type. As well as showing aptamers selected
synthetically were just as good as those selected by nature, Tuerk and Gold
pioneered the simple methodology which can be applied to select specific
aptamers to a target. They coined this process Systematic Evolution of Ligands by

183

Exponential Enrichment (SELEX).” It is important to say that aptamers have the

ability to distinguish between proteins that are 96% similar and this allows for
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aptamers to be selected towards analogous proteins with high selectivity and

affinity.

2.2.8.4. Identification of aptamers by SELEX
SELEX is the basic process used to identify functional aptamers to an employed

ta rget.183

During SELEX, a starting pool of 1015 unique oligonucleotides is amplified
and incubated with a counter selection, which is analogous to the target. Unbound
sequences are then exposed to the target of choice.’® Aptamers bound to the
target are eluted and amplified via polymerase chain reaction (PCR), utilising
constant regions flanking either side of the randomised sequence. The amplified
aptamers are then purified and concentrated in-order to control the reaction

volume for the following round of selection. A summary of SELEX can be seen in

Figure 2.26.

SELEX is produced in iterative cycles to evolve the starting naive library in to a pool
of aptamers selective for the desired target. As rounds are produced, the
competition for the epitope increases, however conditions can be made more
stringent which impacts the aptamer affinity and Kd for the target. Over the last 20
years, the original SELEX process has been modified and updated to produce more

d.28 Whilst the basic foundations of

than 25 different variations of the metho
selection, elution, amplification and purification have stayed consistent, updated
and less laborious technologies have been introduced producing aptamers of

higher quality with better functionality.

2.2.8.5. Aptamers vs antibodies
In comparison to antibodies, aptamers are relatively small and are able to
penetrate the cell once bound to the target present on the cell surface, which

would improve delivery of chemotherapeutic payloads. Whilst antibodies are the
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Library

by

5 . Analyte
ssDNA oligonucleotides with ﬁ

random sequence, flanked
by constant regions

A Targets, immaobilised
on a magnetic particle

Next SELEX round First SELEX round

Strand separation,
ssDNA purification

Last SELEX round -
enrichment of fragments
with greatest affinity
to the target

Figure 2.26. Selex method. Systematic Evolution of Ligands by Exponential Enrichment (SELEX). A
nucleic library is incubated and filtered using a negative control and a positive selection. The
aptamers eluted from the positive selection are amplified, concentrated and are used for further

rounds of SELEX selection until a minority emerge. Figure adapted from Sefah et al.*®

commercially established targeting ligand, aptamers are identified through the in
vitro process of SELEX and do not need the use of animals. As specific aptamers are
isolated in vitro, the process can be controlled and changed to suit the application
for which it is meant for. Aptamers, unlike antibodies, are able to be counter

188 This reduces the

selected against a compound that is analogous to the target.
chances of the aptamer cross reacting and increases specificity to the target of

choice.

Aptamers are the rivals of Antibodies as they are stable, easy to develop and
functionalized. More detail about aptamer advantages over antibody is given in

Table 6.
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Binding affinity (KD) usually ranges from
nanomolar to picomolar

Binding affinity (kD) in low nanomolar to
picomolar range

Aptamer selection isa chemical process
carried out in vitro and can therefore
target any protein

Antibody generation requires a biological
system, therefore difficult to raise
antibodies to toxins (not tolerated by
animal) or non-inmunogenic targets

Can select for ligands under a variety of
conditions for in vitro diagnostic

Limited to physiologic conditions for
optimizing antibodies for diagnostics

Aptamer selection is a iterative preocess
and usually requieres 5-10 rounds and
even more in some cases (varied from

target to trarget)

Screening of monoclonal antibodies is a
time consuming and expensive

Uniform activity regardless of batch
synthesis

Activity of antibodies vary from batch to
vatch

Pharmacokinetic parameters can be
changed on demand

Difficult to modify Pharmacokinetic
parameters

Investigator determines target site of
protein

Immune system determines target site of
protein

wide variety of chemical modifications
to molecule for diverse functions ( Flour
and viotin labeling etc.)

Limited modifications of molecule

Return to original conformation after
temperature insult

Temperature sensitive and undergo
irreversible denaturation

10

Unlimited shelf-life

Limited shelf-life

11

No evidence of immunogenicity

Significant immunogenicity

12

Cross-reactive compounds can be
isolated toggle SELEX strategy

No method for isolating cross.reactive
compound

13

Aptamer- specific antiote can be
developed to reverse the inhibitory
activity of the drug

No rational method to reverse molecules

Table 6. Aptamer advantages vs antibodies.™®’

60 |




Multiplex bacteria quantification in

blood samples

Chapter 3 | Multiplex bacteria quantification in blood samples




UNIVERSITAT ROVIRA I VIRGILI
Optical methods for ultrafast screening of microorganisms
Carme Catala Garcia



UNIVERSITAT ROVIRA I VIRGILI
Optical methods for ultrafast screening of microorganisms
Carme Catala Garcia

Multiplex bacteria quantification in blood samples | chapter 3

Multiplex bacteria quantification in blood samples

3.1. INTRODUCTION

Septicemia affects nearly 20 million people per year with a mortality rate of 30—
40%."%'% These patients require intensive care with associated high costs, which
impose significant health-care, economic, and social burdens. In particular, each
septic patient in the United States incurs costs of approximately $25,000 during

189 The time to

hospitalization, totalling a nationwide annual bill in excess of $17bn.
initiation of effective antimicrobial therapy is known to be the single strongest
predictor of outcome, as every hour delay in its administration increases by 8% the
risk of death.”” Besides the obvious economic benefits, the development of fast,
accurate, and inexpensive diagnostic methods thus appears as a major goal for
alleviating human pain. Microbial culture remains the most widespread technique
for identifying the infectious agent, but unfortunately it requires 24-72 hours to
provide a conclusive diagnosis for common infections.™® Understandably, a large
deal of work has been devoted over the last three decades to developing
alternative methods for fast identification of bacteria in suspected patients.™"
These methods include immunology-based approaches (e.g., enzyme-linked

immunosorbent assay (ELISA), as well as fluorescence and radio immunoassays),**?

193

nucleic acid identification (e.g., polymerase chain reaction, PCR),”” and, lately,

spectrometry-based procedures (e.g., matrix-assisted laser desorption/ionization-

%% Although generally faster than

time-of-flight, MALDI-TOF, mass spectrometry).
just sequential microbial culture, these techniques still require hours to days,
depending on the pathogen. Additionally, immunological and nucleic-acid tests are
expensive (around $200 each) and monoplex (one test per target microorganism),

while MALDI-TOF still relies on microbial culture to isolate pure colonies. As a
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consequence, a cocktail of broad-spectrum antibiotics is generally recommended
to cover all potential pathogens until obtaining a conclusive identification. Apart

from its inherent cost and adverse health effects, this indiscriminate use of

5

antibiotics induces bacterial resistance,’”> a growing problem of modern

pharmacopeia.’®® Despite recent advances in fast recognition of bacterial
resistance, society urges for the development of new diagnostic systems
capable of providing fast, accurate, inexpensive, and if possible multiplexed

identification of infectious agents in body fluids that will yield a rapid and

197,198

guided treatment that avoids the use of spurious drugs. Recent

advances in nanoscience, spectroscopy, magnetism, plasmonics, and

193,199-203

microfluidics have generated great expectations for the

development of new approaches to bacteria characterization’® and

71,205-209

detection. Unfortunately, the methods so far proposed are generally

time consuming, capable of only exploring small sample volumes

200,210

(¥microliters) not relevant for clinical diagnosis of septicemia, working

71,205-211

exclusively for one a priori selected pathogen, not truly multiplex,?®

209

requiring from multiple external labels,”” or relying on additional steps to

record a suitable signal for identification.”*?%

Here, we report a
microorganism optical detection system (MODS) and demonstrate
exhaustive pathogen identification through fast screening of large body-fluid
volumes (milliliters of blood) for bacterial content, down to the single colony
forming unit detection, as required by standard medical practice for the

analysis of biological samples.’®® Specifically, we achieve detection and

quantification of bacteria in real time and in a multiplexed manner.
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4.2. EXPERIMENTAL SECTION

3.2.1. MATERIALS

Silver nitrate (99.99%, AgNQOs), trisodium citrate dihydrate (99.5%), L-ascorbic acid
(299.0%), magnesium sulfate (>299.0%, MgS0,), ethanol (99.5%, EtOH), 11-
mercaptoundecanoic acid (95%, MUA), 4-mercaptobenzoic acid (99%, 4MBA) 2-
mercaptobenzoic acid (97%, 2MBA), 3,4-difluorobenzenethiol (96%, DFBT), 2-
(trifluoromethyl)benzenethiol (96%, TFMBT), 1-(4-hydroxyphenyl)-1H-tetrazole-5-
thiol (97%, HPTZT), bovine serum albumin (98.0% , BSA), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (BioXtra, EDC), sodium
chloride (BioXtra, 299.5%, NaCl), Dulbecco’s phosphate buffered saline (D8537,
DPBS), and human blood (BCR634 FLUKA) were purchased from Sigma-Aldrich. All
reactants were used without further purification. MilliQ water (18 MQ cm™) was
used in all agueous solutions. All the glassware and magnetic stirrers were cleaned
with aqua regia and with potassium hydroxide solution in isopropanol/water

before all the experiments.

3.2.2. ANTIBODIES AND BACTERIA

Antibodies selected for this study are the same that those used in the clinical
practice for the immunological methods. Escherichia coli (ab30522, E. coli) and
Streptococcus agalactiae (ab41203, S. agalactiae) antibodies (Ab) were purchased
from Abcam. Pseudomonas aeruginosa (MA1-83430, P aeruginosa) and
Staphylococcus aureus (MA1-83467, S. aureus) antibodies were purchased from
Life Technologies. Enriched thioglycollate medium (221742, BBL) was purchased
from BD (Becton, Dickinson and Company) and Columbia agar + 5% sheep blood
plates (43 041) were purchased from bioMérieux. Bacterial samples were obtained
from the Department of Clinical Microbiology, Hospital Clinic i Provincial, School of

Medicine, University of Barcelona, Barcelona, Spain.
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3.2.3. SYNTHESIS OF CITRATE-STABILIZED SPHERICAL SILVER NANOPARTICLES

Spherical silver nanoparticles (Ag NPs) of approximately 62 nm in diameter were
produced by a combination of previously reported approaches.>>*# ' Briefly, 250
mL of MilliQ water were heated under vigorous stirring. A condenser was used to
prevent solvent evaporation. Next, aqueous solutions of trisodium citrate (3.41 mL,
0.1 M) and ascorbic acid (0.25 mL, 0.1 M) were consecutively added into the
boiling water. After 1 min, a premixed aqueous solution containing AgNO; (0.744
mL, 0.1 M) and MgSO, (0.56 mL 0.1 M), which was previously incubated at room
temperature for 5 min, was rapidly injected into the reaction vessel under vigorous
stirring. The color of the solution quickly changed from colorless to yellow and
then gradually into dark orange. Boiling was continued for 1 h under stirring to
ensure the completeness of the reaction. The silver concentration of the

synthesized particles was 2x107 M (i.e., ~10™ NPs per mL).

3.2.4. MUA FUNCTIONALIZATION AND CODIFICATION OF Ag NPs

After NP synthesis, MUA was used in order both to provide colloidal stability to the
Ag NPs during the encoding process and later on to use the carboxylic functionality
for the coupling of the antibodies. Specifically, five aliquots (25 mL each) of the
synthesized Ag NPs were cleaned by centrifugation (5400 rpm, 30 min) and
redispersed via sonication (during 5 min) in a solution containing MilliQ water (3.27
mL) and EtOH (21.67 mL). Subsequently, the Ag NPs were functionalized with a
small amount of MUA (2.4 molecules nm™) by rapidly adding a solution containing
MUA (24.76 pL, 1.0x10” M in EtOH) and NH,OH (30 pL, 29% aqueous solution) to
each aliquot under vigorous stirring. Agitation was continued for 28 h to assure the
complete  MUA functionalization on the silver surface. Finally, the MUA
functionalized Ag NPs aliquots were encoded with five different Raman labels (1.6

molecules per nm? of 4MBA, 2MBA, DFBT, TFMBT, and HPTZT, respectively). To this
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end, 16.51 uL of a 10 M stock solution of the five different SERS codes were
added to the aliquots under strong magnetic stirring. Once again, stirring was
continued for another 28 h. The encoded Ag NPs solutions were then centrifuged
and redispersed twice in MilliQ water to remove the excess of NH,OH, EtOH, and
any unreacted Raman label prior to antibody coupling. The concentration of NPs
was calculated for each aliquot using the Lambert-Beer law and an extinction
coefficient of 7.79x10"° M™* cm™, derived from literature®™ and adjusted to 0.14

nM for all of them.

Additionally, another aliquot (25 mL) of the synthesized Ag NPs was cleaned by
centrifugation (5400 rpm, 30 min) and redispersed in MilliQ water (25 mL). The Ag
NPs were then functionalized with MUA by adding, under vigorous stirring, 24.76
uL (1.0x10° M in EtOH). Agitation was continued for 28 h to ensure the complete
MUA functionalization on the silver surface. Finally, Ag NPs were further modified
with BSA (41.26 pL, 1.0x10° M in MilliQ water) under magnetic stirring for 24 h,
followed by one cleaning step centrifugation to remove excess of BSA and any
unreacted MUA molecules (5400 rpm, 30 min, redispersed in MilliQ water). The

concentration of these NPs was calculated and adjusted to 0.034 nM.

3.2.5. ANTIBODY CONJUGATION TO Ag NPs

200 pL of DPBS and EDC (39.2 uL, 250 nM in DPBS) were added over each codified
Ag NPs solution (1 mL, 0.14 nM, Raman labels: 4MBA, 2MBA, DFBT, TFMBT, and
HPTZT), the mixtures were shaken for 5 min at room temperature, and then the
antibodies solutions were added (1.46 uL,~ 6.67 uM, E. coli, BSA, P. aeruginosa, S.
agalactiae, and S. aureus, respectively). The resulting mixtures were first shaken
for 2 h at room temperature, then cleaned twice by centrifugation to remove the
excess of unreacted EDC and antibodies (3000 rpm, 10 min), and redispersed in

DPBS/MilliQ water (1:3). The concentration of each Ab-modified Ag NPs solution
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was measured and adjusted to 0.14 nM. The resulting NP solutions were stored at

4°C.

3.2.6.  CHARACTERIZATION OF THE NANOPARTICLES

UV-Vis spectroscopy (Lambda 19, PerkinElmer) and transmission electron
microscopy (TEM, JEOL JEM-1011 operating at 100 kV) were used to characterize
the optical response, structure, and size of the nanoparticles during the
functionalization process. To characterize the codification process, SERS spectra
were collected in backscattering geometry with a Renishaw Invia Reflex system
equipped with a 2D-CCD detector. The spectrograph used a high resolution grating
(1200 g cm™) with additional band-pass filter optics. A 785 nm diode laser was
focused onto the colloidal solution ([Ag®] = 0.1 mM) by a long-working distance
objective (0.17 NA, working distance 30 mm). The spectra were acquired with an
exposure time of 1 s (depending on Raman intensity saturation) and a laser power

at the sample of ca. 300 mW.

3.2.7. MICROFLUIDIC DEVICE MANUFACTURING

The microfluidic device was fabricated with polydimethylsiloxane (PDMS) by
replica molding using an aluminum master mold. PDMS (Sylgard 184, Dow Corning)
was prepared by mixing pre-polymer and curing agent at a standard 10:1 ratio. The
mixture was poured onto the mold, degassed in vacuum, and cured at 80 °C. After
one hour, PDMS was peeled off the mold and the fluidic access holes (inlet and
outlet) were punched. The final device was obtained by bonding the PDMS layer to
a slide cover (130-170 um-thick) after oxygen plasma treatment (100 W, 3% O,, 0.2
4MBAr, 40 s) (Plasma Flecto 10, Plasma technology GmbH). The microfluidic device
consisted of a single channel with variable dimensions. The inlet channel had a
width of 200 um and a depth of 100 um, which was enlarged to 400 um-width and

2 mm-depth in the outlet channel (i.e., the optical detection section). A detailed
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schema showing the dimension of the detection region in the chipset can be seen

in Figure 3.1.

Flow rate (mm s)

1.74 69.4

Figure 3.1. Detailed schematics of the detection region in the millifluidic chipset that is shown in
Figure 3.8. The channel is divided in three sections: an initial narrow section used to increase
pressure and reduce the flow to finely control the fluid discharge with the micropump; a second
segment of increasing larger section; and, a third wide segment (0.4 mm width, 2 mm depth),
with suitable dimensions to continuously screen the sample at flow rates of 1.74 mm s*, at a

spectral capture rate of 1.83 mm s™.

3.2.8. BACTERIAL SAMPLES

Bacteria were inoculated in enriched thioglycollate medium (BBL), incubated at 37
°C for 18 h and then diluted with saline solution (NaCl 0.9%). Next, the required
amount of bacterial solution, to reach the desired final concentration, was added
into the corresponding fluid, that is, saline solution or human blood containing Ab-
modified Ag NPs (1 uL of each encoded particle per mL of sample) and twice as
many serum-albumin protected unlabeled AgNPs as the total amount of codified
AgNPs. Bacterial culture is the gold standard for bacterial quantification in
environmental and clinical microbiology. Essentially, it is based in the spread of a

known volume of the target liquid onto a blood agar plate. After some time (24-
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48h for most bacteria) the single colony forming units (CFUs), dispersed in the
liguid, multiply in the blood agar plate to form colonies that can be counted
visually. Each colony is equivalent to a single CFU in the initial bacterial

. 216,217
solution.”™

Thus, to verify the final bacterial concentration per sample, several
aliquots of each solution were spread in agar-blood plates and incubated for 24-48
h at 37 °C. After this time, the number of colonies in each plate was counted in
order to calculate their concentration of CFU per mL. To further corroborate the
interaction between the Ab-modified Ag NPs with the corresponding bacteria,
equal volumes of Ag NPs (0.14 nM) and bacterial solution (~10° CFU mL™) were
mixed, and incubated for 15 min at 37 °C. Small fractions (10 pL) of these mixtures

were deposited on carbon coated copper grids and the samples were allowed to

dry before performing TEM analysis.

3.2.9. MEASUREMENT SYSTEM SETUP

The PDMS microfluidic device was integrated in a stage comprising an inlet vessel
with the precharged NPs where the sample is placed, a micropump (mp6, Bartels)
and an outlet vessel. All these elements were connected with
polytetrafluoroethylene (PTFE) 0.8 mm wide tubes. The flow rate was controlled
with a Bartels extend Micropump Controller and set to 1.74 mm s™. SERS
measurements were collected with a Renishaw Invia Reflex. The laser (785 nm, 300
mW) was focused with a macro-objective (6 mm aperture and -18 mm focal
distance), providing an efficient spot of 0.5 mm. The scan collection time was set
to 270 ms per spectrum, providing an acquisition speed of 1.85 mm s™, which
results in an evaluation speed of 13.3 min per mL of sample, during which 3000
scans are obtained. Data deconvolution was carried out by principal component

analysis and classical least squares using the Wire 4.1 software from Renishaw.
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3.2.10. ELECTROMAGNETIC SIMULATIONS

The simulation of the electric near-field and SERS enhancements were carried out
with a fully converged multiple elastic scattering of multipolar expansions (MESME)
method”*® or using the boundary-element method (BEM)**® for bacteria covered

with NPs.

3.3. RESULTS AND DISCCUSION

3.3.1. DIMERS ELECTROMAGNETIC SIMULATIONS

The simulations shown in Figure 3.2 — 3.4 were carried out with a fully converged

multiple elastic scattering of multipolar expansions (MESME) method.”® |

n
particular, the SERS enhancement at a given position was approximated as the
product of the field enhancements calculated at that position for wavelengths
corresponding to the incident and emitted light. Each of these field enhancements
was averaged over incidence light directions and polarizations before multiplying

them to yield the SERS enhancement.

10000 F

1000 F

100 F

Intensity enhancement at the gap

-
o

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3.2. Electric field intensity enhancement |E/Eext|2 generated by a dimer of silver

nanoparticles (60 nm diameter) embedded in water (¢ = 1.77). The intensity is calculated at a

| 71



UNIVERSITAT ROVIRA I VIRGILI
Optical methods for ultrafast screening of microorganisms
Carme Catala Garcia

Chapter 3 | Multiplex bacteria quantification in blood samples

distance of 1 nm from the surface of one of the particles in the gap region. Different surface-to
surface separations d are considered (see labels). A significant intensity enhancement of several
orders of magnitude is still observable at the off-resonance light wavelength of 785 nm used

throughout this work.

additional Raman shift (cm-)
gap contribution 0, 200, 400, 1000

1000

Aine=785 nm

100 £

SERS enhancement

10

0 10 20 30 40 50
Gap distance (nm)

Figure 3.3. SERS enhancement produced by Ag NP dimers in aqueous solution. We show the
increase in SERS enhancement factor due to inter-particle interaction (solid curves) compared
with the values for individual particles (dashed lines) as a function of gap distance. This quantity is
averaged over randomly distributed sampling molecules placed 1 nm outside the metal surface.
An average over light polarizations and incidence directions is also carried out. The different
Raman shifts under consideration (see labels) produce similar results because the incident light

wavelength (785 nm) is not resonant with the particle plasmons (see Figure 3.2).
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Figure 3.4. SERS enhancement for Au and Ag dimers of different size. We show the SERS
enhancement averaged over molecule positions (1 nm outside the metal), light polarizations, and
directions of incidence for gold and silver dimers as a function of particle size. The gap distance
and the light wavelength are both fixed to 2 nm and 785 nm, respectively. The solid curves are the
results for dimers normalized to the average over individual NPs (left vertical axis). The dashed

curves show the absolute averaged enhancement for individual NPs (right vertical axis).

3.3.2. SIMULATION OF PARTICLE ATTACHMENT

We simulated the process of NP attachment on the membrane of the targeted
bacteria by implementing a Monte Carlo method in which particles landed on the
microbe surface at random spots, following either randomly oriented trajectories
(Figure 3.19 B, and solid curves in Figure 3.5 left and Figure 3.16) or approaching it
along the surface normal (dashed curves in Figure 3.5 left and Figure 3.16).
Particles colliding with any previously stuck particle were disregarded. The
probability distribution of random-incidence orientations was taken to be
proportional to sinBcosB as a function of incidence angle 6 relative to the surface
normal, where the cos function reflects the average particle flux for a surface tilted
by that angle, whereas the sin function comes from the Jacobian of spherical

coordinates. Statistical analysis of the particle positions produced by these
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simulations allowed us to obtain the time-dependent particle density (Figure 3.19
B) and the distribution of inter-particle gap distances (Figure 3.6). Each of the
results here presented was averaged over 10° simulation runs for a square
membrane of large side compared with the particle diameter. Opposite sides of the
square were identified (toroidal topology) to minimize edge effects. Convergence

was achieved for a side length ~20 particle diameters.

In the resulting Figure 3.5 left and Figure 3.6, the time axis is expressed in units of
the average interval between collisions over an area equal to the unit cell of a
closed-packed arrangement of the NPs (i.e., a time unit is defined as the average
time needed to have one particle colliding for each element of area equal to
3¥2p?/2, where D=60 nm is the particle diameter). For the sake of readability, the
time in Figure 3.9 B is instead normalized to the average interval separating
consecutive particle collisions on an area of 1 um?. Finally, for the comparison with

experiment in Figure 3.9 A, the theory curve is scaled to have 17.3 collisions per

second per um?, as predicted by the impingement rate equation.**

ko T

,\|| 2nM

Where n=10° NP/mL is the particle density (notice that the NP dispersion used to
study the kinetics in Figure 3.19 A was diluted with respect to the cocktail used for
MODS analyses), =300 K is the temperature, and M=2.2x10"® kg is the NP mass
corresponding to 60 nm silver spheres. Although this equation is a result of
frictionless kinetic theory, we apply it here assuming that the collision rate is

dictated by microscopic random displacements aimed by Brownian motion.

The field enhancement of Figure 3.5 was obtained using the boundary-element

method (BEM).”*® The dielectric functions of gold and silver used in these
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221

simulations were taken from tabulated measurements.””~ The media inside and

outside the bacteria were both assumed to have the permittivity of water (€ =

1.77).
30
c - 60 nm Ag NPs@water |E/Em2
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Figure 3.5. Near-field intensity in bacteria covered with nanoparticles. We assimilate the NP
coating to a thin film with an effective dielectric function that is represented in the left plot. This
dielectric function depends on the assumed film thickness (10 nm), but the calculated near field
(right plot) is only mildly dependent on this parameter. The left plot shows that the dielectric
function increases with the normalized time (see Figure 3.6 for time normalization), as a result of
the increase in particle density. Similar to the SERS enhancement (see Figure 3.19 B of the main
paper), the gaps produce a large effect, creating additional polarization that further increases the
dielectric function. The near-field intensity shown on the right density plots is calculated by
replacing the NPs by an equivalent homogeneous film that is conformally covering sphere-like and
rod-like microbes, respectively, with the media inside and outside the film both described as
water (€=1.77). The light wavelength is 785 nm. Based on the results of the left plot, we model the
coating as a 10 nm thick layer with permittivity equal to 28 + 3i. The intensity is observed to
undergo relatively weak variations due to the coating, and therefore, the bulk of the SERS

enhancement is produced by hotspots, as shown in Figure 3.19 C.
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Figure 3.6. Simulated distribution of gap distances between NPs attached on the pathogen
membrane at different normalized times (see labels), both under random (solid curves) or normal
(dashed curves) incidence directions relative to the membrane surface. The gap density
distribution is normalized to the maximum NP density at regular close-packed coverage and it is
given per unit of gap-to-diameter ratio. A time unit is defined here as the interval over which the
number of particles colliding with the surface is equal to the number of attached particles under

close-packed coverage.

3.3.3. SIMULATION OF SERS ENHANCEMENT PRODUCED BY PARTICLE
ATTACHMENT

We obtained the temporal evolution of the SERS signal (Figure 3.19 B) by
combining the gap-mediated SERS enhancement (Figure 3.3) and the time-
dependent particle (Figure 3.19 B) and gap (Figure 3.6) densities. The SERS
enhancement was calculated from the weighted contributions of both the
individual NPs (Figure 3.3, dashed lines) and the gaps formed between them
(Figure 3.3, solid curves). Incidentally, multiple inter-particle interactions beyond
dimers formed by nearest neighbors have a relatively weak effect (Figure 3.19 C

and Figure 3.5), which should be further reduced when averaging over random NP

76 |



UNIVERSITAT ROVIRA I VIRGILI
Optical methods for ultrafast screening of microorganisms
Carme Catala Garcia

Multiplex bacteria quantification in blood samples | chapter 3

arrangements and light incidence directions and polarizations. Consequently, we
approximated the SERS enhancement at the gaps by simulating isolated dimers
(Figure 3.3). For simplicity, we considered a zero Raman shift in our simulations
(i.e., we used the black solid curve of Figure 3.3). We found the effect of finite
Raman shift to be marginal, as the particles were operating at an off-resonance
wavelength >785 nm (see Figure 3.2). Incidentally, the SERS enhancement of Figure

3.19 B is normalized to the emission from an individual NP.

3.3.4. SIMULATION OF THE EFFECTIVE PERMITTIVITY OF THE NP COATING
DESCRIBED AS A METAMATERIAL

In order to quickly assess the effect of the NP coating on the near-field at the large
scale commensurate with the microbe, we assimilated the NPs to an equivalent
homogeneous thin film with an effective dielectric function calculated in such a
way that the film had the same normal-incidence reflection coefficient as a layer of
randomly distributed particles (i.e., the layer was treated as a metamaterial). We
estimated the effective dielectric function from the dipoles induced per gap and
per particle, as obtained from electromagnetic simulations of the gap-size-

dependent polarizability of NP dimers using MESME. The effective dielectric

function was then expressed as € +(4m /t) B, where B is the sum of NP and gap
polarizabilities normalized per film-surface are, tis the equivalent film thickness,
and € = 1.77 is the permittivity of the surrounding medium (water). The
dependence on the choice of t was found to be very mild, and actually, the results
obtained for the near-field distribution calculated with t=10 nm and t=20 nm were

nearly indistinguishable on the scale of Figure 3.5 right.
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3.3.5. MICROORGANISM OPTICAL DETECTION SYSTEM (MODS)

Motivated by the need for an accessible, highly sensitive, and selective
platform for the screening of pathogens in large samples of biological fluids
(i.e., serum or blood), we have engineered a device as described in Figure 3.7.
Our MODS device relies on the use of plasmonic nanoparticles (NPs) tagged
with Raman-active molecules and functionalized with selective antibodies. In
contrast to previous demonstrations of in vivo imaging using silica or
polymer protected nanoparticles,?”? our plasmonic colloids are unprotected
in order to facilitate their plasmonic interaction. For each targeted pathogen
receptor, we prepare NPs (silver spheres, ~60 nm diameter) with a unique
combination of Raman label and selective antibody. The NPs produce a
relatively weak Raman signal when they are dispersed in a fluid. In contrast,
the presence of one of the targeted pathogens triggers the accumulation of
its partner NPs on the antigen-carrying membrane of the microorganism,
rapidly reaching full random coverage.””> Multiple gaps between NPs are
then formed, which act as optical hotspots in which Raman scattering is
enhanced by several orders of magnitude relative to the same number of

non-interacting NPps, 26224226

The resulting surface-enhanced Raman scattering (SERS)**’ signal s
sufficiently intense as to allow us to record pathogen-specific inelastic light
spectra (Figure 3.8 A) from the NP-covered bacteria (Figure 3.8 B). By driving
the sample through a millifluidic channel (0.4 mm x 2 mm section, aimed by
a micropump, see Figure 3.1 and Figure 3.7), where a backscattered detecting
laser (785 nm) continuously monitors the liquid stream (one spectrum every
270 ms over an illuminated volume of ~0.32 ulL), we successfully and
simultaneously quantify multiple different types of bacteria at a pace of 13
minutes per mL of blood or serum. Importantly, this method can be readily

scaled to cope with many more pathogens including viruses or eukaryotic
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cells such as fungi or protozoa, in a single pass without increasing the
sampling time, simply by preparing NPs functionalized with more

combinations of Raman labels and selective antibodies or aptamers.

Figure 3.7. Conceptual view of the Microorganism optical detection system (MODS) and its
relevant components. Silver nanoparticles (NPs) are separately labelled with different Raman-
active molecules and functionalized with bacteria-selective antibodies (1). A nanoparticle
dispersion is mixed in a vessel (3 mL) with the sample fluid, possibly infected (2). Several types of
bacteria are targeted using NPs prepared with different specific combinations of Raman molecules
and antibodies. The presence of one of these microorganisms induces aggregation of antibody-

matching NPs on its membrane, rapidly evolving towards full random coverage (3). The mixture is
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circulated through a millifluidic channel with a micropump (4) and passing through the focus of a

785 nm laser (5), which is in turn spectrally analysed to record the SERS signal generated by the

Raman-active molecules (6). Targeted bacteria produce a large increase in SERS signal, whose

spectral fingerprints allow us to identify the type of pathogen.
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Figure 3.8. Encoded nanoparticles and their interaction with bacteria. (A) SERS spectra of the

different coded particles here used for each targeted pathogen, along with their corresponding

labelling molecules. (B) Transmission electron microscope images of the targeted bacteria (E. coli,

P.aeruginosa, S. aureus, and S. agalactiae) coated with their respective matching NPs.
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MODS DEMONSTRATION IN SERUM.

For demonstration of bacteria detection, we prepared five dispersions of coded
NPs, each of them functionalized with a different aromatic thiol that yields a
unique Raman spectrum (Figure 3.8 and Figure 3.9). The coded NPs were
subsequently and separately functionalized with the corresponding membrane-
selective antibody, at low concentration, for recognition of E. coli and P. aeruginosa
(gram negative rod-like bacteria), as well as S. aureus and S. agalactiae (gram
positive spheroidal coccus). The fifth NP dispersion was functionalized with serum
albumin and used as a blank. All five NP dispersions were then mixed in the MODS
vessel (Figure 3.7) at a concentration of ~10” NPs per mL per Raman code, which
was found to be optimum for vyielding fast NP-pathogen attachment with a

minimum background SERS signal of unattached NPs (see Figure 3.10).
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- 1000 nm
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300 500 700 900

Wavelength (nm)
Figure 3.9. Left: Optical extinction of functionalized Ag NPs in aqueous solution, showing a
prominent plasmon consistent with the nominal diameter of 62 nm, and indicating that the
coating molecules have a minor effect on the optical response. Right: Representative TEM images

of as prepared encoded nanoparticles.
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Figure 3.10. Optimization of the concentration of encoded NPs for reduction of background noise
from the codes of dispersed NPs against the signal of decorated pathogens in the measurement
area of the millifluidic chipset. We show SERS spectra of different dispersions of NPs arranged as a
function of NP density (p is -logyo of the Ag molar concentration). A harmless, smooth, nearly
constant background is produced by the chipset material. A SERS signal from the codes (circled
features) can be clearly identified above 10° M in silver, but the spectrum disappears at 10° M.
We operate at a silver concentration of 107 M (~10” NPs per mL), for which no signal is achieved

even after long acquisition times.

Further, to limit the formation of spurious aggregates in the colloidal solution,
which may lead to false positives, we added to the mixture twice as many non-
coded BSA-protected NPs to the mixture. As a first demonstration, serum
contaminated with only one of the four mentioned bacteria was then added to the
MODS mixing vessel, and a time series of SERS spectra were collected as the
mixture was circulated through the laser focus (Figure 3.11 A and Figure 3.12 —
3.15). The majority of the time steps only sampled dispersed NPs, which produced

a weak or none SERS signal. Occasionally, a targeted colony forming unit (CFU)
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traversed the laser focus, giving rise to ~10° higher SERS signal due to the
concentration of particles on the bacterial surface and the subsequent formation
of NP gaps, as discussed above. We then calculated the correlation of the recorded
spectra with the reference ones for each of the Raman codes (Figure 3.8 A), and
obtained clear identification of the added pathogen. The experiment was
successfully repeated for samples containing mixtures of two bacteria (Figure
3.16). Importantly, we note that no false identifications were observed in any of
the analyses (i.e., no signatures from the bacteria types that were absent from the
serum), and no positives were recorded from blank samples Figure 3.11 A and
Figure 3.12— 3.17). Incidentally, a significant dispersion in correlation was observed
(i.e., absolute SERS intensity per recognition event), which we attribute to the size
of the detected CFUs, ranging from single cells to larger colonies Figure 3.18).
Remarkably, all of the obtained concentrations were consistent with those found
using conventional cell culture, but with a considerably lower standard deviation

(Figure 3.12 - 3.17).
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Figure 3.11. MODS performance for contaminated samples. (A) Correlation between a temporal
series of spectra collected over 270 ms intervals and the SERS reference of the labelled NPs. The
analysed serum samples contain either one pathogen (1-4, see labels) or no pathogen (5, blank).
Series 6 shows the result for a blood sample spiked with a combination of three different bacteria
and concentrations (S. aureus, E. coli, and S. agalactiae). Large correlation values reveal the
passage of an individual bacteria or CFU. (B) Cellular cultures (24-48 hours) for the microorganism
inoculated in the blood samples (series 6). White spots correspond to CFUs. (C) Comparison of the
bacteria concentrations (CFUs per mL) as determined by MODS (open squares) for the sample
contaminated with three pathogens (series 6) versus traditional cultures (open circles). Averages
over three runs of both MODS and culture experiments are shown by the corresponding solid

symbols.
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Figure 3.18. Biodiversity of E. coli. Left: TEM images of several single or clustered E coli CFU's
coated with nanoparticles. Center: SERS detection results on the millifluidic MODS device for one
of the samples of Figure 3.14 at low bacterial concentration. Right: Spectra corresponding to the
events highlighted by circles in the previous plot, showing that the degree of correlation of the
SERS spectra of the encoded particles strongly depends on the signal-to-noise ratio. Consequently,

bigger clusters of bacteria give rise to larger signal and higher correlation.

3.3.6. MODS DEMONSTRATION IN BLOOD.

We demonstrated selectivity and multiplexing of MODS in whole blood samples by
contaminating blood simultaneously with S. aureus, E. coli, and S. agalactiae in
different concentrations ranging from units to tens of CFUs per mL. It is important
to note that blood samples spiked with microorganisms constitute a good model to
emulate bacterial infection in actual patients, as an infection in the latter originates
in spiking of biological fluids from an external source. MODS analysis of this sample
revealed all three pathogens (Figure 3.11 A and Figure 3.17), while a statistical

analysis of the results based on three runs of the experiment Figure 3.11 C)
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determined their respective concentrations in excellent agreement with cellular
cultures (Figure 3.11 B and Figure 3.17). Incidentally, positive events varied in the
degree of correlation, as expected from the bacterial diversity (Figure 3.18). We
stress that each MODS analysis took 13 min, which is a substantial reduction in
time compared with cellular cultures (24-72 hours). These results further
demonstrate the ability of MODS to accurately resolve pathogen concentrations in
complex samples infected simultaneously with different pathogens at very
different concentrations in a single pass, as illustrated in Figure 3.11 and Figure
3.17, where E. coli is present in a much lower density than S. aureus and S.

agalactiae.

3.3.7. NANOPARTICLE AGGREGATION ON BACTERIA.

The kinetics of functionalized NP aggregation on the pathogen membrane is a key
factor of MODS. As a representative example, after adding a large concentration of
E. coli to the pool of five coded NPs (time 0), we found three distinct stages in the
temporal evolution of the resulting SERS signal (Figure 3.19 A): NP aggregation is
initially very slow due to the relatively infrequent NP-bacteria encounters before
sample and NPs fluids are fully intermixed, yielding just a slow increase in Raman
signal; diffusion eventually brings the NPs closer to the bacteria after ca. 300 s,
resulting in more frequent encounters and a faster linear increase in SERS intensity;
the signal eventually reaches a plateau after ca. 700 s, consistent with previous
literature,””® indicating saturated coverage of the membrane. The latter stage is
also affected by signal depletion produced by flocculation, as the increased weight
of NP-covered CFUs pulls them away from the laser focus. Insight into these
experimental results is provided by a Monte Carlo simulation of particle sticking
(Figure 3.19 B, right scale), which reveals a characteristic saturation at a NP random

223

coverage ~60% of the maximum close-packed density.”~ A large occurrence of NP
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gaps takes place at high NP coverage (Figure 3.6). Although the laser wavelength is
far from the NP plasmons (Figure 3.2 and Figure 3.9), these gaps produce a
dramatic enhancement in the Raman signal (Figure 3.3). Averaging over the gap
distribution (Figure 3.5), we find an increase in SERS intensity by 3 orders of
magnitude compared with non-interacting NPs (cf. solid and broken red curves in
Figure 3.19 B, left scale). The signal resulting from positive CFU encounters is
further amplified by the effect of attached NP accumulation. We note that the
modelled temporal evolution of the SERS signal agrees rather well with the
measured kinetics (Figure 3.19 A), without adjustable parameters other than the

time after which sample and NPs fluids are considered to be fully intermixed

(~500 s).
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Figure 3.19. (A) Kinetics of NP aggregation as measured through the time-dependent SERS signal

=
=
Intensity enhancement

(symbols) after adding E. colito the mixture of coded NPs. Solid curve: theory from (B). (B)
Simulation of the temporal evolution of 60nm Ag NP aggregation on the bacteria membrane

produced by random NP-membrane encounters, resulting in a rapidly growing NP density (right
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scale) and SERS intensity (left scale, calculated per um?® of membrane area and normalized to the
signal from an individual NP). The latter is given with (solid curve) and without (broken curve)
inclusion of the effect of NP gap hotspots. The time is normalized to the average delay interval
between consecutive NP arrivals. The theory curve in A is scaled to 17.3 arrivals per second, as
estimated from kinetic theory. (C) Near-electric-field intensity in a rod-like individual E. coli
covered with Ag NPs (top, intensity plotted on the NP surfaces) and detail of the array (bottom,
intensity on a surface passing by the NP centers), revealing the formation of optical hotspots. The
intensity is averaged over light incidence directions and polarizations, the light wavelength is 785

nm, and the color scale is saturated to improve visibility.

3.3.8. OPTICAL EFFECTS OF THE NANOPARTICLE AGGREGATION ON
BACTERIA.

Particle accumulation, gap formation, and the resulting SERS enhancement are
thus pivotal elements that allow us to obtain intense signals from bacteria content
well above the background of dispersed NPs. In support of this conclusion, we
further simulate the near-electric-field light intensity at 785 nm wavelength for a
rod-like structure mimicking an E. coli specimen (Figure 3.19 C), which reveals large
enhancements at the gaps between neighbouring NPs, accompanied by relatively
weak modulations away from the gaps (see also Figure 3.5). Additional simulations
of SERS enhancement for different particle compositions and sizes (Figure 3.4)
suggest that an improvement in sensitivity can be gained by optimizing these
parameters. In particular, the optimum particle size may depend on the
dimensions and morphology of the pathogen and its affinity for the NP ligand
biomolecules, as the figure of merit for MODS is the ratio of the SERS signal coming

from the microorganisms to that originating in the dispersed NPs.
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Antibody vs Aptamer for SERS detection in human fluids: The

case of Staphylococcus aureus

4.1. INTRODUCTION

Staphylococcus aureus (S.aureus), Gram-positive cocci, are a common cause of

community-acquired skin and soft tissue infections, septic arthritis, osteomyelitis,

229

endocarditis, pneumonia or bacteremia.”” Also, S. aureus is one of the five most

common causes of hospital-acquired infections and is often the cause of many
postsurgical wound infections. Each year, around 500,000 patients in hospitals of
the United States contract a staphylococcal infection mainly by S. aureus.?*
Mortality rates for S.aureus can be set at 25 to 60% for infective endocarditis, 39 to
67% for pulmonary infections, 22 to 48% for bacteremia without a focus, and 7 to

21%, 15 to 17%, and 10% for catheter, skin and soft tissue, and urinary tract

230,231

infections related bacteremias, respectively. Mortality can be largely reduced

230

by early administration of active antibiotic treatment.”™ Unfortunately, the time

needed for obtaining a definitive bacterial identification using conventional blood

0

cultures,™ including matrix-assisted laser desorption/ionization-time-of-flight

(MALDI-TOF) mass spectrometry,™* is around 12-24 hours. Thus, during the last

decades an enormous work has been devoted to develop alternative methods for

191

faster identification of infection.”” Between these alternatives, the most popular

are those based on immunology approaches (e.g., enzyme-linked immunosorbent

assay (ELISA) as well as fluorescence and radio immunoassays'®?) and the

193
)

identification of nucleic acids (i.e., polymerase chain reaction, PCR™"). However,

these techniques are expensive, time costly, and/or exhibit low sensibility.

Thus, in order to detect rapidly and sensitively bacteria and, therefore, avoiding

197,198

the use of spurious drugs and decreasing the mortality of patients, several
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detection alternatives’****' have been proposed based on concepts such as
. . . . T 193,199-203
nanoscience, spectroscopy, magnetism, plasmonics, and microfluidics.
However, most of these methods are time consuming, capable of exploring only
small sample volumes (~microliters) which, especially in cases of bacteremia, are

4,200

not relevant for clinical diagnosis, or rely on additional steps, such as bacterial

culture, to acquire target concentration high enough to record a suitable signal for

71,200,232

identification. In recent years, surface-enhanced Raman scattering (SERS)

encoded particles have been extensively employed, mostly in proof-of-concepts

studies, as efficient optical tools for biomedical detection and diagnosis,”*******

235237 The next

including in combination with other methods such as microfluidics.
breakthrough is possibly the integration of such SERS platforms into spectroscopic
devices for clinical human applications.?** In this regard, our groups have recently
proposed a translational alternative based on the use of SERS encoded plasmonic

particles and microfluidics.”*®

In this approach, the particles form a dense
collection of electromagnetic hot spots on the surface of the target bacteria
allowing for an exponentially increase of the SERS intensity as compared to the
signal of free particles in solution. Quantification is achieved by passing the sample
through a microfluidic device with a collection window where a laser interrogates
and classifies each of the induced bacteria-nanoparticle aggregates in real time.
This approach was demonstrated using SERS encoded nanoparticles functionalized
with antibodies as chemoselective receptors to recognize bacteria in saline
solutions. Although antibodies are an excellent option for the accurate recognition
of specific targets, they are expensive to produce, delicate to handle, and rather
large in size (a factor that limits the formation of active hot-spots). During the last
years, a new family of biomolecules (aptamers) has been developed as an efficient
alternative to antibodies. Aptamers display similar or even larger target

239290 while providing key advantages in terms of stability,

specificity
immunogenicity, facility of production, functionalization and reduced size. Further,

although saline solutions are a good starting point for conceptual demonstrations,
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they cannot be assimilated to real, complex human fluids as changes in medium
composition can severely affect the physicochemical properties of the

241

nanoparticles, perturbing their colloidal stability,”™" as well as suppressing the

function of the surface biorecognition elements.?*?

Herein, we produce SERS encoded nanoparticles capable of remaining colloidally
stable in real human samples, test the efficiency of these nanoparticles upon
functionalization with either antibodies or aptamers against S. aureus, and
demonstrate its rapid identification/quantification (1 mL/10 min), down to the
single CFU, through a microfluidic device in large samples of real human fluids (i.e.,
urine, blood, and pleural and ascites fluids) where the early detection of these

bacteria may impact the final outcome of the patient.
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4.2. EXPERIMENTAL SECTION

4.2.1. MATERIALS
Dihydrated trisodium citrate (299.5%, CsHsNas07-2H,0), ethanol absolute (299.9%,
EtOH), L-ascorbic acid (299.0%), 4-mercaptobenzoic acid (299%, MBA), silver
nitrate  (299.9999%, AgNOj), sodium hydroxide (298%, NaOH), O-(2-
Mercaptoethyl)-O'-(2-carboxyethy) heptaethylene glycol (295.0%, HS-PEG-CO,H),
magnesium sulfate (=98%, MgSQy), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (BioXtra, EDC), sodium chloride (BioXtra, 299.5%,
NaCl), sodium docecyl sulfate (BioReagent, SDS), and Dulbecco’s phosphate
buffered saline (D8537, DPBS) were purchased from Sigma-Aldrich (Munich,
Germany); 10X TBE buffer was acquired from Fisher Scientific; and Staphylococcus
aureus antibody (MA1-10708, S. aureus), and thiol-modified Staphylococcus aureus

* were purchased from Life Technologies. All reactants were used

aptamer™
without further purification. Milli-Q water (18 MQ cm™) was used in all aqueous
solutions, and all glassware was cleaned with aqua regia before the experiments.
Staphylococcus aureus was supplied by the Hospital Clinic y Provincial de
Barcelona; the aseptic biological fluids (urine, blood, and pleural and ascites fluids)
were supplied by the Hospital Universitario Hm Madrid-Torrelodones. Personal and
clinical data were recorded according to standard clinical procedures. All

specimens were obtained with informed consent. The study was approved by the

local Ethics and Clinical Research Committee.

4.2.2.SYNTHESIS OF CITRATE-STABILIZED SPHERICAL Ag NPs.
Spherical silver nanoparticles (AgNPs) of approximately 56 nm in diameter were
produced by a modification of the previously reported protocol.”** Briefly, 250 mL
of Milli-Q water were heated to reflux under strong magnetic stirring. Once it boils
energetically, a mixture containing ascorbic acid (250 pL, 0.1 M) and trisodium

citrate (1.7 mL, 0.1 M) was added. After 1 minute, a solution containing AgNO;
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(496 uL, 0.1 M) and MgS0, (392 uL, 0.1 M), previously incubated for 5 min at room
temperature, was injected into the reaction vessel under vigorous stirring. Boiling
and stirring were continued during 1 h to ensure the precursors reduction. During
this time, the color of the solution quickly changed from colorless to yellow, and
gradually into dark orange. Finally, NPs were cleaned by centrifugation (5400

r.p.m., 20 min) and redispersed in Milli-Q water, to a final [Ag°] = 5x10™ M.

4.2.3.Ag NPs CODIFICATION AND ANTIBODY CONJUGATION.
In order to provide colloidal stability to AgNPs during the encoding process and
antibody conjugation, 15 mL of the as produced spherical silver nanoparticles were
functionalized with a small amount of HS-PEG-CO,H. To this end, a solution
containing HS-PEG-CO,H (7.5 mL, 1.83 uM in EtOH) and MBA (7.5 mL, 5.48 uM in
EtOH) was prepared. This solution was then rapidly added to silver colloids ([Ag®] =
5x10™ M) and sonicated during 30 s (the number of molecules/nm? was 1 for HS-
PEG-CO,H and 3 for MBA). Subsequently, NaOH (150 pL, 0.23 M) was added to the
mixture under vigorous stirring and sonicated again for 30 s. 1 h later, AgNPs were
cleaned twice by centrifugation (4.200 r.p.m, 12 min) and redispersed in Milli-Q
water to achieve a final [Ag°] = 5x10™* M. Afterwards, in order to conjugate the
antibody to the nanoparticles, DPBS (200 uL) and EDC (20.3 pL, 250 nM in DPBS)
were added to the colloidal dispersion (1 mL, [NPs] = 92.8 pM), the mixture was
shaken for 5 min at room temperature, and then the antibody solution was added
(0.7 uL,~ 7.3 uM). The resulting mixture was shaken for 2 h at room temperature,
then cleaned twice by centrifugation to remove the excess of unreacted EDC and
antibody (3000 rpm, 10 min), and redispersed in DPBS/Milli-Q water (1:3). The
concentration of the Ab-modified AgNPs solution was measured, adjusted to 18.6

pM ([AgO] = 1x10™ M), and the solution was stored at 4 °C.
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4.2.4.Ag NPs CODIFICATION AND APTAMER CONJUGATION.
5'-alkyl-thiol-modified S.aureus aptamer (1.5 mL, 3.1 nM) was added to a 92.8 pM
AgNPs solution (0.5 mL, [Ago] = 5x10™ M), and the mixture was shaken overnight at
room temperature. Then, 20 pL of 1% SDS and 50 plL of 10X TBE were added, and
the resulting solution was shaken overnight at room temperature. The following
morning, sodium chloride was added 5 times at 1 h intervals to a final
concentration of 20, 40, 60, 80, and 100 mM. One hour after the last addition, 2.2
uL of a 100 uM MBA solution (0.4 molecules/nm?) were added, and the mixture
was shaken overnight at room temperature. Finally, the NPs were cleaned by
centrifugation (3000 rp.m., 10 min) and redispersed in Milli-Q water. The
concentration of the aptamer-modified AgNPs solution was measured, adjusted to

18.6 pM ([Ag”] = 1x10™ M), and the solution was stored at 4 °C.

4.2.5.NANOPARTICLE CHARACTERIZATION.
UV—vis spectra were recorded using a Thermo Scientific Evolution 201 UV-vis
spectrophotometer. Silver concentration for AgNPs colloids was calculated by the
Lambert-Beer law using an extinction coefficient of 6.61x10" M'cm™. >>**
Electron micrographs were recorded with a transmission electron microscopy
(JEOL JEM-1011 operating at 80 kV) and an environmental scanning electron
microscopy (JEOL 6400) for the structural characterization of the samples. SERS
spectra were collected in backscattering geometry with an in-house Raman system
(Technospex, Singapur) equipped with a CCD detector and a macrolense. The
spectrograph used a high resolution grating (1200 g cm™) with additional band

pass filter optics. Excitation of the sample was carried out with a 785 nm diode

laser line, with acquisition times of 0.4 s and power at the sample of 500 mW.
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4.2.6. MICROFLUIDIC DEVICE MANUFACTURING.
The microfluidic device was fabricated with polydimethylsiloxane (PDMS) by replica
molding. The device consisted of a single microchannel of 600 um-width, 2 mm-
depth, and 50 mm-length. Briefly, PDMS was mixed with curing agent (10:1)
(Sylgard 184, Dow Corning) and poured onto a poly(methyl methacrylate) (PMMA)
mold. Once degassed in vacuum, the mixture was cured at 80 oC for 1 h. Then, the
PDMS layer was peeled off from the master, and inlet/outlet holes were punched
with a biopsy punch. The final device was obtained by bonding the PDMS layer to a
slide cover (130-170 um-thick) after oxygen plasma treatment (100 W, 3% O,, 0.2

mbar, 40 s) (Plasma Flecto 10, Plasma technology GmbH).

4.2.7.BACTERIAL SAMPLES
Bacteria were inoculated in enriched thioglycollate medium (BBL), incubated at
37°C for 18 h, and then diluted with saline solution (0.9% NaCl). Next, the required
volume of bacterial solution was diluted into serum or biological fluids in order to
reach the desired final concentration. Then, the modified AgNPs, with antibody or
aptamer of Staphylococcus aureus, were added to the bacterial solutions at a
concentration of 10 pL (10 M of Ag®)/mL of sample, in the case serum and 1 mL
(2x10°® M of Ag®)/mL of sample for the biological fluids. To verify the final bacterial
concentration per sample, three replicates of each solution were spread in agar-
blood plates and incubated for 24-48 h at 37 °C. After this time, the number of
colonies in each plate was counted in order to calculate their concentration of

CFUs per mL.

4.2.8. MEASUREMENT SYSTEM SETUP
The microfluidic device was placed onto the stage of the system and appropriately

aligned. Inlet and outlet were connected to a syringe and a waste container,
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respectively, via 0.8 mm-diameter polytetrafluoroethylene (PTFE) and 1.1 mm-
diameter tygon tubes. The syringe was pre-charged with the sample and
nanoparticles. A standard syringe pump (NE-1000, New Era Pump Systems, Inc.)
was used to push the sample at a flow rate of 6 mL/h. The laser (785 nm, 500 mW)
was focused with a macrolense providing an efficient spot of 0.6 mm. The scan
collection time was set to 400 ms per spectrum, providing an acquisition speed of
1.5 mm/s (for a flow speed of 1.48 mm/s), which results in an evaluation speed of
10 min per mL of sample, during which 1500 scans are obtained. Data
deconvolution was carried out by principal component analysis and classical least

squares using the Wire 4.1 software.
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4.3. RESULTS AND DISCUSSION

4.3.1. DESIGN AND PREPARATION OF AB /Apt FUNCTIONALIZED Ag NPs
SERS encoded particles usually consist of a plasmonic core tagged with an organic
molecule with a large SERS cross-section, and a thick coating of inorganic oxides or
polymers. The external shell aims at protecting the SERS code, stabilizing the
particle in the medium, and providing an easy (bio) functionalizable surface.>>?*>*4°
In our case, however, due to the requirements of the detection scheme and the
chemical conditions of the analytical matrix, SERS encoded nanoparticles had to be
design to sustain high colloidal stability in biological media (usually characterized
by their high ionic strengths) while minimizing the thickness of the external coating
layer (a key condition to maximize the efficient plasmonic coupling of the

. . . 247
nanoparticles retained on the bacterial membrane®™’)

Notably, although antibodies and aptamers fulfill the same bio-recognition
function, their chemical nature is significantly different. Thus, for preparing our
encoded nanoparticles, two different protocols were developed that can be

observed schematically in Figure 4.1.

e

S. aureus Ab, EDC
H,O/DPBS

’ )
Aptamer-functionalized AgNPs

Figure 4.1. Schematic representation of the nanoparticle SERS encoding and functionalization with

antibodies and aptamers.
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First, silver nanoparticles of = 56 nm diameter were prepared using ascorbic and
sodium citrate as reducing agents by modifying a previously reported protocol.”*
The encoded nanoparticles conjugated with antibodies were funtionalizated with a
small amount of O-(2-Mercaptoethyl)-O'-(2-carboxyethy)heptaethylene glycol (HS-
PEG-CO,H) in order to improve their colloidal stability, and outfit the surface with a
suitable group for the antibody coupling. Then, the molecular code (4-
mercaptobenzoic acid, MBA) was added. In order to maximize the SERS signal
while preventing loss of stability, the molecular ratio between HS-PEG-CO,H to
MBA was optimized to 1:3. The antibody coupling to the nanoparticles was

achieved using EDC as activating agent, forming a peptide bond in between the

carboxylic group of the HS-PEG-CO,H and an amine group of the antibody.

In the case of the aptamer functionalized nanoparticles, a 5'-alkyl-thiol-modified
S.aureus aptamer was first self-assembled onto the silver surfaces followed by the
subsequent encoding with MBA. Concentration of MBA was set to be similar to
that of the particles functionalized with antibodies. In this case, no extra stabilizing
agents were necessary as the aptamer surface modification maintains the colloidal
integrity of the particles.

Figure 4.2 shows the localized surface plasmon resonance (LSPR); Figure 4.3 shows
SERS response of the particles encoded with MBA and functionalized with either
antibodies or aptamers and finally Figure 4.4 shows transmission electron
microscopy (TEM) images. Notably, both optical and physical characteristics of all
the materials remain similar, without appreciable changes in between samples
(Figure 4.2 A, Figure 4.3 and Figure 4.4) and over time (Figure 4.2 B and Figure
42C).
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Figure 4.2. (A) Localized surface plasmon resonances of MBA-encoded silver nanoparticle before
and after bioconjugation with aptamers or antibodies (B, C). Time-monitoring of the optical
properties for SERS encoded nanoparticles, conjugated either with aptamers (B) or antibodies (C)

in PBS (d = days).
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Figure 4.3. SERS response in suspension of MBA-encoded silver nanoparticles before (grey) and

after bioconjugation with aptamers (yellow) or antibodies (blue).
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Figure 4.4. Representative TEM images of MBA-encoded silver nanoparticles before (grey frame)

and after bioconjugation with aptamers (yellow frame) or antibodies ( blue frame).

4.3.2. AgNPs-Apt vs AgNPs-AB FOR S. aureus QUANTIFICATION
To test the efficiency of antibodies vs aptamers functionalization, we designed an
experiment comprising a serum solution spiked with around 7x10° CFUs/mL of S.

aureus. Figure 4.5 .

Figure 4.5. Bacterial culture of the S.aureus solution in image A 10 pL and image B, 250 pL.

It is worth noting that, as solitary cells are the exception in nature, the colony-
forming unit (CFU) is the unit used in microbiology to estimate the number of
viable bacteria in a sample. The S. aureus-spiked solution was mixed with the same
volume (10 mL, 10° M of Ag®) of SERS encoded nanoparticles, either uncoated or
functionalized with antibodies or aptamers. The resultant solutions were passed
through a microfluidic device comprising a syringe with the sample and
nanoparticles, a pump, and a laser that interrogates the flow in real time.

(Figure 4.6).
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0 AgNPs-Aptamer/Antibody
. Staphylococcus aureus

@ Staphylococcus aureuscoated with AgNPs-Apt/Ab

Laser (785 nm} SERS spectra  Raman shift

Figure 4.6. Conceptual view of microfluidics-optical device for bacterial quantification and its
relevant components. SERS encoded silver nanoparticles functionalized with S.aureus selective
antibodies or aptamers are mixed with the infected fluids. The presence of microorganism induces
aggregation of the nanoparticles on its membrane, rapidly evolving toward full random coverage.
The mixture is circulated through a microfluidic channel with a pump and passing through the
focus of a 785 nm laser, which interrogates the sample in real time. Targeted bacteria produce a
large increase in SERS signal, whose spectral fingerprints allow us to identify and quantify the type

of pathogen.

In Figure 4.7 shows the results for the three materials. The MBA ring breathing

feature at 1078 cm™ was selected as a spectral marker to monitor the SERS

intensity.
10 AgNPs 6
—— AgNP-Aptamer

>
o s AgNP-Antibody S
€ 2
3 h B
S . c
< _— <
— —
[7,]
& &
L 4 =
— 2 S
g 2 2
()] [J]
E E

0 0

0 100 200 300 400 500 600 700 800

time (s)

Figure 4.7. Comparison of the SERS intensity of the band at 1078 cm -1 (ring breathing of MBA).
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First the SERS encoded AgNPs lacking of surface biorecognition elements do not
show any detectable SERS signal. Conversely, both antibody- and aptamer-
functionalized particles yield intense SERS signals that increase with time up to =
800 s, when a plateau is reached. The comparison of aptamers with antibodies

displays, however, notable differences.

First, aptamers exhibit much larger affinity for bacteria than antibodies. Second the
final SERS intensity registered for aptamers (at t = 800 s) is around 40% larger than
that for antibodies. To understand this behaviour, samples of bacteria with
nanoparticles were studied at different incubation times with electronic
microscopy (Figure 4.8). At t = 0 s, both samples show low interaction with
nanoparticles. At t = 400 s, the amount of nanoparticles retained on the bacteria
increases, but to a much larger extent in the case of aptamers, thus resulting in
stronger SERS signals. Such discrepancy can be attributed to a larger affinity
constant of the overall ensemble of aptamer molecules bound to the metallic

surface as compared with the antibody.

t=0s =

Figure 4.8. TEM images of S.aureus as a function of the incubation time with the SERS encoded

silver particles functionalized with either aptamers (blue) or antibodies (orange). Scale bar: 1um.
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Notwithstanding, aptamers can be easily functionalized/modified without any loss
of their activity and, then, their conjugation on the nanoparticle surface can be
directed to yield a conformation suitable for their efficient interaction with the
target entity. In contrast, the functionalization of antibodies may affect their
biological response and, further and more importantly, the coupling protocol
always leads to a random orientation of the protein on the nanoparticle surface. As
a result, a portion of the antibody molecules can be coupled through sensitive
amino groups inactivating their binding site (i.e., paratope).”*® Finally, at t = 800 s,
the TEM images show a similar coating of particles for both aptamers and
antibodies, while aptamer-modified SERS encoded nanoparticles still yield a
remarkable larger SERS intensity. This may be ascribed to the smaller aptamer

249,250 \vhich allows the formation of smaller interparticle gaps at the bacterial

size,
surface, leading to an overall increase of the electromagnetic energy generated at

the hot spot.

Figure 4.9 shows the results obtained for serum samples infected with S.aureus at
different concentrations, either measured with regular bacterial culture (48 h of

incubation, Figure 4.9 A) or via our optical system (Figure 4.9 B).

As in the previous case, we added 10 uL (10 M of Ag®) of nanoparticles per mL of
sample. After incubating the samples for 15 min, several millilitres of each solution
were passed through our microfluidic optical device at a flow rate of 6 mL/h.
Positive events are associated with the detection of targeted CFUs. Both, antibody

and aptamer functionalized nanoparticles offer similar results (Figure 4.9 C).

When no bacteria are present in the sample, no detectable signal is, which is
consistent with the outcome of the bacterial culture analysis. However, at low or
moderate concentrations of bacteria, both give rise to slightly larger quantification

than the CFU count in bacterial cultures.
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This difference is not significant for the clinical diagnosis, as these values are in the
same order of magnitude.” In this regard, it is worth stressing that bacteria
concentrations which are considered significant in clinical practices are always low.
For instance, sepsis is diagnosed when the detected bacteria concentration is as
low as one single CFU per mL of blood.””" Conversely, for high bacteria
concentrations, bacterial culture yields considerable larger results than our optical-
based device. Notably, for bio-functionalized SERS encoded nanoparticles, the
graph plotting correlation vs time shows a continuous positive. This is consistent
with the acquisition times and flow speeds set for the optical measurement. In
fact, for a flow rate of 6 mL/h and SERS acquisition time of 0.4s; The volume
investigated per each measurement corresponds to ~0.67 uL with an overall
acquisition of 1500 scans per mL of sample. Consistently, a continuous positive
signal is observed for such high concentrations under the actual experimental
conditions (Figure 4.9 B). Finally, for low bacteria concentrations (<100 CFU/mL),
only one CFU is statistically present in the single scanned volume, while for very
large quantities, such as those above 1500 CFU/mL, more CFUs are likely to occur
simultaneously. A possible solution for the issues associated with high bacteria
contents is the dilution of the sample to concentrations below the temporal

resolution.
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4.3.3. Staphylococcus aureus quantification in human fluids
Taking into account the results described in section 2.3, we selected SERS encoded
nanoparticles conjugated with aptamers as optimal substrates for detecting
S.aureus in several relevant human fluids. These fluids are aseptic in healthy
conditions, and infection for most of them (i.e., blood, and pleural and ascites
fluids) is defined by the presence of just one CFU per mL. Thus, we spiked the
biological samples with a very low concentration of bacteria. Due to the lower laser
penetration within blood, the experimental conditions were reset to 1 mL of
diluted nanoparticles (2x10° M of Ag°) per mL of sample. In order to compare the
response for different biofluids, these new conditions were used for all the
experiments. Figure 4.10 shows the results obtained after infecting different
human fluids with S. aureus. As in the case of serum, both bacterial culture and our
optical system offered similar quantification results but with a dramatic difference
in detection time: 48 h for the bacterial culture vs 20 min for the microfluidic SERS-

based device.
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Conclusions

Early diagnostic of sepsis in blood is a pressing clinical need. Consequently,

in this doctoral thesis a microorganisms detection system (MODS) has been

developed. This technique offers an accurate diagnostic for bacterial infections in

very short times as compared with all other currently available methods. More

concretely, we can state that, during this doctoral thesis, the following points have

been achieved:

A new method for the diagnosis of infections has been developed together with
the detection device (MODS). This system can safely identify and quantify the
presence of bacterial pathogens in biological fluids, with sensitivity down to the
single CFU.

The proposed method is able to recognize and quantify microorganisms within
minutes, screening milliliters of liquid at a rate close to 10 min/mL; while
traditional methods for bacterial culture such as microorganisms spreads on
plagues, takes about 24-72 h.

Comparing MODS results with those obtained from traditional methods such
bacterial culture shows that the number of CFUs is usually slightly larger for
MODS, while its standard deviation is consistently smaller. However, all the
results, for both techniques, show the same order of magnitude of bacteria,
which is the relevant parameter in clinical diagnosis.

MODS mechanism is based in SERS encoded particles functionalized with a bio-
recognition element, and therefore the particles selectively accumulate at the
bacteria surface, forming a dense collection of electromagnetic hot spots.
Consequently, an exponential increase of the SERS signal is detected and

quantified by passing the sample through a microfluidic device with a collection
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window where a laser interrogates and classifies each of the induced bacteria-
nanoparticle aggregates in real time.

e The proof of concept here was just demonstrated with four bacterial agents at
the same time. However, the detection method can be expanded to
simultaneously identify many more of them by using the large number of
available spectral codes and selective bio-recognition elements (antibodies and
aptamers).

e Meanwhile the detection of those four bacterial agents was just carried out in
serum and blood, the optical detection of S aureus was also demonstrated in
more extended real human fluids such as urine, blood or pleural and ascites
fluids achieving as before, also very short acquisition times (10 min/mL) for
samples infected with low concentration of bacteria (such as <15 CFUs/mL).

e An extensive and detailed characterization comparing the efficiency of different
bio-recognition elements (such antibodies and aptamers) to functionalize SERS
encoded particles and its applicability in MODS, evidence that aptamers exhibit
much larger affinity for bacteria than antibodies.

e Additionally, the final SERS intensity registered for aptamers is around 40%
larger than that for antibodies.

e |n addition, aptamers can be easily manipulated without affecting their
biological response meanwhile antibodies are more delicate.

e For those reasons, this thesis also highlights the advantages of using aptamers

over antibodies as bio-recognition elements.

Further, MODS cannot only guide in the choice of an accurate treatment for
a given patient, but it can also monitor the effect of that treatment on the time
evolution of the infection. Additionally, even though MODS is not yet capable of
discerning in between resistant and non-resistant microorganisms directly, this

method can be used to test the efficiency of antibiotics by just adding different
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drugs to different aliquots of the patient sample with the subsequent
determination of the bacterial population in the samples with MODS. Remarkably,
the potential of MODS could be also expanded to analyse other microorganisms
such as viruses, protozoa, fungus, and neoplastic cells in body fluids within

minutes.

Recapitulating, this approach permits the monitoring of large volumes of
sample within minutes and offers an interesting alternative to the common
diagnosis of infections. Further, similar approach can be applied for the
determination of other microorganisms and can be probably extended to the
diagnosis of other relevant diseases. All these characteristics render our
technology a great interest for both, the accurate diagnostic of patients and the

screening of large populations, especially in suspected pandemics.
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