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1. Introduction

1.1 Motivation

Optical biosensing is a diverse and evolving research field aiming towards simplified
and high sensitivity diagnostic tools for the detection of biological and chemical
analytes in environmental monitoring, medical analysis, food safety and national
security. Often the methods used for analyte sensing require complex procedures,
lab scale equipment and trained personnel. Label-free sensing is attracting interest
since it does not require additional molecules and labelling steps, which complicate
the detection. There are several technologies available for label-free optical
sensing, including interferometry’5, resonant-cavity sensing’-°, photonic crystal
detection®19-12, surface plasmon resonance (SPR)'3-'®* and surface-enhanced
Raman scattering (SERS)®16-18, SERS is a special type of Raman spectroscopy, in
which irregular or patterned metal substrates or metal nanocolloids of different
shapes and sizes can be used for signal enhancement. Enhancement can be
achieved through the use of noble metals, for example gold or silver, to trigger
localised surface plasmons. When the localised surface plasmons resonate with the
incident light, the scattered Raman signal grows in intensity. SERS can have high
detection sensitivity, in some cases even in the range of only a few molecules.®2!
Using SERS, biological analytes can be identified through the spectrum of scattered
light, in which the intensity of the signal as a function of Raman shifted wavelength
reveals information concerning the composition of the molecules forming the
analyte. Thus the chemical structure of the analyte provides a specific fingerprint
spectrum which can be used in identification of the analyte, whether it is a small
molecule or a biological cell containing different organic molecules.

SERS has been widely studied for the past 30 years. The number of publications
has increased exponentially since 2000.1622 Although many methods have been
developed for the fabrication of different SERS substrates, SERS detection has not
yet become a common analysis tool outside its use in research laboratories. There
are several reasons behind the slow adoption of SERS into common use in central
laboratories and in the field. One important aspect, especially with bioanalytes, is
the requirement for disposable analysis chips. Multi-use chips give rise to a higher
risk of cross contamination and false positive results, and the chips require thorough
cleaning steps after use. The conventional ways of fabricating structured SERS
substrates 2>-34, such as spin-coating, dip coating, chemical vapour deposition,
electrochemical synthesis, electron beam lithography and etching, are not ideal for
manufacturing single use chips in terms of throughput volume or cost. The
fabricated sensor areas are often small and the fabrication methods are difficult to
transfer to the high volume production required for truly disposable sensor chips.
The focus of the SERS substrate development has thus shifted towards the study
of different methods for low cost fabrication, such as soft lithography®.

The objective of this study was to develop a simplified and affordable method
for label-free detection of biological analytes using disposable SERS substrates.
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The suitability of the method for rhodamine 6G (R6G) and microbial cell detection
was studied. Our approach is based on roll-to-roll (R2R) fabrication of structured
SERS substrates on polymer webs in large scale by applying soft lithography in
which patterns are imprinted and cured with ultra-violet (UV) exposure.3® A hybrid
detection method was developed, combining the use of these structured SERS
substrates and gold nanoparticles for additional SERS signal enhancement.

1.2 Theory of Raman spectroscopy

1.2.1 Inelastic scattering of photons

Raman spectroscopy is based on inelastic scattering of photons from the subject of
interest, which is a significantly weaker phenomenon than elastic Rayleigh
scattering of light®”. In Raman scattering, a fraction of incident photons scatters in
such a way that the energy of the scattered photons differs from that of the incident
photons. The energy difference is equal to the transition energy between the two
vibrational states of the molecule which scatters the photon, as can be seen in
Figure 1. This phenomenon was first discovered by the Indian scientist C. V. Raman
in 1928 and it became known as the Raman effect.38 When the photons scatter
inelastically, they experience a frequency shift. When the frequency of the scattered
light is lower than the incident frequency of the photon, the molecule remains in a
higher vibrational excited state. This state is called Stokes scattering. Anti-Stokes
scattering refers to an opposite situation in which the frequency of the scattered light
increases and the molecule drops into a lower vibrational state. Since in ambient
temperature the molecules mainly exist in ground state, from which they can be
lifted into higher states, the Stokes scattering is more probable than anti-Stokes
scattering. Thus the applications in Raman spectroscopy are mainly focused on
Stokes scattering.®®
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anti-Stokes Rayleigh Stokes

Virtual state
Virtual state
hvothv: hv. hve- hv:
Energy Higher vibrational
difference th energy state

Ground state

Figure 1. A diagram showing the energy states of elastic Rayleigh scattering and
inelastic anti-Stokes and Stokes Raman scattering, where h is the Planck constant,
vo is the frequency of the incident light and vk is the frequency difference after
molecular vibration.

When a molecule interacts with an electromagnetic field of a photon as depicted
in Figure 1, the energy transfer must satisfy Bohr's frequency condition, in which the
energy difference AE of two quantized states is®’

AE = hv, = h— = hc, 1)
Ak

in which cis the velocity of light. Thus the wavenumber Vis proportional to the energy
difference AE divided by the constant hc:

7= iAE. @)
The relation of wavenumber to the transition energy has been utilised in vibrational
spectroscopy in which the detected vibrational lines are depicted as a function of
change of the wavenumber AV instead of as a function of change in frequency. The
intensities of the lines are proportional to the likelihood of the transitions caused by
photons. The relationship between the vibrational frequencies and the molecular
structure leads to distinguishable Raman spectra for each molecule.

1.2.2 Polarizability and dipole moments in molecules

A molecule is a three-dimensional structure with chemical bonds and a varying
electron cloud surrounding the molecule. The bonds of the molecule allow it to have
vibrational states occurring from stretching and bending of bonds. These molecular
vibrations cause photons to scatter or absorb depending on the nature of the
vibration. If a bond vibration changes the net dipole moment of the molecule, the
molecule absorbs energy at infrared wavelengths. A molecular dipole exists when
the molecule consists of atoms having non-uniform positive and negative charges
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giving the molecule a local positive and a negative pole. These polar molecules can
absorb photons and they experience a net change on the dipole moment

a“/aq , Where (3)

du is the change in net dipole moment and dq is the change in nuclear displacement
due to bond vibration.

Raman scattering on the other hand is excited when the molecule has vibrational
bonds, but the dipole moment vectors of the vibration will cancel each other out and
the net dipole moment change will be zero. Thus it undergoes a polarizability
change without an effect on the net dipole:

aa/(’)q' where 4)

Oa. is the change in polarizability and dq is the change in nuclear displacement due
to bond vibration.

The origin of Raman scattering can be explained by classical electromagnetic
theory. A simple way to observe the relationship between electric dipole moment,
the change in polarizability and the Raman scattering is to consider the photon-
induced electric dipole moment in a diatomic molecule. The electric field strength E
of the incident photons as a function of time is

E = Eycos(2nvgt), (5)
where Eo is the vibrational amplitude, vois the frequency of the incident photon and
tis time. For a simple situation with a diatomic molecule the incident light induces
an electric dipole moment P

P = aF = aE,cos(2mv,t), (6)
in which a is a proportionality constant called polarizability. If the molecule vibrates
with frequency vm, the nuclear displacement q is expressed as

q = qocos(2mv,,t), (7
where qo is the amplitude of vibration. If the vibration has a low amplitude, the
polarizability « is a linear function of g and can be written as

a
a=a0+(6—3)0q+--~, (8)
where ao is the polarizability at equilibrium and (a“/aq)o is the rate of change of

polarizability evaluated at equilibrium.
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Combining the equations (4) to (6) we can express the electric dipole moment P as

da
P = aE,cos(2mvyt) = agE, cos(2mvyt) + (E) qE, cos(2my,t)
0

da

= ayE, cos(2mvyt) + (E) qoEy cos(2mvyt) cos(2mvy,t)
0

= 0oy 00S(2mv,t) + > (3—‘;‘)0 Qo Eo[c0s(2m(vy + v,)t) + c0s(2r (v — vy) )13 (9)

The first term defines Rayleigh scattering which is radiated with frequency vo; the
second and third terms define anti-Stokes (v, + v,,,) and Stokes (v, — v,,) Raman
scattering, respectively. Similarly, it is possible to deduce the electric dipole moment
P for more complex polyatomic molecules. However, the calculation will be long and
complex, as all the nuclei of the polyatomic molecule perform their own harmonic
oscillations, which need to be expressed as a superposition of independent
vibrations. From the relationship deduced for the diatomic molecule, we can see

that if the rate of change of polarizability is zero (a“/aq) = 0, the vibration does not

produce Raman scattering and the molecule is hot Raman active. Thus in order for
a molecule to be Raman active, its polarizability must change during the vibration.

The change in polarizability occurs as the molecule undergoes a distortion in
which the positively charged nuclei are drawn towards the negative pole and the
electrons are drawn towards the positive pole.?” This is easily understood when
considering triatomic molecules such as carbon disulphide CS; depicted in Figure
2. A symmetrical stretch changes the polarization of the molecule and causes
photons to Raman scatter, exciting only weak or non-existent infrared absorption.
When the molecule experiences an asymmetric or a bending mode, there is a dipole
change and the molecule experiences infrared absorption with weak or non-existent
Raman scattering.3"3°

Symmetric Asymmetric Bending
Vibration
s s . =3 - . i . .
g t t t G
Dipole moment t u t t }
au
aq
()/1/ 0 ();1/ 40 u 20
aq — dq /()([ i
Polarizability O O S O O O O O O
(%) |
) a
995 ( d(l/l)rl)o £0 ( ((/(){1)0 0 ( da/()(l)o 0
Excited state Raman scattering Infra-red absorption Infra-red absorption

Figure 2. Dipole moment and polarizability change in carbon disulphide CS, along
with the effect on the infra-red and Raman detection.3%40
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The strength of bonds between atoms of the molecule and the weight of the
atoms have an effect on the required transition energy: the stronger the bonds the
higher the frequency of the vibrational line, and the heavier the atoms the lower the
frequency. Thus strong bonds and light atoms will give higher frequencies of
vibration and heavy atoms and weak bonds will give lower ones.3°

1.3 Theory of Surface-enhanced Raman spectroscopy
(SERS)

1.3.1  Origin of the SERS enhancement

Raman scattering is an inherently weak phenomenon and it requires a large sample
volume for reliable analyte recognition. Such a volume can be difficult to achieve in
many fields of diagnostic sensing. Forty years ago it was accidentally discovered
that the Raman process can be greatly enhanced by a phenomenon in which a
molecule is adsorbed onto the surface of a patterned metal layer or metal
nanoparticle.*42 Enhancement is due to both long range electromagnetic (EM)
enhancement and short range chemical enhancement (CE). The main origin of the
SERS enhancement is believed to come from EM enhancement. The mechanism
is based on the interaction of light with surface plasmons of the metal and it can
yield enhancements between factors of 10* and 108 The plasmon resonance
excitation occurs when incident light interacts with free conduction electrons of
metal. The CE mechanism on the other hand is caused by the enhancement in
effective polarizability due to phenomena such as an electronic resonance process,
in which a charge is transferred between the lowest unoccupied molecular orbital
(LUMO), the Fermi level of the metal substrate and the highest occupied molecular
orbital (HOMO) of the molecule as shown in Figure 3. The charge transfer caused
by the incident laser excitation is only possible if the difference between the Fermi
level of the metal and the HOMO and LUMO energy levels of the molecule are
matched by the laser energy.
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Figure 3. A depiction of the principle of the charge transfer in chemical
enhancement. The laser energy can either be in direct resonance with the energy
needed for electron transition with metal-analyte complex (1.) or benefit from indirect
coupling (2.) via an electron transition through the metal.??

The CE enhancement can affect the Raman peak intensity and it can also shift
peak positions, but the enhancement factor is substantially smaller, 10-100,
compared to the EM enhancement. Although the contribution of CE effect to SERS
is smaller, it is of interest as it could enable surface plasmon enhanced
photochemical reactions,17:43-46

1.3.2  Electromagnetic field enhancement of the surface-enhanced Raman

The electromagnetic enhancement occurs when electrons of metal encounter a
time-dependent force caused by the changing electromagnetic field of the light. This
results in an oscillation of electrons. The oscillating conduction electrons have a
characteristic frequency called plasma frequency?’

2
wp = [, (10)
eff€o
in which n is the density of the electrons, mes is the effective mass denoting the ease
of motion of the electrons in response to the electromagnetic field, e is the charge
of an electron and & is the permittivity of free space. The electron motion has a
resonance frequency which changes in response to the driving force of the incident
field. If the frequency of incident light is above the plasma frequency, usually in the
ultraviolet range, the electrons will not oscillate. The light is either transmitted or
absorbed. If the frequency of light is below the plasma frequency, electrons oscillate
and a strong light reflection is caused. The dielectric constant of metal dictates
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whether the metal electrons are able to oscillate at the frequency of incident light. If
the shape of the metal is restricted to small colloid forms or thin metal layers, the
oscillations exist at the metal surface and create resonating charge waves. The
excitation causes a collective oscillation of conduction electrons in the metal.’

The size of the metal particle has an effect on the scattering efficiency of the
particle. If the particle is small, less than 15 nm in diameter, the oscillating energy
is quickly converted into heat through electron-electron surface scattering. Larger
particles have a reduced electron-electron scattering and the energy of the
plasmons is re-radiated. Thus the larger particles scatter the light more effectively
and have a stronger scattering cross-section. Because metal nanostructures with
LSPRs have local fields, bringing the structures into the near vicinity of each other
causes the local fields to overlap. This can lead to a growth of the total field, with an
additional enhancement factor of 10 to 10* when the particles aggregate. The critical
gap distance for the EM coupling is approximately the diameter of a single
particle.1”45 Additional field enhancement increases SERS detection sensitivity, but
it can make the SERS enhancement unpredictable.

Classical electromagnetic theory can be used to explain the field enhancement
of the surface-enhanced Raman. When spherical colloids have a size much smaller
than the wavelength of incident light, the oscillating electromagnetic field ﬁo(vo) of
light induces an electric dipole moment in the colloid and excites surface plasmons
on the surface of the colloid. This leads to an additional electric field component
Einqa(v) in the near field of the colloid, which increases both the excitation and
emission rates of the Raman process due to the increase in the local-mode density
of the field.3844 The principle of the enhancement is expressed in Figure 4.
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Figure 4. Schematic of Raman excitation and SERS enhancement through
guantum states of photons and plasmon polaritons.**

The total electric field with frequency vo can be expressed as:*®

Etot (vo) = Eo (vo) + Eind (o) (11)
Thus the enhancement of the local field can be expressed as:

|§o(vo)+§ind(vo)|
|Eo(vo)|

Fpoc(vo) = , (12)

The molecules located close to the spherical metal colloids are excited by the
total electric field ﬁwt(vo). In the case in which the resonance condition applies for
the incident light with frequency vo, the condition also holds true for the re-radiated
light with shifted frequencies v, + v,. The electromagnetic field of the re-radiated
light induces an additional secondary field component ERad,md (vy £ v) in the metal
colloid, adding to the total electromagnetic field.
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Thus the total SERS enhancement consists of initial local field enhancement and
radiation enhancement from re-emission, and the SERS enhancement factor for a
single molecule can be expressed as

SMEF = Fpc(vo) * Fraa(Vo £ vy) , (13)

where F, . is local field enhancement and Fy,,, is directional radiation enhancement.
It is possible to compute F;,. by solving the electromagnetic problem, but estimating
Frqq is challenging as the electromagnetic problem would need to be solved with
dipolar emission, which leads to challenges with regard to numerical and theoretical
solving. However, it is possible to approximate the SERS enhancement with an
assumption of

Froc(vg) = Fraa(vo £ vy), (14)

because both local field and radiation enhancement have the same physical origin.
The resonances are qualitatively similar for both mechanisms, although they might
have differences in the coupling.?? The intensity of the local field is proportional to
the square of electromagnetic field amplitude®?47:

LFI « |F|2. (15)

Thus the SERS enhancement of the Raman intensity can be expressed as:
LFIsgrs (o £ v,) = |Frocl® * [Fraal® = [Fpocl* (16)

In this situation a field enhancement F;,. with a factor of 10 results in intensity
growth of the surface-enhanced Raman scattering with a factor of 10% This
approximation is justifiable for particles which are clearly smaller than the
wavelength and thus the shape and size do not affect the end result. With larger
particles, the enhancement depends on both shape and size and, especially with
large spherical and ellipsoidal particles, causes the maximum enhancement
wavelength to red-shift. This is also the case with aggregated colloids.38

1.3.3 Plasmonic field decay

SERS does not require the molecules to have direct contact with metal, but the
plasmonic field decays with growing distance between the molecule and the metal.
For spherical colloids the decrease can be calculated froms38

a \2
FSERS(d) = FSERS(O) : ( o ) ) (7)

ap+d

where Fsers(0) is the enhancement factor of molecules in contact with metal, ao is
the colloid radius and d is the distance from the surface of the metal. With biological
molecules, the distance dependence can be important. This holds true especially
with silver (Ag) colloids, which are toxic to biological cells. Ag colloids need a
biocompatible coating in order to protect the biological analytes from the oxidising
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effect of the Ag molecules. This increases the distance between the analyte and the
metal. If the coating thickness is less than 5nm, the enhancement is still strong
enough for SERS detection. A biocompatible coating or an antibody capture layer
on top of the SERS structure also prohibits use of the chemical SERS effect, as the
analytes are not in direct contact with the metal surface. Therefore CE may have
only limited importance in SERS detection of biological analytes,*®

23



2. SERS substrates and colloids in microbial
cell detection

2.1 SERS substrates and colloids

Nanoparticles have been widely studied for several application areas, as they
exhibit interesting physical and chemical properties which differ from those of bulk
material made with the same composition.*® In SERS the used metal and the
composition, size and shape of the particles all have an effect on the field
enhancement factor and on the resonance excitation wavelength. Ag, Au and
copper (Cu) particles have their resonance excitation in the visible and near infra-
red wavelength area, which is convenient for use. The majority of studies use Ag
and Au particles as enhancers. Other metals such as aluminium (Al) have also been
studied with SERS, but they require resonant excitation in the UV range.*® Novel
materials such as semiconductors, quantum dots and graphene have also been
investigated as SERS enhancers, but they involve purely chemical enhancement
without an increase in EM field and thus they rarely achieve high enhancement
factors®®-54, The shape of the colloids can vary from spherical®>-%*, ellipsoidal®?, rods
and wires2-%5  triangles and pyramids®®®’, cubes®® and stars™®"? to
nanocrystals® and nanoshells”™74. Some of the typical nanoparticle shapes are
presented in Figure 5.

$3% 9T YYeo %

Nanocrystals Ellipse spheres Nanocrescents Nanorods

003% " ‘.’y /

Nanospheres Nanocubes Nanopyramids Nanotubes

/

Figure 5. A depiction of different nanoparticles shapes used as SERS enhancers.

The optimal plasmon resonance frequencies can be shifted by the shape and
size of the particles.” Larger particles, especially with elliptical shape, experience
a red-shift and have their biggest enhancement factors at near infra-red excitation
wavelengths. It is widely accepted that single molecule detection by SERS requires
either an aggregation of nanocolloids which create hot spot areas with intense
electromagnetic field,2%6 or formation of fractal structures on planar surfaces’. The
molecules in the studies are often highly Raman active, such as dyes, and they
need to be in the hot spots where they experience very high enhancement factors
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around 101, Although aggregation of colloids offers sensitive detection, it has both
repeatability problems and practical issues, because the aggregation demands for
nanoparticle synthesis and incubation steps. The highest field enhancements occur
in the gaps between colloids, and preparing substrates with colloid cover before
applying the sample may prohibit the entrance of the molecules into the hot spot
pockets.””78 Thus the aggregation requires incubation of samples with the colloids
before the detection. In addition, many larger biological analytes such as whole cells
may not fit at all in such a pocket, as the optimal pocket size is under 10 nm.” With
the fractal surfaces, Raman intensity distributions are inhomogeneous and
“hypersensitive” to the polarization and wavelength of excitation light.*38° The poor
reproducibility of the hotspots in randomly aggregated colloids and fractal structure
formations is a major problem, as it makes the quantification of SERS more
difficult.”®

The development of different planar SERS substrates attempts to reduce the
repeatability issues of the colloids through periodicity of the nanostructures on top
of the substrates. The control over the pattern geometry, a repeatable
enhancement factor and ease of use make planar substrates very attractive. The
substrates have a varying degree of plasmon coupling, which depends strongly on
the shape and size of the nanostructures. The control over nanostructure
geometry makes it possible to model the effect of the shape and size of the
structures on the plasmon resonance frequency and enhancement factor, and
thus quantify the SERS response in the design phase.”® Common patterning
methods include addition of nanocolloids to the surface333481-84 electron beam
lithography (EBL)?*3°, conventional lithographic patterning®-%7, nano-lithographic
patterning such as nanosphere lithography and UV- or heat cured
nanoimprinting?326:88  fractal or metal island thin film growth?*27 and self
alignment?®34, Some of the common SERS substrates are presented in Figure 6.

Scratched or corrugated Fractal structures such as

surfaces SERS flowers
A
A
A
A
A
A
A H--
Nanoimprinted Nanoparticle Nanoarrays with
pyramid wells surfaces nanosphere lithography

Figure 6. A schematic of the common SERS substrates.
The substrate type can have a strong effect on the SERS enhancement ability

of the patterned surface. In general, the SERS enhancement varies between factors
of 10° and 10°. The enhancement factors for different substrate types are listed in
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Table 1. The SERS substrate with inverted pyramid pattern applied in this research
has been shown to reach an SERS enhancement factor of 107 with benzenethiol as
an analyte.3¢

Table 1. Different SERS substrates and their SERS enhancement factors.

Substrate type Analyte Wavelength SERSEF  Reference

Ag coated EBL patterned .

PMMA on quartz R6G 488 nm 10 [30]

Au Nanoparticle 7

Aggregate substrate R6G 785nm 10 [82]

Au Nanosphere 44

lithography patterned L 785 nm 105-10° [23],[88]
bipyridine

substrate

Au coated inverted

pyramid pattern by UV- Benzenethiol 785 nm 107 [36]

nanoimprint lithography

Au coated EBL patterned

i 9
inverted pyramid pattern Benzenethiol 785nm 10 (36]

Low cost single-use SERS sensors are required for mass fabrication of the
structured SERS surfaces. Thus it is necessary to consider the applicability of the
presented methods for industrial high volume production. The high end fabrication
processes such as EBL produce highly ordered SERS substrates with exceptional
control over periodic nanoscale SERS arrays with precise shape.31:323536 However
these methods are not compatible with the production of large area sensor surfaces
due to high cost and slow and complex fabrication processes. Scratching or
corrugating planar metal surfaces can be feasible with continuous production, but
the surfaces are random and thus the SERS detection faces challenges with
acquiring repeatable signal levels. Additionally, the gold layer undergoing the
scratch or corrugation process must be thick in order to avoid exposing the
underlying web material. Especially polymer and paper web materials are active
Raman scatterers. If exposed, they can create strong background disturbance in
SERS detection. Thick gold layers, on the other hand, increase the expense of the
production. There are fabrication methods applying SERS active nanoparticle
coatings in large scale by dispensing nanopatrticle inks on polymer or paper webs.
However, these surfaces encounter challenges similar to those faced by corrugated
surfaces, due to the randomly positioned and aggregated nanoparticles and
possible disturbance from the underlying web. An alternative method for fabrication
is UV nanoimprinting. UV nano-imprinting is a soft lithography method which
produces ordered nanostructures, but unlike conventional lithography it is robust
and affordable. The method is adaptable to rapid and cost-effective fabrication with
high yields. Itis easy to perform, requires low-cost equipment and can provide high-
resolution nano-scale features down to sub-10 nm. The lithography is performed by
pressing a mould onto a UV-sensitive coating with simultaneous UV light curing.
The process takes place at room temperature and does not require high pressure
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during the imprinting process. The surface is made SERS active by covering the
entire area with a thin metal coating by evaporation. Thus the surface does not
encounter SERS disturbance from the carrier web materials.

2.2 Detection of R6G molecules and microbial cells

The success of SERS detection of sample analytes depends on several factors.
The result will be affected by whether or not the analyte is a strong or weak Raman
scatterer with the used excitation wavelength®. Another affecting factor, especially
when using colloids as a SERS enhancer, is the charge of the analyte??.
Electrostatic repulsion can block the adsorption between a nanoparticle and a
molecule in a case in which the molecule and the nanopatrticle are similarly charged.
This can lead to weak SERS enhancement. On the other hand if the colloids and
the molecules are oppositely charged, a strong adsorption can enhance the SERS
excitation.?2 When using a SERS substrate, the size of the analyte can affect the
recorded signal strength. As depicted in Figure 7 the analyte size and pyramid well
diameter affect how the plasmonic structures extend around the analyte. This has
an effect on the enhancement level. Molecular analytes, with a diameter around 1
nm — 100 nm, are small enough to easily fit inside the pyramid wells, experiencing
a three dimensional plasmon coupling from the surrounding structure. In the case
of microbial cells, e.g. bacteria, with a diameter around 1um, can only partly enter
the wells and yeast cells, of diameter around 4-6 pum, experience only the plasmon
coupling generated by the top of the well structures. This also has the consequence
that only part of the cell surface area will be detected by the substrate. The majority
of studies of biological cell detection using SERS have been conducted with
nanoparticles which can surround the cells from all directions and thus generate a
stronger SERS excitation.
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Bacteria cells Yeast cells

R6G molecules

Figure 7. The difference between the alignment of the molecules and biological
cells on the pyramid wells of the SERS substrate.

The interest in using SERS detection with biological cells is due to several
factors. SERS is label-free, requires short detection times, can be quite sensitive
and is not disturbed by the water content of the cells. The conventional methods for
detecting microbial cells, i.e. culturing, counting methods and serological
classification, are very reliable, but they are also laborious and time consuming.
Other methods developed for faster detection, such as polymerase chain reaction
(PCR) and immunological identification, typically still require 48 hours to complete
the analysis.?®-%2 The first detection of whole bacterial cells with SERS was
conducted with incubated silver nanoparticles and Escherichia coli cells in 1998.%3
Since then several different bacterial species, strains and spores have been
identified by SERS.%*°7 Most studies have used Au or Ag colloids as SERS
enhancers. The particles are commonly attached either on the outer cell wall of the
bacteria by external coating or adsoption,®-1°% or inside the bacterial cell by in-situ
synthesis®192, Typically the bacteria are measured by averaging over a larger
volume of bacteria, achieving detection limits such as 10° CFU/ml to 10°
CFU/mI%103  put there are also studies using optical tweezersi® or confocal
microscopy which have claimed the detection of single cells or less than 10 cells
105-108 |n addition to bacterial cells, SERS detection has also been applied for other
biological cells such as yeast cells, fungi, mammalian cells and tissues%®-113, One
subject of interest in microbial detection by SERS is food and beverage quality
control. The presence of only a few cells of specific bacteria or spoilage yeast at
any stage of the manufacturing process may result in quality defects that can be
dangerous to the consumer or spoil the taste of the products®114115 Despite many
advances in controlling microbiological risks in food and beverage production, the
global nature of modern trade, the use of new raw materials, novel processing
technologies and the growing demand for minimally processed fresh-like products
all create new challenges for manufacturers to ensure product safety and stability.
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Thus, there is an interest to develop new methods such as SERS detection for the
effective control and detection of harmful microbes.

Silver is the commonly used metal in SERS detection of microbes,*~% due to
the high field enhancement of silver colloids. Especially when in aqueous solutions,
silver releases toxic silver ions which can damage the cells under investigation. The
rapid oxidation of the silver diminishes the field enhancement factor of the used
AgNPs or the Ag substrates.'*® This can lead to poor repeatability of the detection
and prohibit storing the silver SERS enhancers for longer time periods. Using gold
is preferable for microbe detection in real applications, as it is biocompatible and
has less issues with material stability.*"118 There is no need for a polymer capping
to protect the microbial cells, and it can easily be modified with thiol groups. In the
case of biological cell detection, gold has one more benefit as it can be excited at
NIR wavelengths. This reduces the auto-fluorescence issues generated by the
microbes and reduces thermal damage to the cells through lower absorption when
compared to the visible wavelengths.
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3. Materials and methods

In the work described in this thesis, polymer microfluidic circuits (PAPER 1) and
sample wells (PAPER [I-PAPER IV) were integrated on SERS substrates in order
to bring the sample analytes to the SERS detection areas. Immunomagnetic
separation beads were used for concentration of the bacterial cells (PAPER II-I).
The details of the Raman spectroscopy, R2R fabrication of SERS substrates,
characterisation of gold nanoparticles and integration of microfluidic circuits and
hydrophobic sample wells are described in this section.

3.1 Raman instruments coupled with a microscope

In Raman spectroscopy the spectra can be recorded from samples having different
physical states such as solid, liquid or vapour state!'®, The samples can be bulk,
microscopic or molecule layers. Water can be used as the sample solvent as it is
ideal due to the weak Raman scattering cross section of water molecules. The
spectral recording of Raman scattering is based on laser excitation of the sample
with monochromatic light and detection of the back scattered light with detectors
such as charge-coupled device (CCD)'°. Generally, Raman scattering can be
recorded over a range of 10-4000 cm?, but with organic molecules the Raman
active vibrations occur after 400 cm. Filtering is used to isolate a single laser beam
and to separate the weak Raman lines from high intensity Rayleigh scattering.*?°

In these experiments, the SERS spectral recording was made using Raman
instruments (BaySpec Nomadic (San Jose, USA) and an in-house built Raman
detector) with 785 nm wavelength continuous wave diode lasers coupled with an
optical microscope (Olympus BX-51). The samples were optically focused to the
surface of the SERS substrate patterns, or to the microbial cells on top of SERS
substrates. The used excitation laser power ranged from 10 mW with thermally dried
samples to 40 mW with samples in aqueous solutions. 20 X, 40 X and 50 X
magnifying objective lenses were used to excite the samples locally. A picture of
the in-house built Raman device coupled with the Olympus microscope is presented
in Figure 8.
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Microscope with moterized stage

Figure 8. The in-house built Raman device has been coupled with the Olympus
microscope by using a probe adapter.

3.2 Fabrication of the SERS sensor chips

3.2.1 R2R fabrication of the SERS substrates

The aim of this study was to detect small molecules and microbial cells with an
inexpensive and structured SERS surface. The SERS surface chosen for the study
consisted of an array of inverted square pyramid wells. A pyramid is a highly
compatible shape for UV nanoimprinting due to its drafted edges. Imprinting is
based on moulding shapes into a polymer material. It is prone to challenges with
reproduction of shapes during the mould release, if the edges are too vertical.
Additionally the pyramid wells of the SERS surface have been shown to provide
reproducible SERS signals with a good SERS enhancement factor.3® The SERS
patterns were imprinted on top of a poly(methyl methacrylate) (PMMA) polymer
sheet with UV-nanoimprint lithography using roll-to-roll equipment as shown in
Figure 9.

Reverse gravure deposition Imprinting of the SERS Die-cutting of the Gold-layer vapour deposition
of UV-nanoimprint lacquer structures SERS sheets on top of SERS sheets

Figure 9. A schematic picture of the R2R fabrication of the SERS substrates.
(PAPER III)
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Reverse gravure technique was used for coating a PMMA polymer web with a UV-
curable lacquer. The lacquer layer was patterned by pressing indentations into the
lacquer by relief structures of an embossing reel with simultaneous UV-light curing
through the transparent polymer web. The patterned sheets were then die-cut into
smaller sensor chips and a 240 nm thick gold layer was added by evaporation. The
produced polymer webs and die-cut sheets before and after gold deposition are
presented in Figure 10.

a) b)

1. Roll-to-roll patterned
polymer web

2. Die-cut polymer sheet
before gold deposition

3. Gold coated polymer sheet
with SERS chips

10cm

Figure 10. a) A picture of the R2R fabricated SERS structures before and after
vapour deposition of gold (PAPER II); b) an SEM picture of the polymer SERS
substrate.

The polymer patterning of SERS substrates with R2R lines transferred the
fabrication from lab scale into industrial scale with high production volumes. This
enables the production of larger sensor surface areas, which can easily be cut into
smaller SERS substrates. This SERS platform is applicable for low cost production
and is thus practical for one-time use, which reduces the contamination issues often
encountered in the detection of biological analytes.

3.22 Integration of sample handling reservoirs

There are two typical ways to bring the sample analytes to the surface of the SERS
substrates. A common way, especially with molecule detection, is to dip the SERS
substrate into the solution containing the analytes and then wait until the analytes
diffuse near the surface and adsorb.?! The diffusion of the analytes is however a
slow process, and without convective force or help from gravity only a small fraction
of the molecules adsorbs to the surface. The second way involves bringing the
analyte solution on top of the substrate inside sample reservoirs by fluidic channels
or sample wells. Microfluidic channels enable flowing sample solution on chip in a
controlled way, the chip can be washed between samples and the samples can be
accumulated on the sensor surface by analyte capture.

The integration of SERS substrates with microfluidic channels enables the
fabrication of disposable optofluidic polymer SERS biosensors. In optofluidic
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sensors the detection of analytes from the bulk sample relies on transport of the
analytes to the detection area and to the detection surface. Since the concentration
of the analytes in the sample solution is typically low and the diffusion of the
molecules is slow, the used detection method must be sensitive in order to detect
and quantify the molecules. In this study, microfluidic circuits for detection of R6G
molecules in flow were integrated on top of the SERS substrates by adhesion. The
shape of the fluidic channel was cut by a cutting plotter CraftRobo Pro S into a 220
pum thick double-sided 3M adhesive. The circuit had an oval detection chamber
having 2 pl sample volume with 400 um wide inlet/outlet channels leading into the
chamber. The circuit was lidded with a high optical clarity polyolefin diagnostic
adhesive (3M 9795R). A roll laminator (Yosan S.A., Spain) was used for the layer
assembly. A picture of the assembled chip is shown in Figure 11 a).

a) X ~m b)
=" »

Figure 11. a) A picture of the microfluidic SERS sensor chip with integrated polymer
layers (PAPER 1), b) Depiction of the hydrophobic sample accumulation in an
integrated sample well.

The concentration of the biological cells into the detection zone with microfluidic
channels can be challenging. Another way to concentrate sample analytes is by
utilising hydrophobic surfaces and structures. The hydrophobic systems are needed
to constrain the droplet from spreading over a wide area on top of the hydrophilic
gold surface. Such spreading would scatter the analytes and cause a weaker SERS
signal. Especially with samples having low concentrations of analytes, the
concentration of analytes can be crucial for reaching sufficiently high detection
sensitivities. In order to stop the spreading, several different schemes for confining
the sample drying by super hydrophobic surfaces have been reported??1-123 put it
would be difficult if not impossible to join these structures with the patterned SERS
substrate. A simple solution for constraining the sample into a smaller area could
be the integration of simple sample wells cut into polymer adhesives as depicted in
Figure 11 b), but it is not trivial which materials are used as the sample well walls.
Too hydrophilic materials would allow for the sample to retreat by capillary forces
into the corners of the wells and dry unevenly. After testing several materials, thin
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polydimethylsiloxane (PDMS) sheets were chosen for the well construction. PDMS
had high enough hydrophobicity to allow the droplet to dry evenly inside the
relatively large sample wells with diameter ranging from 1 mm to 2 mm. A depiction
of the sample procedure with bacterial cells dried inside the PDMS wells on top of
SERS substrate with gold nanoparticles is presented in Figure 12. Wells were
fabricated from 0.5-1 mm thick PDMS sheets (Wacker, Elastosil) and biopsy
punchers were used to cut wells into the sheets prior to bonding the wells to the
SERS substrate by physical adsorption. A hand lamination roller was used for
ensuring good contact. Oxygen plasma treatment was applied before bonding with
1 min 200 W prior to detection of yeast cells.

T o e W
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Bacterial Cell capture to - _
culture IMS beads | Thermal drying of
Sample bacterial sample
= dispensing
2 2 8 e Bacteria
SERS substrate
i o s AuNPs
| IMS beads
Hydrophobic
Dispensing of Thermal ) surface
AuNPs drying SERS chip ready

for Raman detection

Figure 12. A picture depicting the sample procedure from bacterial culture to the
SERS detection of bacterial cells with a Raman microscope.

3.3 Microbial cell capture with immunomagnetic separation
beads

Recording of complex SERS spectra for bacterial species often requires that the
detection is performed using suspensions with high concentration1°2124, When the
detected concentrations are low, such as 10° CFU/ml or lower, the intensities of the
detected Raman peaks often diminish and many of the peaks disappear from the
spectrum. As different cells commonly have very similar SERS spectra, an
incomplete spectrum makes it difficult to identify the specific bacterial cells from
other bacterial species, other microbes and from the sample media background.
The detection of the recorded bacterial cell spectra can be developed for low
bacterial cell levels by using pathogen-capture proteins for the identification of the
cells, while utilising SERS for the detection'?>. One way to identify the cells is to use
an antibody layer bound to the SERS substrate, as reported by Grow et al.1?¢
Although the cells can be successfully detected, the antibodies prohibit the direct
contact of cells with the substrate and create a separation distance which weakens
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the SERS signal.'?” Thus, this approach with planar SERS substrates can face
challenges with sensitivity. Another possibility for capturing bacteria is the use of
immuno-magnetic separation beads to bind the bacterial cells'?®12°, In this study,
the Listeria innocua ATCC 33090 cells were captured by using a commercially
available Dynabeads® anti-Listeria (Life Technologies (Invitrogen) 71006) IMS
separation kit. Prior to the IMS separation the L. innocua was cultivated in Listeria
Express Enrichment (LEE) Broth. The concentration was analyzed
spectrophotometrically and diluted into a concentration series in LEE Broth. The
IMS beads with bacteria were re-suspended into washing buffer for the SERS
detection. Before SERS detection the sample was dried into the hydrophobic PDMS
well on top of the polymer SERS substrate with the gold nanoparticles. Figure 13
shows a SEM image of the IMS beads thermally dried on top of SERS substrate.
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Figure 13. SEM image of the IMS beads thermally dried on top of the SERS
substrate (PAPER I1).

3.4 Yeast cell cultivation

The yeasts used in the study, Wickerhamomyces anomalus VTT C-02470 (C470),
Brettanomyces bruxellensis VTT C-05796 (C796) and Rhodotorula mucilaginosa
VTT C-89179 (C179), were all isolated from beverage production by VTT personnel
(http://culturecollection.vtt.fi). The yeast strains were taken from the culture
collection and grown on yeast-malt extract agar, YM-agar (Difco Laboratories,
Detroit, USA) at 25 °C for 2-4 days. Yeast cells were added in 0.9% physiological
saline buffer by using inoculating loops for sampling and precision scales for setting
the ratio of yeast mass and the saline. W. anomalus concentration used with
nanoparticle and power study was 8 - 107 cells/ml. The concentrations of W.
anomalus, B. bruxellensis and R. mucilaginosa yeast suspensions were 4 - 107
cells/ml during the final spectral acquisition with gold-silicon composite
nanoparticles (AuSi NC). 4 ul volume of each yeast suspension was dispensed
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inside sample wells on top of the SERS substrates and dried at 30°C as can be
seen from the pictures displayed in Figure 14.

Figure 14. Microscope images (Olympus BX-51) of yeast cells dried on top of SERS
substrate with AUNPs a) recorded with 20 X magnification and b) recorded with 40
X magnification. Image colours have been adjusted to green for better visual clarity.

3.5 Characterisation of the nanoparticles and SERS
substrates

The characteristics of several nanoparticles with different size, shape and
composition both in experimental state and as commercially available were studied
by using scanning electron microscopy (SEM) with a JCM-5000 (JEOL, Japan),
transmission electron microscopy (TEM) with an LEO 912 Q EFTEM (Zeiss,
Germany) and visible to near infrared (VIS-NIR) spectroscopy (Optronic
Laboratories, USA). The SERS substrate patterns shown in Figure 15 were
recorded with SEM.

EHT= 557k Signal A= InLens Date :18 Jun 2015 zE1ss) Signal A= InLens Date :18 Jun 2015
WD= §.1mm Mag= 2240KX Time 16:36:51 Mag= 380K X Time 165224

Figure 15. SEM images of the R2R fabricated SERS substrates (PAPER I).
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3.5.1 Scanning electron microscopy

Scanning electron microscopy is based on image construction from electron-sample
interactions rather than the photon-sample interactions used in conventional visible-
light microscopes. Because of the diffraction of light, conventional microscopes
have a theoretical limit of resolution of 200—250 nm with white light illumination. High
end SEM devices can reach a resolution from 1 nm to 2 nm*¥°, To produce the
image, electrons are generated with a heated filament and accelerated through
lenses and apertures to form a focused electron beam. The sample is mounted on
a stage and the electron beam is swept over the sample surface. The secondary
electrons, reflected and back scattered initial electrons are detected and they render
a highly magnified image of the sample surface. In addition to the higher
magnification and higher resolution, the SEM also has a large depth of field, creating
images with a three dimensional effect. In order to obtain a clear SEM image of the
sample, the reflection of the sample can be enhanced with a metal coating.3%:132

3.5.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is similarly based on detection of
electrons, but in TEM the electrons are transmitted through the sample specimen
and they interact with the sample as they pass through. TEM samples therefore
need to be thin in order to pass some of the electrons through. At smaller TEM
magnifications, as is the case with the metal colloids and IMS beads, the image
contrast is produced by the absorption of electrons in the sample, due to the
thickness and composition of the sample material. After transmission the image
generated by electrons is magnified by electromagnetic fields. 132133

3.5.3 Light absorption spectroscopy

Absorbance spectroscopy or spectrophotometry is based on measuring the amount
of light absorbed by the sample upon laser excitation. The sample can be a gas, a
liquid or a solid. The used wavelength generally ranges from 190 nm to 1000 nm,
and the sample is typically at room temperature.'3* The absorbed energy is usually
dissipated as heat after collisions between the excited molecule and the other
molecules before the excited molecule returns to ground state. In some cases, the
excited energy is dissipated as photon emission. In spectrophotometry, absorption
is mainly due to the possible spatial distributions of the electrons, and to a lesser
extent to the various modes of vibration of the molecule through the stretching and
bending of covalent bonds. Thus spectrophotometry can only give an indication of
the best resonance wavelengths for the Raman scattering.
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3.6 Experimental setups

3.6.1 R6G molecule detection

The compatibility of polymer microfluidic channels for small analyte detection with
SERS was studied by filling the integrated chip shown in Figure 11 with R6G
samples, deionised H,O serving as a reference. Reduced pressure was used for
transporting the samples from 2 ml vials to the SERS sensor chips with a Nexus
3000 syringe pump. A picture of the flow actuation is shown in Figure 16.

Direction of the flow

Flow meter

w SERS chip in the holder
under Raman microscope
Wy P

\/Syringe pump

Figure 16. The setup for R6G detection on polymer microfluidic channels (PAPER ).

Vial

The Raman microscope was focused through the polyolefin lid before each Raman
spectrum acquisition.

3.6.2 Microbial cell detection

Detection of microbial cells in liquid samples requires a close proximity of the cells
and the SERS enhancers. Additionally, both the cells and the SERS active agents
need to be within the focus depth of the Raman instrument. Detecting microbial cells
floating free in the solution can show low SERS enhancement, because most cells
are outside the best focus of the detection system. Furthermore, the reproducibility
and stability can be affected by micro-currents, generated by the evaporation of the
liquid, moving the light weight cells near droplet edges.'® This phenomenon is
known as the coffee stain effect. The flow of cells to the edges of the droplet can be
suppressed by the use of heavier IMS beads, which have higher stability with
respect to their location. A magnetic field created by a neodymium magnet under
the SERS sensor chip was used to accumulate paramagnetic IMS beads on the
surface of the SERS substrate. Figure 17 depicts a situation in which the L. innocua
ATCC 33090 cells are migrating to the SERS substrate due to the magnetic field
generated by the external magnet.
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Figure 17. A schematic of a magnetic field created by an external magnet pulling
the paramagnetic IMS beads on the surface of the SERS substrate. The arrows
show the direction of the IMS bead migration (PAPER Il1).
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4. Results and discussion

In this thesis, the detection of small molecules and microbial cells was studied with
disposable SERS substrates and gold nanoparticles using integrated polymer
sample reservoirs for sample control. The results of the experiments presented in
PAPER | — PAPER |V are described in this section.

4.1 Small molecule detection

4.1.1 R6G molecule detection with integrated microfluidic circuits

In order for SERS to become more common in the detection of molecules and
microbes, an SERS sensor should attain high sensitivity, ease of use and the
possibility for low cost per chip through industrial scale production. The conventional
fabrication of silicon-based sensors can be transferred to industrial scale, but the
requirement for disposability and large detection surfaces drives the cost of the
sensor so high that single use would be relatively expensive. The ease of use sets
additional requirements for the sample handling. For the SERS sensor to succeed,
disposable sample reservoirs need to be integrated to the SERS substrates. There
are studies reporting methods for low cost fabrication of SERS substrates, such as
inkjet printing of nanoparticles, patterning of PDMS with soft lithography and
sputtering of nanoparticle surfaces on polymer, but they have only rarely focused
on a sensor with integrated sample reservoirs.

In order to study the compatibility of SERS and optofluidic sensing of small
analytes, we integrated R2R UV-imprinted polymer SERS substrates with adhesive-
based microfluidic parts. The concept of the chip has been presented in Section
3.2.2. The whole sensor is polymer-based, with an addition of the evaporated thin
gold layer. This sensor can be patterned in industrial scale with low material costs.
The functionality of the integrated SERS sensor was studied with R6G as a model
analyte. The chip was first filled with DI water acting as a reference medium with
consecutive 1 mM R6G sample intake. The flow setup with pump-inflicted pressure
was presented in Section 3.6.1. The Raman spectra were detected using image-
mapping on top of the patterned SERS substrate and smooth gold area as the
Raman reference. The Raman spectra with subtracted water background are
presented in Figure 18 a) and b) with linear and logarithmic y-axis scales. The
distinctive peaks for R6G appear in the Raman shift area of 1100 cm to 1800 cm™.
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Figure 18. a) Raman spectra for ImM R6G sample on top of SERS substrate and
smooth gold. b) The detected spectra presented in logarithmic scale (PAPER I).

The collection of SERS scattering after laser excitation through a microscope
objective is dependent on the depth of focus of the system. The misalignment of the
focus was studied in order to determine the effect of focus alignment drift on the
signal intensities between trials. The laser beam was misaligned by focusing the
system to the bulk sample above the SERS substrate. As can be seen from the
results in Figure 19, raising the focus level above the SERS substrate affects the
signal level. This confirms that the signal is surface enhanced rather than a
conventional Raman surface. However, the level drops only to half with 100 pm
misalignment and thus smaller alignment drifts such as 5 - 10 um do not change the
levels dramatically.
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Figure 19. The effect of misalignment of laser beam focus on the signal levels of 1
mM R6G (PAPER I).

Polymer microfluidic circuits require a polymer lid between the SERS substrate

and the collection of the Raman scattering. Because polymers are Raman active,
the lid could disturb the SERS signal of the analytes in the channel. In order to
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demonstrate the effect of the polyolefin lid, the SERS response was measured with
diluted 10 pM and 100 pM R6G solutions. The polyolefin reference and the Raman
spectra for R6G samples are shown in Figure 20 a). Figure 20 b) shows the 10 uM
and 100 uM R6G spectra with polyolefin reference subtracted. The results show
that the polyolefin lid induces low Raman peaks. However, the effect of the lid can
be minimized by subtracting the reference spectrum from the R6G spectrums.
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Figure 20. a) The Raman spectra of R6G solutions compared to the polyolefin
reference (785nm laser, 40 mW power, 20 X objective and 30 s integration time) b)
The Raman spectra of R6G solutions with polyolefin reference subtracted. (PAPER 1)

The integrated microfluidic circuit permits the use of continuous flow, and thus
repeated sample and washing steps were used to study the dynamic abilities of the
sensor. With a planar optical sensing surface, the flow in a microchannel can have
a strong influence on the recorded signal. When the flow of the liquid is produced
by pump-inflicted pressure, the sample molecules arriving in the detection area
need to be in the near vicinity of the plasmonic surface in order to be detected. The
excited SERS signal originates from the sample molecules adsorbed onto the
detection surface. In smooth microfluidic channels the theoretical Reynold’s number
is 10 or below, with a flow velocity range from 25 pl/min to 1000 pl/min, indicating
laminar flow.36 The flow profile of the pressure-driven liquid with laminar flow in a
microfluidic channel is parabolic, meaning that the fluid has the highest velocity
gradient in the middle of the channel, and the velocity decreases as the observation
point moves nearer to the walls.

The forces between transport of a molecule in the flow depend on the original
placement of the molecule in the channel: in the middle, the convection (drift) is the
dominant force behind the transport, whereas in the region between the wall and
the middle convection and diffusion both have a role, and in the near vicinity of the
channel walls, molecules are transferred by diffusion. Since the flow velocity
approaches zero near the walls, transport of the sample molecules by convection is
negligible. The region is called the diffusion boundary layer. The molecule transport
has an effect on the signal construction through two phenomena: insufficient
molecule transport and slow diffusion in the boundary layer. In mass transport
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limited flow, transport of analytes to the sensor surface is so slow that the available
binding sites do not fill as fast as they could, because of the lack of molecules in the
vicinity of the surface, and the signal rise times are delayed. Whereas insufficient
molecule transport causes analyte depletion, the transport by diffusion in the
boundary layer delays the signal rise due to slow molecule transfer. As a net effect,
the molecules adsorbing to the sensor surface are detected with a delay when
compared to detection of the molecules in the main flow by other methods such as
fluorescence. The effect is dependent on the flow rate of the bulk flow, as the effect
of transport limitation decreases when flow rate increases. High enough flow rates
can transfer the molecules to the surface at the same velocity as the bulk flow, and
the measured signal reflects binding kinetics. Too high flow rates cause new
limitations due to the reaction kinetics of the analyte binding. This kinetic limitation
occurs when the binding rates are slow and bulk flow velocity is high. The analytes
are transported over the detection zone so rapidly that very few of them have
enough time to bind to the surface.

In this study, adsorption to the SERS surface occurred through van der Wall's
forces by physisorption. The effects of the flow dynamics on the optical SERS signal
in the integrated SERS sensor were studied with continuous flow and 0.5 mM R6G
solution in DI H2O. The fluid flow velocity was varied from 25 to 1000 pl/min. A
similar study was reported previously by Huttner et al. with a glass slide-based
optofluidic SERS chip using R6G molecules in ethanol with preceding and
subsequent pure ethanol cycles'®’. In our experiment, we focused more on the
dynamics of the optical signal response to the used flow velocity than on the relation
between sample concentration and signal intensity, as Hittner et al. reported. In
order to observe the net effect of diffusive molecule transport and mass transport
limitation to the SERS signal, the convective transport of the molecules by the bulk
flow was measured by fluorescence microscopy and the arrival of the molecules at
the detection surface with SERS. The signal increase on SERS surface was
detected without a dissociation phase, because the binding strength of R6G
molecules to the gold surface was strong and the detected signal did not decrease
to the original level during washing. A cleaning step was carried out by oxygen
plasma etching (5 min 300 W) between the flow runs. Baseline tilt of the Raman
spectrum was removed with linear fitting. Peak intensity for the main R6G peaks
(1188 cm?, 1310 cm, 1360 cm?, 1510 cm™ and 1600 cm™) was calculated and
averaged from 5 pixels. Change of the peak intensity as a function of time was
calculated. Results of the measured signals were normalized and the average
signal of 5 repeated measurements was calculated. The recorded average
fluorescence and SERS signals for the measured flow velocities are depicted in
Figure 21 a) and b) as a function of time.
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Figure 21. a) Fluorescence intensity as a function of time; b) SERS intensity as a
function of time. A linear function was fitted for the rising edge of signals. (PAPER 1)

Analysis of the signal rise times was made by fitting linear functions on the rising
edge of the fluorescence and SERS signals for the range of 10- 60% of the maximal
signal intensity. Figure 22 a) shows the comparison of the SERS signal rise times
and the fluorescence signal rise times. It is evident that the detected SERS signal
rise is slower than the fluorescence signal rise of the R6G with all velocities in the
study. The lag between the arrival of R6G molecules in the detection chamber by
convective flow and the diffusion and adsorption of R6G molecules on the SERS
substrate is approximately 40 seconds, as depicted in Figure 22 b). As predicted,
the lag time grows with slower flow velocities. This is due to insufficient molecular
transport to the diffusion boundary layer. The lag time settles for velocities higher
than 200 pl/min and the dynamics of the diffusion and surface adsorption become
constant. When planning SERS studies with bioanalyte samples and capture
proteins on the SERS surface, the influence of increasing mass transport limitation
with flow velocities less than 50 pl/min must be taken into account.
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Figure 22. a) The rise times for the SERS signal and the fluorescence signal
intensity; b) The lag time in signal rise between the SERS and the fluorescence
signal. (PAPERI)
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4.1.2  Hybrid SERS detection of R6G molecules

Using hydrophobic structures for sample confinement can assist in analyte
accumulation to achieve enhanced signal intensity. Drying a sample on top of SERS
substrate inside a hydrophobic sample well has the advantage of quick and easy
accumulation without the need for a cover lid disturbing the recorded analyte
spectra. Hydrophobic PDMS sample wells were integrated on top of SERS
substrate as described in Section 3.2.2, to study the detection of thermally dried
model analyte R6G. Although the SERS substrate was shown to have an
enhancement factor of 107 in a study with benzyl mercaptan (CsHsCH,SH) test
molecules®, the detection of microbial cells has a final requirement for detection of
very low cell counts on the scale of 10-10%, which can be difficult to achieve using
only SERS substrates. Acommercial SERS substrate (Klarite) similar to the polymer
fabricated substrate was used in the detection of Bacillus endospores and viruses,
but the spores had a rather high concentration as they were grown for 7 days prior
to detection’®® and the virus concentration was 105-107 PFU/mI*°, In order to
enhance the detection sensitivity with polymer substrates, a hybrid detection
method combining SERS substrate with gold nanoparticle plasmonic enhancement
was studied by drying 100 uM R6G sample on top of the SERS substrate with
subsequent drying of commercial 150 nm AuNPs in citrate buffer. The recorded
spectra for SERS substrate detection, AUNP detection on top of a silicon wafer and
hybrid detection are presented in Figure 23 a). From Figure 23 b) it can be seen
that the hybrid method increases the Raman peak intensity on average 21-fold when
compared to the Raman intensity of the AUNP and SERS substrate detection alone.
Hybrid detection also increased the complexity of the spectra.
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Figure 23. a) The recorded SERS spectra of 100 pM R6G sample detected with
SERS substrates, AUNPs and a hybrid method. b) Comparison of the Raman peak
heights detected with the hybrid method, SERS substrates and AuNPs.
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4.2 SERS detection of bacterial cells with IMS capture

Detection of microbial cells with the hybrid method differs from the situation
presented in Figure 23. The distance between SERS substrate, gold nanoparticles
and R6G molecules is smaller than the distance in the case of cell detection. The
smaller distance allows for the local plasmonic enhancement fields to couple more
effectively. In addition, the small size of the molecules allows them to fit inside the
pyramid wells and to experience a 3D plasmonic field. As depicted in Figure 7 in
Section 2.2, microbial cells cannot fit inside the 1 um pyramid wells and the size
difference affects the plasmonic field coupling. In this section the hybrid detection
method is applied to bacterial cells.

4.2.1  Optimisation of hybrid SERS detection of bacterial cells

The main objective of bacterial detection with the hybrid method was to develop a
simplified and affordable label-free detection of Listeria strains using polymer SERS
substrates. Listeria innocua was chosen as a model strain representing the food
pathogen Listeria monocytogenes. Listeria monocytogenes is difficult to control in
food production, as it tolerates a wide range of temperature and pH conditions. It is
the most common bacteria causing food poisoning and has a relatively high fatality
rate ranging from 20% to 30%°%. Typically, different Listeria strains have been
identified by the SERS method from highly concentrated samples, mostly in the
range of 107-10%° CFU/ml. The effect of the hybrid detection on the L. innocua
SERS response was studied with three different AUNPs, one set of small laser
ablated ultrapure AuNPs and 2 sets of synthesized AuNPs with different average
diameters. The ultrapure AuNPs lack the residuals of non-reacted reagents, by-
products, ions and surfactants often present in particle synthesis, and thus they
could show better biocompatibility with bacterial cells than the synthesized AuNPs.
The chemically synthesized AuNPs were chosen in order to observe the effect of
shape and size on the hybrid detection of bacteria.

The diameter and shape of the AUNPs were recorded with transmission electron
microscopy (TEM) using a LEO 912 OMEGA (Zeiss, Germany). The TEM images
are presented in Figure 24 with the corresponding size distributions and the UV-VIS
spectra of the AuNP. A fitting was applied to the size histograms with Gaussian
function in order to identify the median size of the AUNPs. The median diameter of
the small ultrapure particles was approximately 50 nm. The medium sized
synthesized AUNPs had a median diameter of 60 nm, with occasional large particles
of 90 nm. The larger synthesized AuNPs had 85 nm median diameter and a rod-like
shape. From the VIS-NIR spectra in Figure 24 g), it can be seen how the absorption
resonance shifts in the direction of the excitation wavelength (785 nm) as the
median size of the patrticles increases.
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Figure 24. TEM images of the different AUNPs: a) small ultrapure, b) medium and
c) large synthesized AuNPs, respectively. d) Corresponding VIS-NIR spectra for the
AuNPs. Size distribution histograms calculated from AuNP TEM images with
Gaussian fit for €) small, f) medium and g) large AuNPs. (PAPER II)

The enhancement ability of the hybrid detection with different AUNPs was studied
by dispensing 5 pl of bacterial sample and 2 pl of each AUNP solution into duplicate
PDMS wells integrated on top of the polymer SERS substrate. The recorded SERS
spectra are presented in Figure 25 a). The average intensity of the main Raman
peak, 737 cm, of the L. innocua detected with the AUNPs is presented in Figure
25 b). From the graph it can be seen that the synthesized AuNPs showed the
highest enhancement for a bacterial concentration of 5 x 105 CFU/ml. However, as
the larger synthesized AuNPs had the maximum absorption of their UV-VIS spectra
closer to 785 nm excitation wavelength and provided more consistent spectra, they
were chosen as the best candidate for hybrid bacterial detection. The results
presented in Figure 25 show that larger particles enhance the signal more than
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small ones in bacterial detection. The AuNP fabrication by physical ablation did not
benefit the detection by counterweighting the advantage of the size and the shape
of the particles.
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Figure 25. a) A concentration series of the IMS-bound L. innocua ATCC 33090 with
different AUNPs on top of polymer SERS substrate. The results are an average of
18 measurement points. b) SERS intensity of the L. innocua peak at 737 cm™ for a
cell concentration series with AuNPs on top of the polymer SERS substrate.
(PAPER II)
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4.2.2  SERS signal enhancement with bacterial cell capture beads

Detecting the SERS signal of bacterial cells in food matrix is challenging, as the
food produces complex Raman spectra and disturbs the detection. In order to
separate the bacterial cells from the growth media and to concentrate them for
detection, IMS beads described in Section 3.3 can be used. With SERS detection,
the IMS beads are often removed before detection or used as part of a customised
sandwich assay with SERS labels. To simplify the detection, L. innocua cells were
bound into commercial anti-Listeria Dynabeads and the bacterial spectra were
detected with the cells bound to the beads. Figure 26 a) shows a comparison of the
SERS detection of L. innocua cells with and without IMS beads. The bead capture
accumulates the cells around the bead and the effect of the accumulation
strengthens the detected SERS intensity. The signal intensity with beads was found
to be 20-fold stronger than the signal intensity recorded without the beads.
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Figure 26. The effect of IMS capture on the L. innocua ATCC 33090 SERS signal
intensity with synthesized AuNPs and polymer SERS substrate. (PAPER II)

In order to observe the effect of the hybrid detection on the SERS enhancement,
L. innocua cells captured with IMS beads were excited on top of silicon wafer with
AUNPs and on top of SERS substrate with and without AuNPs. The results of the
study are presented in Figure 27. The hybrid detection combining AuNPs and the
SERS substrate showed over 20-fold higher signal intensity than the SERS
substrate and gold nanoparticles alone. When the nanoparticle enhancement is
compared to the hybrid method with bacterial cell detection, the intensity has tripled.
Because the bacterial cells are large compared to the pyramid wells, they do not
experience 3D enhancement as the R6G molecules do, and the advantage of the
hybrid detection is smaller.
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Figure 27. a) IMS bound 1 - 107 CFU/mI L. innocua ATCC 33090 sample on top of
polymer SERS substrate, on top of a silicon wafer with large synthesized AuNPs,
and on top of polymer SERS substrate with large synthesized AuNPs. b) SERS
signal intensity for the main L. innocua 737 cm™ peak. (PAPER II)

In order to study the L. innocua specific Raman bands, bacterial samples were
dispensed inside the hydrophobic PDMS sample wells without thermal drying and
the SERS spectra were recorded by using 40 mW laser power and 20 X
magnification. The assumption was that the cells in liquid would undergo less
thermal stress during the SERS excitation and that the complexity of spectra would
be less affected than with the dried samples. Figure 28 a) shows the average SERS
spectra of 3 bacterial concentrations. 9 Raman bands originated from the bacterial
cells, and it can be seen that rest of the peaks in the spectra were caused by the
salts from the sample buffer and residuals of culture media. When comparing the
LEE broth and 0 CFU/ml sample shown in the graph in Figure 28 b), many of the
non-bacterial peaks appear to originate from traces of the LEE broth.
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Figure 28 a) SERS spectra of L. innocua ATCC 33090 samples with large
synthesized AuNPs on top of polymer SERS substrate with IMS bead capture. b)
Comparison of the SERS signals for the cultivation media, i.e. LEE broth, and the 0
CFU/ml sample. (PAPER 1)

4.2.3 Band assignments for L. innocua Raman peaks

The recorded L. innocua specific Raman bands are listed in Table 2 with tentative
assignments listed according to literature references. For the main Raman peak of
737 cm, several different assignments are listed in publications, including a
glycosidic ring, adenine or CH, rocking3®. Assuming that the bacterial cells are
intact during the detection, the presence of adenine on the surface of a gram-
positive bacterial cell would be unlikely. The outer wall structure of Listeria spp. has
a thick peptidoglycan structure rich in N-acetyl D-glucoseamine (NAG), and thus it
would be logical that the origin of the peak would be a glycosidic ring mode of NAG
rather than adenine.!®5140 The Raman bands in the range of 1300-1400 cm are
interesting because none of the three have been recorded with L. innocua or L.
monocytogenes in previous studies. A line 1331 cm™? associated with CH,
deformation was recorded with Listeria samples by Luo et al.'*. This line is near
the recorded line 1339 cm™. The shift of the line could be related to the use of silver
colloids instead of gold and a custom Raman instrument. Another possibility for the
association could be amide Ill, as proposed in an E. coli study by Vohnik et al. 4,
or it could be related to the aromatic amino acids tyrosine and tryptophan, as
suggested by Harz et al.%” Harz et al. also proposed a listing for a band near to the
second line 1374 cm?, which was associated with DNA. The last line of the group
1397 cm! could be related to symmetric deformation of CH3 group, which has been
reported for E. coli. 14?143
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Table 2. The nine Raman bands recorded for L. innocua ATCC 33090.

Detected Raman shift
. Tentative assignments Reference
lines (cm)
. Luo, Lin 200813
e _eme | Phenylalanine (skeleta) _ _ _ _ _. 13, Maquelin et al, 200244 _ _
glycosidic ring mode of D-glucoseamine Luo, Lin 200813, Cui et al.
SR (T A 2 (NAG), adenine or CHprocking _ _ 2015
.8 955 _ o _._ C-Nstretching_ _ _ _ _ _ _ _ Vohniketal 1998'
Fan, Hu 2011142, Chen et al
o_ue s C-Nand CCstretch (carbohydrates) 2018
. Liu, Chen 2007146, Lu, Al-Qadiri
ol 12304205 Amidelll_ _ _ _._._._ 2011 Maquelin etal. 200214
Deformation CH/Amide III/ signature of
adenpsine; monophosphate and ‘ Maguelin et al, 200014
guanosine monophosphate, aromatic Vohnik et al. 1998141
_._.1839 _ _ 1334/1339/1338 ¢ amino acids tyrosine and tryptophan_ _ __Harz, Rosch, Popp 20087 _
e o _asn ] DNA _ _ _ . _._._._._ HarzRosch Popp 2008
. . Fan, Hu 201114
1397 agoagey Symmetricdeformation of C groups Al-Qadiri, Lin 200843 _ _ _
. . Fan, Hu 2011142, Cui et al.
H_ defi | ' !
1450 1453 Cl A deformation (lipids) 2015145

When comparing the L. innocua Raman bands reported in publications, the
SERS spectra differ between different studies. Liu et al., among others, speculated
that this could be related to differences in bacterial growth conditions such as the
cultivation media and incubation temperature, or to the SERS parameters such as
excitation wavelength of the laser or the SERS enhancer metal.}46140 |n order to
test this hypothesis, the SERS spectra of L. innocua were recorded with two laser
excitation wavelengths and two SERS enhancers and the results were compared to
a literature reference'®. Figure 29 shows the L. innocua spectra for 3 different
SERS conditions. First the bacterial spectra were recorded using hybrid detection
with gold colloids on top of polymer SERS substrate and 785 nm continuous wave
(CW) laser excitation. In the second case, the same sample was detected on top of
a glass slide with silver colloids and pulsed laser excitation at a different wavelength
of 532 nm. The results are generally in agreement. They are also in agreement with
the third case published by Luo et al., employing silver colloids using 785 nm CW
laser excitation. In addition Kairyte et al.}*° used silver colloids with 1064 nm
excitation, with a similar outcome. According to this comparison there is no
connection between the variations in spectra and the SERS enhancer metal
(silver/gold) or the excitation wavelength.
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Figure 29. A comparison of three L. innocua SERS spectra: the literature reference
borrowed from a publication by Luo et al. (2008) measured with CW 785 nm laser
with silver colloid enhancers'®®; the spectra of IMS bound L. innocua recorded by
using a hybrid detection method with CW 785 nm laser excitation; and by using
silver colloid enhancers and pulsed 532 nm laser excitation. (PAPER II)

4.2.4 Improvement in the sensitivity of bacterial detection with sample
concentration

Thermal drying of the sample on top of SERS substrate concentrated the samples,
allowing more bacterial cells to be excited inside the laser beam area, and lowered
the detection limit when compared to liquid samples. However, when using 20 X
magnification the detection limit was around 10° CFU/ml. To further lower the
detection limit, the power of the laser was manually tuned down to 10 mW from the
earlier 40 mW and the magnification was changed to 40 X. Lower laser power
allowed the use of 40 X magnification without burning the dried specimen during the
measurement procedure. With dried samples, there is an issue of media traces and
buffer salts blocking parts of the bacterial samples, and the sample density was
reduced by using larger sample wells. Figure 30 a) shows the decline of the main
Raman peak with decreasing cell concentration. In the results, the Raman
intensities of the spectra were normalised by the background peak at 787 cm™. The
intensity of the main L. innocua peak as a function of cell concentration is presented
in Figure 30 b) on a logarithmic scale with an exponential fit. For the concentration
range below 10° CFU/mI, the relation between intensity and concentration was
found to be linear. The lowest limit of detection needs to be considered through the
deviation of the background signal generated by the sample matrix, because the
blank 0 CFU/mI sample exhibits a signal at 737 cm™.
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Figure 30. a) L. innocua concentration series for the determination of limit of
detection. b) An exponential function was fitted on the concentration series shown
in logarithmic scale. Additionally, a linear fit was made for the low concentrations.
c¢) Comparison of the 737 cm™ peak intensity for different concentration series of L.
innocua ATCC 33090. d) Comparison of three of the concentration series. All figures
are a mean of 9 measurement points with mean absolute deviations. (PAPER II)

For determination of the lowest limit of detection, a definition provided by
International Union of Pure and Applied chemistry, IUPAC, was applied. According
to the definition, the limit of detection (LOD) is defined as the lowest concentration
detected with reasonable certainty, and it can be derived from

LOD=k'5bi'5, (18)

where spi is the standard deviation of the blank samples, k = 3 is a factor for
confidence level provided by IUPAC and S is the slope of the calibration curve. S
can be defined as a ratio of the concentration change Ac and the Raman intensity
response Al:

S = Ac/AIYO (19)
By determining S from the linear fit shown in Figure 30 b), the LOD was calculated

to be 1.4 - 10* CFU/ml. The result can be confirmed by inspecting the concentration
series displayed in Figure 30 c) and d), where the deviations of the concentrations
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below 10* CFU/mI coincide with the deviations of the average blank samples. Thus
the samples with lower concentrations cannot reliably be detected. With this
detection limit the estimated detection time including pre-cultivation'5! (6 hours) for
10* CFU/ml cell concentration, IMS capture (15 minutes), sample preparations on
SERS chip (15 minutes), SERS detection (10 minutes) and data handling (5
minutes) is estimated to be 7 hours. Thus the hybrid SERS detection method with
Listeria specific IMS capture reduces the time needed for detection by 41 hours
when compared to the current official ISO 11290-1:1996/amd.1:2004 method.

4.25  The effect of capture beads on bacterial cell detection in liquids

The detection process could be developed further by utilizing the magnetic nature
of the IMS beads on the SERS substrate. Because detection of microbial cells in
liquid samples is highly dependent on the cells being in the near vicinity of the SERS
enhancers and surfaces and both the cells and the SERS active agents being within
the focus depth of the detection system'®?, accumulation of the cells into the
detection spot is of critical importance. Furthermore, when detecting a sample
droplet, micro-currents generated by evaporation of the liquid and shrinkage of the
droplet can cause repeatability issues.*3> The evaporation, enhanced by heat of the
focused laser-beam, causes micro-currents to move the cells towards the edges of
the droplet, where the signal can grow significantly higher than in the middle of the
droplet. This phenomenon is related to the coffee stain effect. Thus the use of
heavier objects, such as IMS beads to bind the cells, could have positive effects on
the spatial and temporal stability of cell detection with liquid samples and SERS.

The stability of the SERS signal for three cases, as a droplet on a surface without
and with IMS bead capture and confined in a PDMS well, are presented in Figure
31 a)-c), respectively. By using IMS bead capture the large average deviation, 44%,
of the main Raman peak at 737 cm™ shown in Figure 31 a) in a case without IMS
beads can be reduced to 13%. This could enable semi-quantitative detection due to
the improved signal stability and repeatability. But there are also other factors
affecting the detection of SERS signal from a droplet. Dispensing a droplet with a
constant shape and a similar footprint repetitively can be challenging, and the lens-
like shape of the droplet can affect the correct focus depth and the signal capture of
the scattered Raman photons. By confining the sample droplet into a hydrophobic
sample well, the repeatability of the detection can be increased. The result in Figure
31 c) shows that the average deviation can be decreased with integrated sample
wells.
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Figure 31. Average deviation of L. innocua spectrum recorded with gold colloids
and SERS substrate from a) a 6 pl droplet of 10° CFU/ml L. innocua, b) a 6 pl droplet
of 108 CFU/mI L. innocua with IMS bead capture and ¢) 10° CFU/ml L. innocua
bound to IMS beads inside a PDMS well. (PAPER IIlI)

The effect of time on the migration of the IMS bead bound bacterial cells to the
SERS substrate by gravity was studied for 3 cell concentrations. Figure 32 shows
the temporal growth of the SERS signal of the main Raman peak, 737 cm™, as a
function of time. The bead accumulation is evident even after 20 minutes of waiting
time. During this waiting time, the IMS beads slowly accumulate to the SERS
substrate and to the focus depth of the Raman system. The migration of the beads
adds temporal variance to the signal and delays recording of the maximal signal
intensity. The intensity relation of 10-108 CFU/ml bacterial concentrations detected
after a 10 minute waiting time are presented in Figure 32 a)—d).
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Figure 32. SERS signal growth of IMS-captured L. innocua cells with different
concentrations as a function of time. The slow migration of the heavy IMS beads to
the surface of polymer SERS substrate increases the signal intensity of a) 10°
CFU/ml L. innocua sample, b) 107 CFU/mI L. innocua sample and c) 108 CFU/mlI L.
innocua sample. d) Relation of the intensity of the main Raman peak at 737 cm™ as
a function of sample concentration after 10 minutes of migration. The spectra were
smoothed with a Savitsky-Golay function. (PAPER III)

The migration of beads to the SERS substrate can be accelerated by employing
the paramagnetic property of the IMS beads. A neodymium magnet was placed
under the SERS substrate prior to sample dispensing. Figure 33 shows how the
magnetic field enhances the bead migration.
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Figure 33. SERS signal of IMS-bound L. innocua samples a) without and b) with a
neodymium magnet placed underneath the SERS chip. The neodymium magnet
placed underneath the SERS chip clearly forces the beads to accumulate faster to
the bottom of the hydrophobic sample well. Sample concentration: 106 CFU/ml. A
Savitsky-Golay function was used for spectrum smoothing. (PAPER III)

The increase of signal intensity reaches saturation point within 2 minutes of
sample dispensing. The results for the increase of the SERS signal intensity as a
function of time with and without magnetic field are presented in Figure 34. After the
highest signal intensity is reached, the signal intensity changes only 4.9%. The
decline of the signal after 2 minutes is attributed to local heating of the detection
spot and to the degrading effect of the local heating on the bacterial cells. Without
the magnetic field, the signal does not reach the saturation point during the 10
minute trial and grows steadily at a constant rate of 2.5%/minute. The results of the
study show how the IMS beads can reduce both the temporal and spatial signal
deviation, and concentrate the bacterial cells evenly into the focus depth and into
the focal point of the laser beam.
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Figure 34. Change in the SERS signal intensity of L. innocua samples as a function
of time, recorded with and without a magnetic field. Sample concentration was 108
CFU/ml. (PAPER Ill)

4.3 Yeast cell discrimination with SERS detection

Spoilage yeasts are an expensive problem for the beverage industry, due to off-
flavours caused by the metabolic end products of yeast cells'53-155, Although certain
yeasts are obviously needed in the brewing process and they can have an important
role in forming the specific taste of the beverage!!>156, others can spoil the final
product. Sometimes the spoilage is evident as exploding cans or as a cloudy, re-
fermented appearance, but often it is only observable in the taste of the product, as
it takes up to 10 000 cells/ml to change the appearance of the drink. The presence
of a few cells of a specific spoilage yeast at any stage of the manufacturing process
can cause quality defects that are perceptible to the consumer. In the beverage
industry, microbiological quality is controlled by plate cultivation techniques, which
are laborious and last typically 5-7 days. Plating rarely distinguishes between
spoilage and harmless strains and requires DNA sequencing or morphological and
physiological testing to identify the organisms!®3-155157 SERS could be a suitable
identification method for yeasts, as it enables rapid detection, has the possibility for
multiple simultaneous analyses and is not prone to the contamination of samples
by other microbes or DNA in the laboratory4.

Detection of yeast with SERS substrates alone can be difficult, because yeasts
are relatively large organisms, having a diameter from 4 to 10 um. The SERS signal
excitation is limited to the area of the yeast in the near vicinity of the SERS surface,
thus extending only on one side of the yeast cell. As a consequence, in studies
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reported previously the yeast cells are detected by using metal nanoparticles
adsorbed around the yeast cell. Several research groups have studied the detection
of yeasts by SERS?>1%8-161 The research has mainly focused on characterization
of different yeasts with suspensions of silver colloids incubated with the cells by
focusing on single cells or small clusters of cells with highly magnifying
opticstt2158.159.161-163 Syamala et al. discussed the difficulty of obtaining repeatable
SERS spectra with silver colloids incubation, as the adsorption of colloids to the
proteins of the cell wall is affected by several factors such as the flexibility/mobility,
accessibility, polarity and the exposed protein surface!®l. Saccharomyces
cerevisiae has been the most commonly used yeast in SERS research. Of the
beverage spoilage species, Rodriguez et al. have studied the Raman signals of wine
spoilage yeasts including Saccharomyces cerevisiae, Zygosaccharomyces bailii
and Brettanomyces bruxellensis (B. bruxellensis), but the study was not able to
detect complex SERS spectra with multiple Raman bands for different yeast
species!!4,

In this study three yeasts, including two beverage spoilage yeasts
Wickerhamomyces anomalus (W. anomalus) and B. bruxellensis, and a control
yeast, Rhodotorula mucilaginosa (R. mucilaginosa), were detected with a hybrid
detection method. Nanoparticle incubation with yeast cells before detection was
avoided, in order to record spectra with less variance due to differing colloid
adsorption. The beverage spoilage yeasts, W. anomalus and B. bruxellensis, are of
interest as they produce volatile compounds which cause off-flavours in wines,
beers and soft drinks!®*. Brettanomyces bruxellensis, also known as Dekkera
bruxellensis, can produce acetate-esters which develop an acetic taste in beers and
undesirable flavours in soft drinks.'%® Rhodotorula mucilaginosa is used as a control
yeast for testing the hygiene of the manufacturing facilities. It produces red/pink
coloured carotenoids, which cause a characteristic pink appearance!®®, and it has
not been associated with spoilage of the final products?6”.

4.3.1 Optimisation of hybrid SERS detection of yeast cells

Yeast detection with the hybrid method was developed by analysing the suitability
of different nanoparticles for the signal enhancement of 100 uM R6G solution and
yeasts with the hybrid detection. The palette of NPs included star-shaped AuNPs,
commercially available AuNPs and gold-silicon nanocomposite (AuSi NCs)
particles. The size and shape of the nanoparticles was studied with light
spectroscopy and transmission electron microscopy (TEM) imaging. TEM imaging
showed that the NPs of the study had a spherical basic shape as shown in Figure
35 a)—g). Figure 35 a) shows how star-shaped AuNPs have additional sharp spikes,
which can create SERS hotspots. The AuSi NCs shown in Figure 35 b) have a few
larger particles in the midst of the small ones.
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Figure 35. TEM images of the nanoparticles including a) Star AuNPs with an
average diameter of 79 nm with spikes excluded, b) AuSi NCs with an average
diameter of 16 nm, ¢) 10 nm AuNPs in citrate buffer, d) 80 nm AuNPs in citrate
buffer, €) 150 nm AuNPs in citrate buffer, f) 200 nm AuNPs in citrate buffer and g)
150 nm AuNPs in PBS buffer. (PAPER IV)

The light absorbance was used as an indication of the best excitation resonance
wavelength band for SERS. According to the VIS-NIR spectra shown in Figure 36,
star AUNPs and 200 nm AuNPs in citrate buffer absorb best at 785 nm wavelength,
whereas the smallest particles have lowest absorbance at this wavelength.
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Figure 36. The resonance maxima for the analysed nanoparticles recorded with
light absorption spectroscopy in the VIS-NIR range. (PAPER V)
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The SERS enhancement with hybrid detection was first studied by detecting
Raman active R6G molecules. Figure 37 shows the comparison of SERS intensities
of 100 uM R6G detected with different nanoparticles on top of SERS substrate. The
results show how the 150 nm and 200 nm spherical AuNPs show the highest R6G
peaks. The highest intensity was recorded with 150 nm AuNPs in PBS, but the
peaks have a high background, possibly originating from the PBS buffer. As a high
background can overflow the signal of the microbial cells, PBS buffer does not
appear to be suitable for yeast detection with the hybrid method. The star AUNPs,
with the best light absorbance, do not exceed the other AUNPs as SERS enhancers.
They show similar signal intensity to that of the 80 nm particles. This could be related
to the surface properties of the star AUNPs, which have polymer PVP ligands on
their surface. The results also reveal the good enhancement ability of the small AuSi
NCs. Although much smaller in size (16 nm), they show similar enhancement ability
to that of the 80 nm particles. This could be related to the bare surface of the AuSi
NCs allowing excellent contact of the particles with sample molecules. The 10 nm
particles did not enhance the signal with SERS substrate. From the results, we can
see that the AuNP buffer can affect the detection and that the citrate buffer is
preferential to the PBS buffer.
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Figure 37. R6G SERS spectra recorded with hybrid detection adding sample and
nanoparticles on top of SERS substrate. The results were averaged from 30
measurement points recorded from duplicate samples. (PAPER V)

4.3.2  Detection of W. anomalus with a hybrid SERS method

In SERS detection the heat of the laser power can damage the biological cells under
detection even at NIR wavelengths''3160, The amount of local heating also depends
on the state of the sample, either dried or in liquid form. As the nanoparticle
incubation can affect the detected spectra, the aim of this study was to detect the
cells in thermally dried state with NIR excitation wavelength and low excitation
power in order to avoid causing excess thermal damage to the cells. The SERS



spectra for W. anomalus with different laser powers and integration times were
recorded to study the relationship between the energy used and SERS spectra
construction. Figure 38 a) shows the relationship of the average intensity of the main
Raman peak 738 cm™ to the used laser power. Low laser power requires a long
integration time to distinguish characteristic peaks for the yeast. On the other hand,
20 mW and 34 mW laser power begin to degenerate the cells, and the characteristic
Raman peaks such as the peaks at 738 cm™ and 967 cm™ are becoming weaker,
as can be seen in Figure 38 b). The main Raman peak 738 cm is not visible any
more with 34 mW power. 12 mW power shows the highest peak intensity with a
suitably fast 30 s integration time.
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Figure 38. a) SERS spectra of W. anomalus detected with hybrid detection and
different laser powers and integration times. b) The peak height for the Raman peak
738 cm™ as a function of energy. The hybrid detection was performed using 150 nm
AuNPs in citrate buffer on top of SERS substrate and the average result was
calculated from 15 points measured per laser power. (PAPER 1V)

The detected W. anomalus spectrum is assumed to originate from the yeast
cells of the sample, but this requires additional confirmation as the culture medium
can excite peaks at the same wavelength range as the yeast cells. To confirm the
origin of the peaks, the effect of yeast cell concentration on the SERS signal was
recorded with 150 nm AuNPs in citrate buffer. The graphs in Figure 39 a) show how
the Raman peak intensity grows with higher sample concentration. Figure 39 b)
shows the SERS spectra of the 3 - 108 cells/ml sample and the spectra of the buffer
(0.9% physiological saline) solution. From the results, it can be concluded that the
peaks originated from the yeast.
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Figure 39. a) SERS spectra detected with a hybrid detection method for W.
anomalus with two cell concentrations and a sample containing the sample matrix
(0.9% physiological saline and AuNPs in citrate buffer). The average SERS spectra
were calculated from 30 points measured from duplicate samples using 12 mW
power and 30 s integration time. (PAPER V)

4.3.3 Optimisation of the hybrid SERS method for W. anomalus

The hybrid detection was used to detect W. anomalus spectra using 10 mwW
excitation laser power and a reduced integration time of 15 s to ensure minimal
thermal damage to the yeast cells. The SERS response recorded with different
nanoparticles can be seen in Figure 40. The SERS substrate alone or with 10 nm
particles cannot enhance the Raman scattering enough to form a SERS spectrum
on its own with 107 cells/ml samples. Similarly, the star AUNPs show low signal
intensity without characteristic peaks. This result is contradictory to the R6G
molecule detection, in which star AUNPs showed a clear signal similar to the 80 nm
particles. A possible reason for this could be the PVP coverage of the star AUNPs.
The PVP surface appears to have a stronger influence on microbial cells than the
R6G molecules and thus the contact of the nanoparticles with the yeast cells is
hindered and the Raman signal is suppressed.

The 80 nm, 150 nm and 200 nm nanoparticles in citrate buffer show a 738 cm*
peak for W. anomalus. The SERS spectrum of 150 nm AuNPs is more distinct than
the spectra of 80 nm or 200 nm AuNPs. The higher absorption seen in light
absorbance for 200 nm particles does not produce a higher SERS intensity with
yeast samples. The AuNP buffer affects the SERS spectra as the PBS buffer of 150
nm particles prevents the yeast detection. This could be due to the Raman signal of
the PBS salts. By replacing the PBS with DI water (Raman neutral medium), the
background signal is less disturbing, but the intensity of the detected spectra is still
lower than that recorded with similar AUNPs in citrate buffer. AuSi NCs show a better
compatibility with SERS detection of yeast than they do with R6G detection. The
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spectrum detected with AuSi NCs shows the lowest background signal for W.
anomalus, and in this respect could be well suited for yeast detection.
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Figure 40. SERS spectra of W. anomalus detected using hybrid detection with
different nanoparticles. The average SERS spectra were calculated from 30 points
measured from triplicate samples. (PAPER 1V)

The sensitivity of the SERS spectra of W. anomalus was enhanced by
increasing the NP concentration. The concentration was doubled by concentrating
the particles of 1 ml AuNP solution to the bottom of a vial by centrifuging and
removing 500 pl of the supernatant. The effect of the higher NP concentration on
the SERS signal construction is presented in Figure 41. A double increase in
nanoparticle concentration increases the intensity of W. anomalus SERS signal by
a factor of 3.1. The signal increase is 1.5 times the amount of added SERS
enhancers. The high increase could be due to large numbers of AUNP molecules
attaching to the single yeast cell wall in the near vicinity of each other, creating areas
of higher electromagnetic field intensity. Furthermore, higher concentration in the
AuUNP liquid before dispensing can cause nanopatrticle aggregation, which in turn
increases the signal intensity. 168169
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Figure 41. SERS spectra of two W. anomalus samples in 0.9% physiological saline
recorded with hybrid detection using AuSiNCs. The SERS spectra were averaged
from 30 measurements recorded from triplicate samples using 30 s integration time.
(PAPER IV)

4.3.4  SERS detection and discrimination of different yeast strains

The SERS spectra of W. anomalus, B. bruxellensis and R. mucilaginosa were
detected with hybrid detection using the concentrated AuSi NCs. The yeast spectra
were detected from thermally dried samples with subsequent addition of AuSi NC.
Figure 42 shows the recorded SERS spectra with the buffer solution reference.
Several Raman bands can be distinguished for each yeast. The control yeast R.
mucilaginosa showed 7 characteristic bands, whereas the spoilage yeasts W.
anomalus and B. bruxellensis showed 4 peaks. The buffer SERS spectrum has
been subtracted from the spectra of the yeasts.
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Figure 42. Hybrid detection with AuSi NCs and polymer SERS substrate of a) 0.9%
physiological saline, b) W. anomalus, c) B. bruxellensis and d) R. mucilaginosa. The
SERS spectra are an average of 30 points measured from triplicate samples. The
baseline of yeast spectra was subtracted. (PAPER V)

The recorded Raman bands from the spectra of Figure 42 are presented in
Table 3. The yeast cell wall contains 25% helical b(1-3) and b(1-6)-D-glucans, 25%
oligomannans, 20% protein, 10% lipids, and some chitin. The proteins of the wall
are mainly mannoprotein complexes2, The W. anomalus Raman spectra, with four
characteristic peaks at 738 cm, 967 cm, 1322 cm™* and 1399 cm%, have not been
studied previously. The possible band assignments are related to C-S bond and C-
N stretch, and to protein and lipid bands. The SERS spectra of W. anomalus have
features similar to those of Candida albicans spectra'®?. The spectra of B.
bruxellensis had Raman bands at 735 cm, 920 cm?, 1319 cm™ and 1472 cm™?
Raman shifts. Although the bands for W. anomalus and B. bruxellensis were in
similar regions, they were slightly shifted. The band assignments for B. bruxellensis
are related to sugars, proteins and lipids. The Raman bands of R. mucilaginosa can
be compared to the peaks reported earlier with Raman microimaging?*317° and
SERS active silver coated glass fibre tips'®®. The detected bands for R.
mucilaginosa originate from polysaccharides, lipids and hemoproteins. The cell wall
structures responsible for the recorded peaks are listed next to the band
assignmentst°,

The characteristic Raman bands 1001 cm™, 1151 cm*and 1508 cm™, described
in previous studies of R. mucilaginosa carotenoids'®, do not show in the recorded
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spectra. This could be due to the fact that the NIR excitation does not match the
carotenoid absorption spectrum. Although NIR can be preferable with microbial cells
due to reduced thermal damage when compared to the SERS detection with visible
wavelengths, NIR suppresses carotenoid bands, as can be seen from one study
with Micrococcus luteus cells!'3, Although the carotenoid peaks are absent, R.
mucilaginosa excites Raman peaks which can be used for yeast discrimination.

Table 3. Raman band assignments according to a study by Sayin et al. 2 for the
detected yeasts W. anomalus, B. bruxellensis and R. mucilaginosa and a reference
biomolecule listing for R. mucilaginosa by Pacia et al*™°,

Raman W. anomalus B. bruxellensis R. mucilaginosa Study by Pacia et al 170
band
488 Polysaccharides Outside detection range
735/ Adenine from Adenine from
738 flavin, flavin, C=S, N-
C-S, N-acetyl- acetyl-D-
D- glucosamine

glucosamine

920 Glucose
967 C-N stretch
1133 Lipid Hemoprotein, cell wall
1218 Amide Il Hemoprotein, cell wall
1319/ C-H bend C-H bend protein C-H bend protein Lipid or hemoprotein, cell
1322 protein wall
1399 CH2 bend
(protein, lipid)
1431 CH2 bend (protein, Lipid, cell wall
lipid)
1472 CH_2 bend (protein,
lipid)
1584 N-H, C-H bend, C=C Lipid, cell wall
stretch
1625 Tyrosine, tryptophan Hemoprotein, cell wall

The results of this study show that the hybrid detection method can be used for
discrimination of W. anomalus, B. bruxellensis and R. mucilaginosa. The recorded
Raman spectra contain peaks which are clearly shifted from each other. The yeasts
were detected from relatively high concentrations (107 cells/ml) in 0.9%
physiological saline, but the method could be implemented for detection of lower
cell counts by utilising chemometric data analysis!’*'7> and additional cell
accumulation methods such as filtration73,
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4.4 Future work

The current SERS detection of biomolecules and microbial cells requires bulky
laboratory Raman apparatus commonly attached to a microscope for the excitation
and recording of the signal. This restricts the use of SERS detection in the field,
especially in harsh environments. Although with conventional Raman detection
there are many hand held devices on the market, a compact module for SERS
detection has hitherto been lacking. This situation might change in the near future,
as a new SERS detection module was recently launched with a line of compatible
single use SERS substrates'’. These substrates have been fabricated with
nanoimprinting technology and are thus similar to the substrates studied in this
thesis. The detection of samples in the device requires drying of the sample for the
SERS analysis, but as shown in this thesis, that is not necessarily a problem for
microbial cell detection. In future, this type of devices can change SERS from a
laboratory research tool to a more flexible in-field diagnostic tool. However, the
efficiency of the signal collection, level of the dark current and the overall device
performance with analytes, which are weaker Raman scatterers even with SERS
enhancement, limit the fields which can utilise the on-field SERS.

In future, the hybrid detection method could be tested with integrated SERS
modules for microbial cell detection. This would indicate whether the low analyte
levels required in environmental monitoring and food diagnostics are achievable
with the new portable SERS modules. Another path towards easily operated SERS
devices would be the fabrication of single use sensors which integrate a disposable
substrate with disposable microfluidic circuits. This would require extensive
screening for materials which have a minimal impact on the Raman signal, either
through non-scattering composition or the ability to produce thin material layers
causing minimal disruption of the spectra. Although in this study it was possible to
discriminate 3 yeasts from each other, the positive identification of microbial cells
grown in different conditions can be challenging. In practice, SERS often requires a
supplementary method for the cell identification. An interesting study for the future
would be the detection of microbial cells with a sandwich assay combining IMS bead
binding and gold nanoparticles with antibody coating. It would be beneficial if the
gold nanoparticle surface were covered with short capture proteins such as fab-
fragments or nanopods in order to shorten the distance between the cell surface
and the SERS enhancer. This arrangement with a short incubation step, possibly
inside a microfluidic circuit, could enhance the detected SERS signal and make the
SERS detection applicable in many areas needing biological sensing.
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5. Summary

In this thesis, R2R patterned SERS substrates were integrated with microfluidic
sample handling systems and hydrophobic sample chambers for molecule and
microbial cell detection. The aim of the work was to develop a sensitive SERS
detection method utilising an integrated sensor platform meeting the criteria for a
disposable low cost device with the possibility for high throughput manufacturing.
The suitability of a new hybrid SERS detection method was studied with R6G
molecules and microbes by combining nanoparticles with polymer SERS
substrates.

The R6G molecules were used for the validation of a polymer adhesive based
fluidic circuit integrated with patterned polymer SERS substrate. The effect of the
polyolefin lid on the R6G signal was minimised by reference spectra subtraction.
The detection of SERS signal of the R6G molecules was compared to the detection
of R6G molecules by conventional fluorescence detection. The study showed that
the migration and adsorption of analyte molecules to the SERS sensor surface from
the bulk flow caused over 40 seconds delay for the detection of the R6G. A flow of
less than 50 pl/min velocity caused mass transport limitation and created an analyte
depletion zone near the sensor surface. The presented fabrication method for the
microfluidic SERS chip shows potential for production of disposable strips for
analytical applications.

The polymer substrates with hydrophobic sample wells were applied for bacterial
cell detection with the hybrid method combining the SERS substrates with gold
nanoparticle enhancement. The suitability of several nanoparticle types was
analysed for Listeria innocua detection. The results of this study provide new
insights into Listeria diagnostics. The cell concentration using immuno-magnetic
separation beads proved to be beneficial, due to enhancement of the signal intensity
by a factor of 10. The use of thin hydrophobic PDMS wells for sample preparation
enabled controlled sample deposition and reduced the signal intensity deviation.
The limit of L. innocua detection was determined to be in the range of ~10* CFU/ml,
shown for the first time for label-free gold enhanced SERS. In addition, the spatial
and temporal stability of SERS detection of bacterial cells in liquid was studied with
IMS bead capture and hydrophobic sample wells. The IMS bead capture of cells
improved the spatial signal stability by 35% when the bacterial cells were placed
into a confined area of the sample well. The temporal stability was affected by
gravity-assisted concentration of the IMS beads inside the sample well. Sample
stabilization took 10-20 minutes to reach saturation with gravity-assisted migration.
However, by using a magnetic field as an IMS bead attractor, the saturation time for
sample stabilization was reduced to less than 2 minutes. Besides producing
reproducible and more reliable SERS results, this method enables quicker and more
straightforward laboratory testing.

The detection of three yeast strains, W. anomalus, B. bruxellensis and R.
mucilaginosa, was studied using the hybrid detection method. The study revealed
that thermally dried yeast cells can be clearly discriminated with near-infrared

70



excitation without the need for chemometric calculations. The hybrid detection with
different AUNPs showed that the effect of the AUNP buffer on the acquired SERS
spectra can cause overflow of the Raman lines. It is not trivial which buffers are
used in biological cell detection using SERS. In addition, when detecting microbial
cells, the surface coatings of the AuNPs, such as the PVP cover of the star
nanoparticles, can critically decrease the SERS enhancement efficacy. 150 nm
spherical gold nanoparticles in citrate buffer and ultrapure composite nanoparticles
were best suited for the SERS detection of yeasts. AuSi composite particles were
used for detection of W. anomalus, B. bruxellensis and R. mucilaginosa and
distinctive spectra were recorded. The developed SERS detection method provides
a simple and straightforward yeast discrimination tool, in particular for the food and
beverage industry.

The results discussed in this thesis offer different methods for the construction of
a polymer-based SERS optofluidic sensor chip. The sensor can be used for the
detection of small molecules adsorbed to the surface or for detection of microbial
cells bound with capture beads. Since the sensor has low cost and is suitable for
single use, it shows promise as a tool for analyte detection in environmental
monitoring, security and food safety.
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We present a polymer-based optofluidic surface enhanced Raman scattering chip for biomolecule detection, serving as a disposable sensor
choice with cost-effective production. The SERS substrate is fabricated by using industrial roll-to-roll UV-nanoimprinting equipment and
integrated with adhesive-based polymeric microfluidics. The functioning of the SERS detection on-chip is confirmed and the effect of the
polymer lid on the obtainable Raman spectra is analysed. Rhodamine 6G is used as a model analyte to demonstrate continuous flow
measurements on a planar SERS substrate in a microchannel. The relation between the temporal response of the sensors and sample flow
dynamics is studied with varied flow velocities, using SERS and fluorescence detection. The response time of the surface-dependent SERS
signal is longer than the response time of the fluorescence signal of the bulk flow. This observation revealed the effect of convection on the
temporal SERS responses at 25 pl/min to 1000 pl/min flow velocities. The diffusion of analyte molecules from the bulk concentration into
the sensing surface induces about a 40-second lag time in the SERS detection. This lag time, and its rising trend with slower flow velocities,

has to be taken into account in future trials of the optofluidic SERS sensor, with active analyte binding on the sensing surface.
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1 INTRODUCTION

Optical biosensing is a diverse and evolving research field
aiming for simplified and high-sensitivity diagnostic tools for
the detection of biologicals/chemicals in environmental mon-
itoring, medical analysis, food safety, and security. In partic-
ular, label-free approaches are interesting since they do not
require label molecules to be added, which could disturb the
binding event, non-specifically adsorb to the surface and com-
plicate the process with extra cleaning steps. This has moti-
vated the development of label-free optical sensor technolo-
gies, including interferometric, resonant-cavity, photonic crys-
tal, surface plasmon resonance (SPR), and surface-enhanced
Raman scattering (SERS) sensors [1]-[3].

Polymer materials are particularly attractive in optical sens-
ing because of their ability to be processed rapidly and cost-
effectively with high yields. Polymers attain a large number
of good optical properties, including high optical transmit-
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tance, versatile processability at relatively low temperatures,
and the potential for low-cost mass-production. UV lithogra-
phy has been widely used in the fabrication of conventional
optical devices. The resolution obtained with this technique
is limited by the effects of wave diffraction and scattering.
Compared with conventional techniques, UV-imprint lithog-
raphy is easy to perform, requires low-cost equipment, and
can provide high-resolution nano-scale features down to sub-
10 nm. UV-imprint lithography is performed by pressing a
mould onto a UV-sensitive precursor resin coating on a sub-
strate, and by curing under UV light, a replica of the mould
is formed. The process takes place at room temperature and
does not require high pressure during the imprinting process.
Quite recently, new fabrication methods have been developed
for the UV-imprinting of optical nanophotonic sensor struc-
tures with industrial roll-to-roll devices [4].
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The integration of polymeric optical sensor structures with
microfluidic sample-handling circuits enables the fabrication
of fully polymer-based optofluidic biosensors. In optofluidic
sensors with planar sensing surfaces [5], the detection of an-
alytes from the bulk sample relies on the transport of the
analytes to the detection area and to the detection surface.
Since the concentration of the analytes in the sample solu-
tion is typically low and the diffusion of the molecules is
slow, the used detection method has to be sensitive in order
to detect and quantify the molecules. SERS is an attractive
method for the detection to meet these requirements. It does
not only have high detection sensitivity, in some cases even in
the range of a few molecules [6]-[9], but it also has an abil-
ity to identify the analytes through specific Raman spectra.
The Raman spectra consist of the inelastically scattered light
of the medium under inspection. The detected spectral lines
act as individual features of the sample and can distinguish
the sample contents. The sensitivity of the SERS detection is a
result of interaction between metal substrates or colloids and
the incident light. Surface plasmons of metal enhance the Ra-
man scattering mainly through electromagnetic enhancement
mechanism, but in some cases chemical enhancement due to
chemical bonds between molecules and metal can also play
a part in the phenomenon [10]. The enhancement factor has
been proved to be even as high as 101 for a bunch of ag-
gregated metal colloids and commonly around 10° -107 for
metal substrates. Although the enhancement induced by the
colloid aggregates can be stronger than the signal strength ac-
quired with metal substrates, the repeatability of the signal
response is worse. A similar problem exists with randomly
ragged metal substrates [11]. During the last decade the re-
peatability issue has been tackled by fabrication of more con-
sistent planar SERS surfaces [12]-[16]. These surfaces have
plasmonic elements with a defined shape, leading to a more
uniform enhancement effect. Consistent solid SERS surfaces
have inspired the idea of an optofluidic SERS chip, and this
has raised wide research interest in the last 10 years [17].

The current aim of a disposable optofluidic sensor requires
new fabrication methods and parting from the conventional
fabrication of silicon-based sensors. There are a couple of re-
cent studies focusing on low-cost approaches such as soft
lithography. In the study by Liu et al., polydimethylsiloxane
(PDMS) patterning was utilised in the fabrication of SERS
structures with an integrated glass microfluidic circuit [18].
Lamberti et al introduced an all-PDMS-based system in which
the SERS structures were fabricated by sputtering nanoparti-
cles on PDMS [19]. However, the industrial-scale production
of consistently and accurately patterned PDMS is still quite
difficult.

In this work, we introduce an optofluidic sensor, which com-
bines polymeric roll-to-roll nano-imprinted (NIL) SERS sur-
faces with adhesive-based microfluidic parts. According to the
previous study with a benzyl mercaptan (C¢HsCH,SH) test
molecule on top of the R2R fabricated SERS structure without
fluidics integration, the used SERS surface can provide up to
107 a enhancement factor with good reproducibility (5%) [4].
A SEM image of the R2R patterned SERS surface and a close-
up picture of one pyramid-shaped well are shown in Figure 1.
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FIG. 1 a) Close-up picture of the pyramid-shaped well of the R2R fabricated SERS
surface; b) A top picture of multiple SERS patterns.

The combination of a UV-imprinted SERS surface on plastic
and polymer microfluidics makes the whole sensor polymer-
based, with an evaporated thin gold layer as the only ex-
ception to the rule. This disposable sensor is suitable for
industrial-scale fabrication with low material costs and easy
fabrication methods. It enables constant monitoring of chem-
ical and biological reactions on-chip, due to the high sensitiv-
ity of the SERS and the miniaturised sample volumes offered
by the microfluidic liquid handling. Continuous flow on-chip
enables consecutive sampling and washing steps, and reveals
the dynamic abilities of the sensor. We studied the optical ca-
pabilities of the sensor with Rhodamine 6G (R6G) model ana-
lyte.

2 BASIC THEORY OF FLUIDICS AND
MOLECULE TRANSPORT

To understand the effect of flow dynamics on the detected op-
tical signal, the phenomena behind the transport of the sample
molecules from the bulk flow into the detection surface must
be considered. With optical detection surfaces, such as in SPR
and planar SERS, the flow in a microchannel has a strong in-
fluence on the recorded signal. The bulk flow in the microflu-
idic channels is often produced by pump-inflicted pressure.
The pressure-driven flow carries the sample molecules into
the detection area, where the induced signal can be observed.
In SERS, the sample molecules arriving on top of the detec-
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FIG. 2 A schematic of the relation between convective and diffusive flow in a mi-
crochannel. The effect of diffusion and convection can be theoretically considered
through diffusion boundary layer thickness d and the Peclet number. The dimension-
less Peclet number is a ratio between the conductive and the diffusive transport rate
of the analyte molecules. In the middle of the channel Pe < 1, near the walls Pe~o
[26].

tion area need to be in the near vicinity of the plasmonic sur-
face to be detected. Typically, the induced signal originates
from the sample molecules adsorbed onto the detection sur-
face. The nature of the flow in a microchannel can be theoret-
ically assessed using Reynold’s number. Reynold’s number is
a dimensionless value defining the ratio between inertial and
viscous forces encountered by the fluid in the channel:

Re = PmumDh/Vm ’ 1)

where uy;, pyy and py, are the mean flow velocity, the mean
density, and the mean dynamic viscosity of the fluid, respec-
tively. Dy, is the hydraulic diameter of the detection cham-
ber. For a rectangular chamber, the diameter can be computed
from the equation

_ 2WH
T W+H’

where W is the width of the microchannel and H is the height
of the channel [20]. The flow is surely laminar when the
Reynold’s number is 2100 or less [21]. For a microchannel with
smooth channel walls, the number is typically well under this
limit. In our case the Reynolds number is 10 or less for the
flow velocities used in this study, and the flow is thus laminar.
The molecule transport inside a microchannel can be divided
into three regions: the middle region far from channel walls,
where convection (drift) is the dominant driving force of the
molecules; the hybrid region, where convection is fainter and
diffusion plays a role in the net effect; and the region very
near the channel walls, where diffusion is the only transport
mechanism. The flow profile of the pressure-driven aqueous
fluid in a microfluidic channel is characteristically parabolic
due to the friction between the fluid and the channel walls
[21, 22]. Thus the fluid has the highest velocity in the mid-
dle of the channel, and the velocity reduces as the observation
point moves nearer to the walls. Typically the fluid velocity
vanishes completely at a distance of one molecule layer from
the wall. This is called the non-slip condition, in which the
molecules adjacent to the channel wall do not move with the
flow due to the friction between the wall and the molecules
[23]-[25]. Since the flow velocity diminishes near the walls,
the transport of the sample molecules inside this region by
convection is negligible. Figure 2 depicts a situation where the
flow velocity of the fluid is at maximum in the middle of the
channel, and the convective flow vanishes near the walls.

@

h

The zone near the wall, where diffusion is the dominant
transport mechanism, is called the diffusion boundary layer.
There are several studies on the effect of the diffusion bound-
ary layer on the detection mechanism of the biosensor anal-
ysed using empirical and computational methods [21, 22],
[27]-[31]. The phenomena affecting the results include the
binding reaction of the analytes to the sensor surface (associa-
tion and dissociation rate constants) and the relation of con-
vection and diffusion in the diffusion boundary layer [26],
[32]-[35]. Studies on SPR have shown that the measured ki-
netic reaction rates deviate from the values acquired using
other verified methods if all the phenomena related to the sig-
nal construction with planar sensing are not carefully consid-
ered. The finite element method (FEM) has been used to study
the relationship between molecule transport and the adsorp-
tion process at the surface [21, 30, 31]. The optical signal re-
sponse depends on the flow dynamics through the limitations
of mass transport of molecules and kinetic binding reactions.
In mass transport limited flow, the transport of analytes to the
sensor surface is so slow that the signal rise times are growing
by the lack of analyte molecules in the vicinity of the surface.
This phenomenon includes the effects of insufficient molecule
transport to the diffusion boundary layer by convective flow
and the effect of the diffusion boundary layer. While insuffi-
cient molecule transport can cause analyte depletion near the
sensor surface, the effect of the diffusion boundary layer in
non-slip conditions makes the signal rise times longer due to
slow molecule diffusion. As the bulk flow velocity increases,
the effect of transport limitation decreases. This is due to the
disappearance of the depletion effect caused by the slow con-
vective flow. For example, kinetic reaction studies using com-
mercial SPR sensors strive to stay outside the region where
the optical response is heavily influenced by the mass trans-
port limitation [26], [36]-[38]. By using high enough flow rates
(> 50 pl/min), the concentration of the analyte at the surface
can be the same as that in the bulk, and the measured signal re-
flects binding kinetics [38]. However, with too high flow rates,
the signal response can encounter a new limitation due to the
reaction kinetics of the analyte binding. This kinetic limitation
occurs when the binding rates are slow and bulk flow velocity
is high. The analytes are transported over the detection zone
so rapidly that very few of them have enough time to bind
to the surface. When maximal surface coverage of analytes is
desired, the used flow rate is often a compromise between the
efficient transport of analyte molecules to the surface and the
suitable flow velocity for adsorption [21]. Adsorption can oc-
cur with physical or chemical bonding to the surface or to the
receptors/ligands on top of the surface. In this study, we can
ignore the factor of analyte-ligand binding, since no ligands
are at the detection surface and the bonding happens through
Van der Walls forces by physisorption [39, 40]. Arrival of the
analytes at the surface and the binding through physisorption
can be described as a two-phase process:

Diffusion

ABulk ASurfuce ®3)

Adsorption

ASurface Bound » (€]

where Ap, i is the free analyte in bulk flow of liquid medium
[1/cm?3], Asurface 18 the free analyte in liquid medium in the
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1. Polyolefin adhesive lid

2. Cut-out adhesive microfluidic layer

3. Polymer SERS platform with
evaporated gold coating

FIG. 3 Schematic of the optofluidic SERS chip with an oval detection chamber: Lid layer
optically clear 3M 9795R polyolefin adhesive patterned with a cutting plotter, middle
layer 220 um 3M adhesive patterned with the cutting plotter, and bottom layer with
UV-imprinted SERS patterns and metal coating.

immediate vicinity of the surface [1/ cm?®], and Ag,y,y is the
adsorbed analyte on the surface [1/cm?].

3 DEVICE FABRICATION

The SERS substrates used in this study were produced by
replicating the SERS pattern on top of a polymer sheet with
a roll-to-roll (R2R) process. A UV-curable lacquer coating was
applied on top of a PMMA carrier web using a reverse gravure
technique. The SERS structure was imprinted onto the lacquer
by the embossing reel, and the lacquer was cured by UV light
exposure through the PMMA carrier film. The procedure is
explained in detail by Oo et al. in [4]. After die-cutting sepa-
rate SERS sheets from the roll, the SERS active plasmonic layer
was added by evaporating a 240 nm gold layer on top of the
polymer SERS surface. The microfluidic circuits were cut from
3M adhesive by cutting plotter CraftRobo Pro S. The detection
chamber of the fluidic circuit had an oval shape for optimal
liquid filling with a steady fluid front, and the chamber sam-
ple volume was 2 ul. The chamber dimensions were 220 pm
height and 2.67 mm maximal width. The channels leading into
the chamber were 400 pm wide. The SERS substrate and the
microfluidic circuit were integrated by Yosan roll laminator at
room temperature. To minimise the effect of the chamber lid
on the Raman signal, the microfluidic circuit was lidded with
a polyolefin diagnostic adhesive (3M 9795R), which declares
high optical clarity and minimal auto-fluorescence. The pic-
ture of the SERS chip and the schematic of the layers can be
seen in Figure 3.

4 MEASUREMENT SET-UP

Rhodamine 6G (dye content ~95%, SigmaAldrich) solution
diluted in deionized water was used as a model analyte to
analyse the functioning of the polymer-based SERS chip. The
optical properties of the chip were studied by filling the chip
with the R6G samples and DI HO serving as a reference
medium for the R6G in water solutions. Water is the preferred
medium to be used in Raman spectroscopy as a basis for the
sample solutions and as a reference, because it does not pro-
duce Raman peaks itself. In flow trials, the chip was filled with
under-pressure suction produced by a syringe pump (Nexus
3000). The sample was injected into a 2 ml Eppendorf tube,
from where it was transferred through the chip and Dolomite

Direction of the flow

SERS chip in the holder under Vial

the Raman microscope

Syringe pump

FIC. 4 The set-up for the flow studies with sample vial, chip holder, chip, Raman
microscope, flow meter, and syringe pump.

flow meter into a syringe. A schematic of the flow system is
presented in Figure 4.

The surface-enhanced Raman spectra were recorded using a
BaySpec Nomadic Raman microscope with a 785 nm excita-
tion wavelength. The power of the laser was set at 40 mW
and a 20X magnifying objective was used in the experiments.
Integration times were varied between 15 s and 30 s depend-
ing on the used R6G concentration. The BaySpec camera was
used to focus the system by adjusting a sharp edge between
the patterned SERS area and the smooth gold area through the
polyolefin lid of the chamber before each Raman spectrum ac-
quisition.

In a continuous flow study, the fluid flow velocity was var-
ied from 25 ul/min to 1000 ul/min. To separate the effect of
the convective flow of molecules and the mass transport of
molecules on the detection surface, we measured the flow of
the bulk liquid using fluorescence microscopy and the arrival
of the molecules to the detection surface with SERS. To our
knowledge, this is a novel method for analysing the dynamic
behaviour of an optofluidic chip. 0.5 mM R6G was used as
the model analyte. R6G fluoresces around the 570 nm wave-
length. Water was first flowed by a syringe pump induced un-
der pressure into the detection chamber before filling the sys-
tem with dilute 0.5 mM R6G in DI H,O. The actual flow ve-
locities were observed during the trials with a Dolomite Mi-
tos flow sensor. The flow was recorded as avi-files using a
Zeiss fluorescence microscope camera time lapse mode with
a 10 ms exposure time and 1 s interval. The same flow trial
was executed for SERS detection under the BaySpec Nomadic
Raman microscope and the surface-enhanced Raman spectra
were recorded with a 15 s integration time and 1 s interval.
The results were analysed using Matlab and Origin Pro.

5 MEASUREMENTS, RESULTS, AND
DISCUSSION

With a novel polymer-based SERS sensor, we have to first val-
idate the function of the sensor. To see if the recorded signal is
surface enhanced, we began the validation by comparing the
SERS signals of the R6G sample on top of the patterned SERS
structure and the smooth gold coating. The used integration
time for the SERS signal recording was 15 seconds. The chip
was filled with DI water to gain the reference Raman spectrum
caused by the polyolefin lid. Water was replaced by a 1 mM
R6G sample and the Raman spectra were detected with 2*3
point image mapping on top of the patterned SERS detection
area and the smooth gold area without patterning.
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FIG. 5 a) The Raman spectra for a 1 mM R6G solution on top of the SERS patterned
area and the smooth gold area; b) The difference in the intensity can be estimated on

a logarithmic scale.

The Raman spectra with subtracted background spectrum can
be seen in Figure 5(a) and 5(b) with a linear and logarithmic
y-axis scale. Since the distinctive peaks for R6G are found in
the Raman shift area of 1100 1/cm to 1800 1/cm, this range
has been used in the spectrum analysis. The results showed
high R6G peaks for the patterned SERS area in comparison to
the smooth gold. The peak height difference is more than 30
folds. The result can be compared to the result of Liu et al.
[18], with low intensity R6G peaks for smooth a Ag/PDMS
structure. As Liu states, the metal coating alone can enhance
the Raman signal, although with less intensity. The results in
Figure 5 and the background knowledge we have from the
study of Oo et al. [4] suggests that the detected signal could
be SERS originated.

To confirm the prior analysis of the SERS, and to see the ef-
fect of the optical focus on the detected signals, we conducted
a trial in which we changed the focus depth of the detection.
The focus was misaligned by lowering the chip to see if the
R6G signal remains constant as the signal is collected from the
bulk sample above the SERS surface. If the signal is generated
by the non-enhanced Raman from bulk R6G in DI water so-
lutions, the signal intensity should remain constant without
varying along the change of focus depth. As we can see from
the results in Figure 6, the signal intensity drops as the chip is
lowered (focus level raised from the SERS surface), and thus
we can, together with the observations shown in Figure 5, con-
firm that we are detecting surface-enhanced Raman instead of
conventional Raman.

14000 1 Focus
2 100um of focus
3 150pm of focus

4 200pm of focus

12000

10000

8000

Raman intensity

6000

4000

200

0 T T T T T T T T 1
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
Raman shift [1/cm]

FIG. 6 Misalignment of the focus of the Raman microscope from SERS surface.

To investigate the effect of the polyolefin lid on the SERS re-
sponse, we measured the R6G spectra with 10 uM and 100 pM
concentrations. The used integration time for the SERS signal
recording was 30 seconds. The chip was filled with DI wa-
ter to gain the reference polyolefin spectrum. Water was re-
placed by R6G samples and the Raman spectra were detected.
Figure 7(a) shows the Raman spectra of the R6G samples and
the polyolefin reference, and Figure 7(b) shows the 10 uM and
100 uM R6G spectra with subtracted polyolefin reference. The
results show that although the polyolefin lid induces low Ra-
man peaks, it has a minor effect on the R6G spectra. The effect
of the lid can be further minimised by subtracting the refer-
ence spectrum from the R6G spectra.

The effect of flow dynamics on the optical SERS signal was
studied with a continuous flow with 0.5 mM R6G solution in
DI HyO. A similar study has been conducted previously by
Hiittner et al. with a glass slide-based optofluidic SERS chip
using R6G molecules in ethanol with preceding and following
pure ethanol cycles [41]. In our experiment, we focused more
on the dynamics of the optical signal response to the used flow
velocity than on the relation of sample concentration to the
signal intensity, as Hiittner et al. have done.

In the study, the fluid flow velocity was varied from 25 pl/min
to 1000 pl/min. The rise of the R6G signal was measured with
a Raman microscope and a fluorescence microscope, as de-
scribed in the Measurement set-up, to obtain the effect of the
molecule diffusion and the partial mass transport limitation,
and the effect of the convective flow. An image of the R6G
Raman signal growth with a 50 pl/min flow velocity can be
seen in Figure 8. The baseline tilt of the Raman spectrum was
removed from the results for the analysed Raman shift area:
1100 1/cm to 1800 1/cm. Peak intensity for the main R6G
peaks (1188 1/cm, 13101/cm, 1360 1/cm, 1510 1/cm and 1600
1/cm) was counted and averaged from 5 pixels. The change in
the peak intensity as a function of time was calculated. Results
of the measured signals were normalised and the average sig-
nal of 5 repeated measurements was calculated.

We recorded the signal rise without the dissociation phase, be-
cause the R6G molecules did not detach from the surface by
washing with the H,O flow. The binding strength of the R6G
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FIG. 8 Image of the signal growth during the flow trial of 0.5 mM R6G with 50 pl/min
flow velocity.

molecules to the gold surface was too strong, and the signal
did not return to zero intensity. A cleaning step was carried
out by oxygen plasma etching (5 min 300 W) between the flow
runs. Each flow velocity was recorded 5 times and each chip
was reused 3 times. The detected average fluorescence and
SERS signals for the measured flow velocities are depicted in
Figure 9(a) and 9(b) as a function of time.

To analyse the results, linear functions were fitted on the ris-
ing edge of the fluorescence and SERS signals. In Figure 9(a),
the fitted functions are depicted for the fluorescence, and in
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FIG. 9 a) Fluorescence signals as a function of time; b) SERS signals as a function of
time. Linear function has been fitted for the rising edge of signals.

Figure 9(b) for the SERS signals. Linear functions are fitted for
the range of 10% to 60% of the maximum intensity. The slope
values attained are used to calculate the rise time of the sig-
nals for the aforementioned range. Figure 10(a) presents the
comparative results of the SERS signal rise times and the fluo-
rescence signal rise times. When comparing the results, it can
be seen that the detected SERS signal rise is slower than the
fluorescence signal rise of the R6G with all velocities in the
study. The median of the lag time between the arrival of R6G
molecules in the detection chamber by convective flow and
the arrival and binding of R6G molecules on the SERS surface
is 40.7 seconds, as depicted in Figure 10(b).

From the results, we can see that the lag time is larger
for slower flow velocities. This could be due to insufficient
molecule transport to the diffusion boundary layer. The lag
time settles for the higher velocities and the dynamics of the
diffusion and surface binding turn constant. In the future,
these results will help us to plan studies with bioanalyte sam-
ples and active ligands on the surface, through the knowl-
edge of the influence of an increasing mass transport limita-
tion with flow velocities of 50 ul/min and less.

6 CONCLUSIONS

A novel method for fabricating a polymer-based optoflu-
idic sensor with roll-to-roll imprinted SERS patterning and
integrated adhesive microfluidic circuit was presented. The
SERS substrates showed 30 folds higher enhancement than
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FIG. 10 a) Signal rise times for the 0.5 mM R6G SERS signal and the fluorescence signal;

b) Difference in the signal rise times between the SERS and the fluorescence signal.

the smooth evaporated gold with the 1 mM Rhodamine 6G
sample. Substrates were easily integrated into adhesive-based
microfluidic devices, and the effect of the polyolefin lid could
be removed from the R6G spectra. The SERS measurements
of R6G fluid in the microfluidic circuit under constant flow
conditions were successfully performed with a standard de-
viation even as low as 5% for a 250 ul/min flow velocity. The
comparison of the signal rise of excited fluorescence with a 0.5
mM R6G sample and the recorded SERS signal showed that
there is a median lag time of 40.7 seconds between the arrival
of the sample molecules with the bulk flow into the detection
chamber and the arrival and adsorption of the molecules on
the detection surface. For flow values of 50 ul/min and less,
the concentration of R6G molecules near the sensor surface
rises slowly, and the transport is insufficient due to the deple-
tion of analytes near the sensor surface. The high throughput
fabrication can be developed in future by transferring the fab-
rication of the microfluidics from table top cutter to roll-to-roll
process [42]. By further applying automated assembly of flu-
idic and optical layers instead on manual lamination, it is pos-
sible to achieve a truly disposable sensor chips offering a low
cost solution for analytical applications.
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The rapid and accurate detection of food pathogens plays a critical role in the early prevention of foodborne
epidemics. Current bacteria identification practices, including colony counting, polymerase chain reaction
(PCR) and immunological methods, are time consuming and labour intensive; they are not ideal for
achieving the required immediate diagnosis. Different SERS substrates have been studied for the
detection of foodborne microbes. The majority of the approaches are either based on costly patterning
techniques on silicon or glass wafers or on methods which have not been tested in large scale
fabrication. We demonstrate the feasibility of analyte specific sensing using mass-produced, polymer-
based low-cost SERS substrate in analysing the chosen model microbe with biological recognition. The
use of this novel roll-to-roll fabricated SERS substrate was combined with optimised gold nanoparticles
to increase the detection sensitivity. Distinctive SERS spectral bands were recorded for Listeria innocua
ATCC 33090 using an in-house build (785 nm) near infra red (NIR) Raman system. Results were
compared to both those found in the literature and the results obtained from a commercial time-gated
Raman system with a 532 nm wavelength laser excitation. The effect of the SERS enhancer metal and
the excitation wavelength on the detected spectra was found to be negligible. The hypothesis that
disagreements within the literature regarding bacterial spectra results from conditions present during the
detection process has not been supported. The sensitivity of our SERS detection was improved through
optimization of the concentration of the sample inside the hydrophobic polydimethylsiloxane (PDMS)
wells. Immunomagnetic separation (IMS) beads were used to assist the accumulation of bacteria into the
path of the beam of the excitation laser. With this combination we have detected Listeria with gold
www.rsc.org/advances enhanced SERS in a label free manner from such low sample concentrations as 10* CFU ml™%.
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Introduction

Foodborne diseases represent a serious public health issue. The
incidence of epidemics related to food pathogens has increased
significantly due to the greatly accelerated range and speed of
distribution that has resulted from the increasingly global trade
"Centre for Drug Research, Division of Pharmaceutical Biosciences, Faculty of networ.k. for food prOdUCts'l For th.is reason, food Safe:ty
Pharmacy of the University of Helsinki, Finland authorities around the world have realized the need for a strict
‘National Resources Institute Finland (LUKE), Bio-based Business and Industry, regulatory framework, including an exhaustive food testing
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University of Oulu, P. O. Box 413 (Paavo Havaksen Tie 3), FI-90014, Finland regime.>® Traditional methods for the detection of bacteria,
“Optoelectronics and Measurement Techniques, Faculty of Information Technology and  include direct culture and colony counting, polymerase chain
Electrical Engineering, University of Oulu, Finland reaction (PCR) and immunological methods. These are all

Laboratoire Lasers, Plasmas Procédés Photoniques, Aix-Marseille University (AMU),
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extremely labour intensive and time consuming;"**® the extent
to which a rapid and efficient food testing regime can be ach-
ieved using the currently available methodologies is limited.

Universitdt Berlin, Ackerstr. 71-76, D-13355 Berlin, Germany Raman spectroscopy is a promising new methodology for
"Lappeenranta University of Technology, School of Engineering Science, Research ~ bacteria detection, with many advantages including identifica-
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spectroscopy is achieved through the detection of organic
molecules on the surface of the bacterial membrane and wall.
Their chemical structure provides a specific fingerprint of the
bacterium that shows up in the Raman spectrum.” The detec-
tion of a small concentration of bacteria with conventional
Raman spectroscopy can demand a level of sensitivity greater
than what it is capable of. The usual lowest detected bacterial
concentration being around 10° CFU ml '.>'**> Regulatory
agencies demand finding a single cell in 25 g of food and such
low concentrations require a brief pre-enrichment step to reach
a more detectable level of 10* to 10° CFU ml '.* The conven-
tional Raman spectroscopy cannot reach this level and the
signal thus needs to be amplified. This can be achieved through
the use of noble metallic materials, for example gold or silver, to
trigger localised surface plasmons.* Surface Enhanced Raman
Scattering (SERS) is a special type of Raman spectroscopy, where
irregular or patterned metal substrates or metal nanocolloids
of different shape and size can be used for the signal
enhancement."*™*¢

Typically the best enhancement effect is achieved with silver
induced SERS."” However, the use of silver has some drawbacks.
As a substance it is antimicrobial and thus affects the sample
under inspection. It is chemically quite reactive and the stability
and reproducibility of the silver substrates and colloids (AgNP)
can also be an issue.""* Gold is preferred in microbe detection
as it is stable, non-toxic and has the optimal excitation wave-
length in the near-infra red region, reducing auto-fluorescence
issues generated by the microbes.

Among the foodborne pathogens Listeria monocytogenes is
the most common culprit in causing death due to food
poisoning. The fatality rate for L. monocytogenes infection is
relatively high, ranging from 20 to 30%.* L. monocytogenes is an
especially difficult pathogen to control, as a result of its toler-
ance to a wide range of temperatures and pH conditions. The
detection of Listeria spp. with SERS has been studied previously
with different SERS enhancers including different SERS
substrate®'® approaches and SERS colloid'”**** research. The
SERS substrates have several advantages over the colloids; these
include more consistent patterns without unforeseen aggrega-
tion and the ability to act as a base for the entire analysis chip.
On the other hand, colloids can reach better sensitivity and be
preferable when there is a need to detect features in the region
of a larger organism like bacteria.

The direct detection of bacteria in food is difficult due to
background signals and requires the disintegration of the solid
food containing the bacteria, e.g. by mechanical methods, fol-
lowed by culturing of the bacteria at elevated temperatures in
the food matrix to accelerate the bacteria growth to a detectable
level. Weidemaier et al.,* has studied the detection of L. mon-
ocytogenes inside the food matrix with the help of immuno-
magnetic beads and nanoparticle SERS tags with antibodies, as
they point out, the method is sensitive to the extent to which the
magnetic particles can be concentrated within the area of the
laser beam and care must be taken to succeed with reproducible
pelleting of the magnetic particles. A more common method for
bacteria detection is to remove the bacteria from the food
matrix, often with immunocapture and subsequently pre-enrich
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the concentration before detection.® Although the pre-
enrichment technique requires culturing this can be used as
a normalising factor for the state of the pathogen. The growth of
Listeria at different temperatures, for example 4, 25 or 37 °C,
produces bacteria with different amount of flagella and
a different level of virulence. This affects the spectral fingerprint
of the bacteria; in order to obtain reproducible spectra for
bacteria, the same growing conditions in addition to detection
processes are required.'®?*

In previous research, it has been shown that it is possible to
differentiate bacteria through SERS analysis.**?* Preliminary
results also indicate that SERS can be used for identifying
bacteria and spores even at a strain level."*** Usually this
requires a high concentration of bacteria. With low concentra-
tion the assistance of immunocapture may be needed for the
separation of different bacteria. The genus Listeria consists of
fifteen species from which only Listeria monocytogenes is path-
ogenic to humans.* Immunocapture by current commercially
available antibodies can seldom distinguish between the
Listeria species. There are studies focussing on the production
of high quality antibodies only for L. monocytogenes.*® The
presence of non-pathogenic Listeria such as Listeria innocua
may, however, indicate also contamination with L. mono-
cytogenes.*® Furthermore, as the morphologic structure of
L. innocua is similar to L. monocytogenes and their Raman/SERS-
spectra are quite similar, L. innocua can be used as a model for
Listeria detection.

The detection of Listeria with SERS has been previously
studied by several research groups. The majority of studies have
focussed on the detection of Listeria at high concentration, 10°
to 10’ CFU ml ! #171922233031 and many have used chemo-
metric analysis for the separation of Listeria spectra from the
spectra of other pathogenic bacteria.*'”'>*" Fewer studies have
focussed on lowering the detection limit of the SERS procedure
for Listeria detection than on the acquisition of representative
spectra. Chen et al. have developed a method for detection of
L. monocytogenes and L. innocua by in situ synthesis of silver
nanoparticles.” The limit of detection for the model sample
L. innocua was found to be 10° CFU ml . The assay for bacteria
detection was, however, performed for bacteria in pure water
and required an extra incubation step with the silver colloids
and two washing steps after the incubation.

The objective of this study was to develop a simplified and
affordable method for label-free detection of Listeria with high
sensitivity that is possible to perform on a structured SERS
substrate. The conventional way for fabricating structured SERS
substrates is to use methods such as spin-coating, dip coating,
chemical vapour deposition, electrochemical synthesis, elec-
tron beam lithography and etching.**** However, they are not
optimised for manufacturing single use chips in terms of
through-put volume or cost. There are also many methods such
as liquid-liquid interface formation, pulsed laser deposition on
microscope slides and reduction of gold chloride m in natural
rubber membranes which have been only tested in lab scale as
batch fabrication.***® The fabricated sensor areas are often
small and the fabrication methods are difficult to transfer into
high volume production required of truly disposable sensor

This journal is © The Royal Society of Chemistry 2016
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chips. Our approach is to fabricate the structured SERS
substrates on polymer webs in large scale with UV imprint
lithography. This enables the fabrication of large sensor surface
areas which can be easily cut into smaller SERS substrates.***!
The fabricated SERS substrates are coated with a thin layer of
gold by evaporation before integration of hydrophobic sample
wells. This SERS platform is suitable for low cost high volume
production and is practical for one-time use, which diminishes
the contamination issues often encountered in microbe detec-
tion. Gold colloids were added to gain additional plasmonic
enhancement. The method uses immunomagnetic separation
(IMS) beads as bacteria cell concentrators and the only washing
steps occur during the pre-enrichment phase. SERS enhance-
ment of different types of gold nanoparticles with Listeria was
studied and the colloids with the best enhancement effect were
used in combination of R2R nanostructured gold SERS
substrates.

Experimental
Gold nanoparticle synthesis

Ultrapure nanoparticle fabrication. Hurricane Spectra
Physics Ti/sapphire laser operated at 800 nm with pulse dura-
tion 110 fs and repetition rate 1000 Hz was used for formation
of gold nanoparticles (AuNPs) with a two-step approach.**** In
the first step, a gold target was immersed in 5 ml of deionized
water at 10 mm below the water surface. Colloidal solution of
AuNPs was produced by ablating the target at 150 pJ per pulse
fluence for 30 minutes. The target was moved during the abla-
tion step when material was collected from larger area. In the
second step, additional laser fragmentation was performed to
narrow the size distribution of AuNPs and to improve their
stability. The fragmentation was performed by focussing a laser
beam with 85 pJ per pulse fluence in the centre of the liquid
volume that was stirred with a permanent magnet for 60
minutes.*

AuNP fabrication for medium and large size particles.
Colloidal AuNPs were synthesized by following the Frens-
method.** 100 ml of 0.01% (wt/vol) HAuCl, aqueous solution
was heated to boil under vigorous and continuous stirring,
followed by dropwise addition of 0.6 ml of 1% (wt/vol) trisodium
citrate solution. The solution was kept boiling for approximately
1 h until the color changed to light red. The final AuNP-solution
was prepared by centrifugation at 3500 rpm for 5 minutes
(Eppendorf model 5430R) and subsequently followed by the
removal of the supernatant. The final dark red AuNP-solution
with a concentration of about 5500 mg 1™ was used and
partially diluted in ratio 1 : 5 in H,O.

AgNPs with the average size of 40 nm were purchased from
Sigma-Aldrich for reference measurements with the commer-
cial time-gated Raman spectrometer.**

SERS substrate fabrication

The SERS patterns were imprinted on top of a poly(methyl
methacrylate) (PMMA) polymer sheet with roll-to-roll UV-
nanoimprint lithography.** The produced polymer webs and

This journal is © The Royal Society of Chemistry 2016
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1. Roll-to-roll patterned
polymer web

2. Die-cut polymer sheet
before gold deposition

3. Gold coated polymer sheet

with SERS chips

Toom

Fig.1 Photograph of roll-to-roll patterned polymer webs and die-cut
sheets before and after gold deposition.

die-cut sheets before and after gold deposition are presented in
Fig. 1. Reverse gravure technique was used to apply UV-curable
lacquer on top of the PMMA web. Embossing reel was used to
imprint the SERS patterns and the lacquer was cured through
the PMMA web with UV light exposure. After die-cutting SERS
substrates from the roll, a 240 nm gold layer was added by
evaporating on top of the polymer SERS surface.**

PDMS well integration

Sample wells were created into 1 mm thick PDMS sheets
(Wacker, Elastosil) by biopsy punches of a diameter of 1-2 mm.
These PDMS wells were bonded onto the polymer SERS
substrates by physical adsorption. The hydrophobicity of the
wells forces the sample to retreat inside the PDMS well and have
contact with the gold layered patterned SERS surface.

Cultivation of L. innocua and IMS bead separation

L. innocua ATCC 33090 was cultivated in LEE Broth (Labema,
Lab M Limited, pH 7.2 + 0.2) at 35 °C for 20 h without shaking.
The concentration was analysed spectrophotometrically
(Dynamica HALO DB-20S) and diluted into concentration series
(10°> CFU ml ™" to 10° CFU ml ") in LEE broth. IMS was per-
formed using Dynabeads® anti-Listeria (Life Technologies
(Invitrogen) 71006), and a Dynal Magnetic Particle Concentrator
DynaMag™-2 (Invitrogen Dynal) as follows: 1 ml volumes of
bacterial culture was added to each of the microcentrifuge tubes
containing a 20 pl volume of Dynabeads® anti-Listeria (Dynal)
followed by incubation at room temperature for 10 min with
continuous mixing by Mix-Mate (Eppendorf). The beads were
concentrated by magnetic field (in the Dynal MPC-M) onto the
side of the tube for 3 min, supernatants were carefully aspirated
and the samples were washed with the washing buffer (0.15 M
NaCl, 0.01 M sodium phosphate buffer, pH 7.4 with 0.05%
Tween 20). After that the beads were concentrated and the
supernatant removed. Finally, the bead-bacteria complexes
were resuspended into 100 ml of washing buffer for the SERS
detection. For reference a concentration analysis was performed
with 50 pl volumes of bead-bacteria complexes streaked onto
differential selective agar Listeria acc. to Ottaviani and Agosti
(ALOA) chromogenic agar (Labema) and incubated at 35 +
0.5 °C for 24-48 h.

RSC Adv., 2016, 6, 62981-62989 | 62983
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SERS spectral acquisition of Listeria innocua and post-
processing of data

Surface-enhanced Raman spectroscopy (SERS) spectra of
L. innocua with AuNPs was detected from samples pipetted into
PDMS wells integrated on top of SERS-active substrates. Sample
amounts varied from 5 to 10 pl and well diameter varied from
1 to 2 mm. Bacteria samples were pipetted into the wells and the
chosen AuNPs were pipetted sequentially. SERS spectra were
recorded with an in-house built Raman system coupled into an
Olympus microscope with a 785 nm continuous wave (cw) laser.
The minimum laser power irradiation used was 10 mW with
40x magnification to excite the samples. A maximum of 40 mW
was used in combination with low magnification (20x). The
signal collection time was 5 seconds without averaging.

Reference spectra for L. innocua were recorded with 40 nm
sized AgNPs by a commercial 532 nm picosecond pulsed laser
time-gated Raman spectrometer (TimeGate Instruments Oy,
Finland) with an average power of 10 mW, as well coupled into
Olympus microscope.* The signal integration time was set to
cover the SERS-signal and the fluorescence decay-time from
0.9-1.6 ns. The bacteria sample was pipetted on top of a glass
slide prior to the detection. TimeGate measurements where
analysed with TimeGate spectral processing tool and the
acquired data was baseline corrected with a simple linear
algorithm in Matlab (release 2015a, Mathworks Inc., USA) after
opening the data with the PLS toolbox, version 2.0 (Eigenvector
Research Inc., Manson, WA, USA). Further data handling and
figure plotting was executed with Origin Pro (version 9.4, Ori-
ginLab corp., USA).

Results and discussion

Methods for the detection of Listeria innocua

Typically Listeria spp. has been identified by the SERS method
from highly concentrated samples, mostly in the range of 10’
CFU ml™" to 10"° CFU ml ™. When the detected concentrations
are more realistic and the bacterial cells available for the
detection are fewer, then the intensity of the detected Raman
peaks diminishes and many of the peaks disappear from the
spectrum. Thus it is more difficult to identify the bacteria from
other bacterial species and the background with incomplete
spectra. In these cases the identification of the bacteria can be
handled by pathogen-capture proteins while SERS is used for
the detection.”® Grow et al. have detected Listeria on planar SERS
substrates by capturing and accumulating bacterial cells near
the surface with an antibody layer."® Although they concluded
that the use of antibodies was possible and identification of
bacteria was successful, the use of antibodies on the surface
weakened the signal. This was assumed to be due to the
increased separation distance between the surface and the
bacterial cells.* Thus, this approach with planar SERS
substrates was not optimal. Another possibility for capturing
bacteria is the use of immunomagnetic separation beads which
have been used in several Escherichia coli studies*>** and at least
in one Listeria growth study.** Usually, the IMS beads are either
removed before detection or used as a part of a customised
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Gold nanoparticle
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Fig.2 Schematic of a PDMS well on top of a patterned SERS substrate
with IMS bound L. innocua and AuNPs. The integrated hydrophobic
PDMS well concentrates the sample inside the well on top of the SERS
substrate in a more consistent manner than a free droplet on top of the
substrate would. AuNPs are located around the bacteria giving
a stronger SERS enhancement. IMS beads bind the bacteria around
them and concentrate them inside the excitation laser beam
strengthening the SERS signal.

sandwich assay with SERS labels. In order to simplify the
detection process we have developed a method to detect
L. innocua in a label-free manner with IMS beads present during
the SERS detection. The bacterial cells were captured by using
a commercially available IMS separation kit. The sample was
placed into the hydrophobic PDMS well on top of the polymer
SERS substrate as is shown in Fig. 2 with the gold nanoparticles.
Without IMS beads and PDMS well the bacterial cells in the
liquid droplets spread wide apart and typically due to evapora-
tion accumulated randomly to the droplet edges. We found that
by using immunomagnetic separation beads during the detec-
tion we obtained a more stable SERS signal due to the more
constant settling of the heavy IMS beads on to the sensor
surface. A close-up transmission electron microscopy (TEM)
picture of the IMS beads and a scanning electron microscopy
(SEM) picture of IMS beads on top of the patterned SERS
substrate can be seen in Fig. 3a and b respectively. In order to
further enhance the SERS signal and to detect the features of the
bacterial cells, gold nanoparticles were added around the
bacteria bound to IMS beads.

AuNP characterisation

In search for the optimal gold nanoparticles (AuNPs) for
bacteria detection with SERS, 3 candidates were selected.

Fig. 3 (a) TEM image of IMS beads with gold nanoparticles. The scale
in the picture is 500 nm. (b) SEM image of the IMS beads (Invitrogen
dynabeads) on top of patterned SERS substrate.

This journal is © The Royal Society of Chemistry 2016
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Fig.4 (a—c) TEMimages of the different sized AuNPs: small, medium and large size AuNPs respectively. (d—f) The corresponding size distribution
histograms calculated from TEM images of the AuNPs with Gaussian fit: small, medium and large size AuNPs respectively. Each histogram has
been calculated from 100 particle sizes with ImageJ software. (g) UV-Vis spectrum for the small, medium and large size AuNPs.

Ultrapure small AuNPs fabricated by femtosecond laser frag-
mentation were chosen as they could show better biocompati-
bility with bacteria cells than the synthesized AuNPs.***” The
physically fabricated AuNPs lack the traces of non-reacted
starting reagents, by-products, ions and surfactants, and have
an additional advantage of lower background signal. Chemi-
cally synthesized medium size AuNPs and larger AuNPs were
chosen to compare the signal intensity using differently shaped
and sized particles. The NP size has been previously shown to
matter in micro-organism detection and a rod like shape has
seemed beneficial for SERS enhancement.*® The size and
morphology of the fabricated AuNPs were retrieved by trans-
mission electron microscopy (TEM) by using a LEO 912 OMEGA
(Zeiss, Germany). One droplet of the 10 pl of aqueous nano-
structure suspension was deposited onto a carbon-coated
copper grid for TEM characterization. Fig. 4 shows the TEM
images, the corresponding size distributions of the AuNP with
Gaussian fit and the UV-Vis spectra of the AuNP. The maximum
size for the different AUNP was estimated with the help of
Gaussian fit shown in Fig. 4d-f. For the ultra-pure AuNPs the
maximum size was found to be around 50 nm. The medium
sized AuNPs showed a maximum of 60 nm with occasional large
90 nm sized particles. The large AuNPs had a maximum of 85
nm and a more rod like shape. From the UV-Vis spectra in
Fig. 4g it can be seen how the maximum absorption peak of
AuNPs shifts closer to 600 nm wavelength as the maximum size
of the particles grows from 50 nm to 85 nm.

The SERS effectiveness of the different sized AuNPs was
studied by pipetting 5 pl of bacteria sample and 2 pl of
concentrated NP solution into 2 PDMS wells positioned on top
of the patterned SERS substrate. The acquired SERS spectra are
presented in Fig. 5a. According to the bar plot of the intensity of
737 em™ ! peak presented in Fig. 5b, the medium size and the
large size particles gave similar intensities for a bacteria
concentration of 5 x 10° CFU ml '. However, the large

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) A concentration series of the IMS bound L. innocua ATCC
33090 with the AuNPs inside a PDMS well on top of a patterned SERS
surface shows how the large AuNPs have the best separation ability
between the smallest concentrations and the O reference. The results
are an average of 18 spectrums. (b) A bar plot of the SERS intensity for
the dominant L. innocua peak at 737 cm™ for different concentrations
with the AuNPs inside a PDMS well on top of patterned SERS surface
clarifies the choice of large AuNP as the one to use for further studies
for best sensitivity.

nanoparticles were chosen for further studies because the
maximum of their UV-Vis spectra was closest to 785 nm and
they provided more consistent spectra compared to the other
AuNPs, which originated from the lower amount of background
peaks thus giving a better resolution. These results strengthen
the hypothesis that larger nanoparticles enhances the signal
more than small round ones for microbe detection.* The way
the AuNPs were fabricated played a minor role in enhancing the
signal. Physical ablation could not benefit the detection in such
a manner which would have counterweighted the advantage of
the size and the shape of the particles.

The development of the detection process

Commercial Dynabeads were used to capture the L. innocua
cells for the SERS detection. The SERS signal recorded with IMS
beads, possibly due to accumulation of more bacterial cells
inside the excitation laser spot, was found to be 20 times
stronger than the signal recorded without the beads. Fig. 6a

RSC Adv., 2016, 6, 62981-62989 | 62985
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Fig. 6 (a) The effect of IMS concentration to the L. innocua ATCC
33090 SERS intensity with the AuNPs inside a PDMS well on top of
patterned SERS surface. The cumulative effect of the IMS beads to the
bacteria strengthens the SERS signal considerably. The intensity of 1 x
10° CFU ml™* sample with IMS has 2 times stronger 737 cm™* peak
than the 1 x 10° CFU ml™* sample without IMS. (b) The variation in
SERS spectra of 1 x 10° CFU ml™* L. innocua with IMS between 9
measured points.

shows the results for the comparison of studies with and
without IMS beads and Fig. 6b shows the variation between 9
measurements points measured with IMS beads. The detection
of L. innocua with the IMS beads was further studied on top of
the patterned SERS substrate without AuNPs, as well as on top
of silicon wafer with AuNPs and on top of patterned SERS
substrate with AuNPs to see if there was an advantage in
combining the SERS substrate with the AuNPs for bacteria
detection. Fig. 7 represents the intensity differences between
the measurements and it can be seen that the best intensities
for the main dominant peak of 737 cm ™" were reached with the
combination of the SERS substrate and AuNPs.

The detected SERS lines for L. innocua ATCC 33090 and the
effect of the traces of culture media and buffers on the SERS
spectra

The captured L. innocua was first detected inside a PDMS well in
a liquid state with a 40 mW laser power and a 20x magnifica-
tion. Fig. 8a shows the mean spectra for the L. innocua specific
Raman bands. It can be noted that when the bacterial amount
diminishes some lines stay constant showing the lines created
by the traces of culture medium and buffer liquids. Thus, it can
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Fig.7 (a) IMS bound 1 x 107 CFU ml™* L. innocua ATCC 33090 inside
a PDMS well on top of patterned SERS surface. (b) IMS bound 1 x 107
CFU ml™ L. innocua ATCC 33090 with large AuNPs inside a PDMS well
on top of a silicon wafer. (c) IMS bound 1 x 10”7 CFU ml™* L. innocua
ATCC 33090 with large AuNPs inside a PDMS well on top of
a patterned SERS surface. (d) A bar plot of the SERS intensity for the
dominant L. innocua peak 737 cm™ for the cases presented in (a)-(c).
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Fig. 8 (a) Baseline corrected SERS spectra from L. innocua ATCC
33090 with large AuNPs inside a PDMS well on top of patterned SERS
surface with IMS beads. Detected with 20x magnification with
a detection limit between 1 x 107 CFU ml™* and 1 x 10° CFU ml™. The
peaks maintaining their height with lower concentrations are caused
by cultivation media residuals, AuNPs, IMS beads and other distur-
bances coming from the sample matrix. (b) Comparison of baseline
corrected Raman intensities for the culturing media, i.e. LEE broth, and
the 0 CFU ml~ sample. The reason behind the peaks remaining in the
L. innocua spectrum as the sample concentration is lowered are the
peaks originating from the culture broth and the buffer solutions used
for IMS bead washing steps.

be concluded that 9 Raman bands initiating from the bacterial
cells were detected. Fig. 8b shows the Raman bands created by
the sample matrix and by the original cultivation media of the
bacterial cells, i.e. the LEE broth. Most of the background bands
seem to originate from traces of the LEE broth.

The nine Raman lines detected for L. innocua are listed in
Table 1 with tentative assignments found in literature refer-
ences. The dominant peak at 737 cm™ ' has been previously
suggested to originate from a glycosidic ring, adenine or CH,
rocking.” Since the presence of adenine on the surface of the
bacterial cell is unlikely and since the outer wall structure of
Gram-positive bacteria such as Listeria spp. consists of a thick
peptidoglycan structure rich in N-acetyl p-glucosamine (NAG),
the origin of the peak is more likely caused by a glycosidic ring
mode of NAG than adenine.*>**

The three closely aligned lines in the range of 1300-
1400 cm ™" are interesting since three of them together have not
been detected with L. innocua or L. monocytogenes in previous
studies. The line 1339 cm ™" has been previously detected with
Listeria by Luo et al.** as a shifted line 1331 cm™ ' which was
suggested to originate from CH, deformation. However, there
are closer assignments to the detected 1339 cm ™" listed in E. coli
studies. Vohnik et al®* have suggested that the exact line
1339 cm™ " could be originating from amide III and Harz et al.
suggest that the line is due to the signature of adenosine
monophosphate and guanosine monophosphate, aromatic
amino acids tyrosine and tryptophan. Harz et al.” also have
a listing very near to the second line 1374 cm™" assigned to
DNA. The last line of the group 1397 cm ™" is most likely due to
the symmetric deformation of CH; group which has also been
detected for the case of E. coli.****

When comparing the Raman bands detected for L. innocua
with the previous research, it is interesting to note that the SERS
spectrum in different studies varies. Liu et al. among others has
stated that this could be due to the differences in the
measurement conditions such as the culture broth and
temperature that have been used, excitation wavelength of the

This journal is © The Royal Society of Chemistry 2016
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Table 1 Raman bands detected for L. innocua ATCC 33090
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Detected lines

Raman shift (em™")

Tentative assignments

Reference

631 627/620 Phenylalanine (skeletal) Luo, Lin 2008, Maquelin et al.
2002 (ref. 56)
737 732 Glycosidic ring mode of p- Luo, Lin 2008,>* Cui et al. 2015 (ref.
glucosamine (NAG), adenine or CH, 57)
rocking
968 955 N-C stretching Vohnik et al. 1998 (ref. 53)
1142 1134/1130 C-N and C-C stretch Fan, Hu 2011,°* Chen et al. 2015
(carbohydrates) (ref. 58)
1271 1230-1295 Amide TIT Liu, Chen 2007,*° Lu, Al-Qadiri
2011,°° Maquelin et al. 2002 (ref. 56)
1339 1334/1339/1338 Deformation CH/amide m/signature Magquelin et al. 2000, Vohnik et al.
of adenosine monophosphate and 1998, Harz, Rosch, Popp 2008 (ref.
guanosine monophosphate, 62)
aromatic amino acids tyrosine and
tryptophan
1374 1371 DNA Harz, R6sch, Popp 2008 (ref. 62)
1397 1392/1398 Symmetric deformation of CH; Fan, Hu 2011,°* Al-Qadiri, Lin 2008
groups (ref. 55)
1450 1453 CH, deformation (lipids) Fan, Hu 2011,>* Cui et al. 2015 (ref.
57)

—— Literature
785nm laser excitation
—— 532 nm laser excitation

Intensity (a.u.)

600 700 800 900 1000 1100
Raman shift (cm )

Fig. 9 Three SERS spectra of L. innocua were compared to confirm
that the measured spectrum originates from the assumed bacteria.
The literature reference has been borrowed from a publication by Luo,
B. Steven et al. (2008) with a concentration of 108 CFU ml~* L. innocua
measured with cw 785 nm laser excitation with AgNPs. The 785 nm cw
laser excitation with the in-house built device has been recorded from
10° CFU ml™t IMS bound L. innocua ATCC 33090 with large AuNPs
inside a PDMS well on top of a patterned SERS surface with IMS beads,
detected with 40x magnification. The 532 nm pulsed laser excitation
is a AgNP-enhanced SERS spectra of 10° CFU ml™! IMS bound L.
innocua ATCC 33090 placed on top of a glass slide and 40x
magnification.

laser or the SERS enhancer.””* To test this hypothesis we
recorded the SERS spectra of the same L. innocua sample with
changed SERS conditions. Fig. 9 shows the peaks detected
around the dominant peak 737 cm™* for 3 different SERS
conditions. In the first case the combination of AuNPs on top of
the patterned SERS substrate with 785 nm cw excitation was
used, while in the second case a SERS spectrum was detected
from the same sample on top of a glass slide with AgNPs and
pulsed laser excitation at a different wavelength of 532 nm. The
results are consistent. They are also similar to the third case
published by Luo et al. who used AgNPs with 785 nm cw exci-
tation wavelength. Another research group of Kairyte et al*
used silver NPs with 1064 nm excitation with a similar outcome.

This journal is © The Royal Society of Chemistry 2016

Clearly when comparing the results, there is no connection
between the variations in spectra and the enhancer used (silver/
gold). Additionally the excitation wavelength does not seem to
affect the detected spectrum.

The detection process was developed further by manually
lowering the minimum laser power of the Raman system to 10
mW. This enabled the use of larger magnification with the
microscope without burning of the dried specimen during the
measurement procedure. The sample density on the SERS
substrate was also reduced to prevent the blocking of signal by
the media traces of the sample liquids. It was noted that the
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Fig. 10 (a) A normalised concentration series for LOD estimation. (b)
An exponential fit for the normalised concentration series in loga-
rithmic scale for the entire series and a linear fit for the small
concentrations. (c) Comparison of the 737 cm™* peak intensity for
different concentration series with 5-10 pl dried IMS bound L. innocua
ATCC 33090 samples placed with AuNPs into a 1-1.5 mm PDMS well
on top of SERS substrate. (d) Comparison of baseline corrected Raman
intensities for three of the concentration series. All figures are a mean
of 9 measurement points with mean absolute deviations.

RSC Adv., 2016, 6, 62981-62989 | 62987



Published on 22 June 2016. Downloaded by OULUN YLIOPISTO on 06/07/2016 16:16:07.

RSC Advances

media was disturbing the SERS signal if an excessive amount of
traces had dried on top of the SERS substrate. Limit of detection
and repeatability of the detection process could have been
enhanced further with extra washing steps for the IMS beads,
but this was avoided in order to not complicate the sample
handling. Fig. 10 shows the mean intensity changes of the
dominant peak of 737 ecm™' as a function of L. innocua
concentration with 40x magnification and 10 mW laser exci-
tation power for several concentration series. For the concen-
tration series in Fig. 10a and b the Raman intensity was
normalised by the background peak at 787 cm ™. The intensity
of the dominant 737 ecm™ ' peak is displayed in Fig. 10b as
a function of logarithmic L. innocua concentration that follows
an exponential curve. For the concentration range below 10°
CFU ml " the relation was found linear. Since the blank 0 CFU
ml ™" sample exhibits a signal at 737 em ™, the lowest limit of
detection was considered through the deviation of the back-
ground signal generated by the sample matrix. According to the
international union of pure and applied chemistry, IUPAC, the
limit of detection (LOD) can be defined as the smallest
concentration detected with reasonable certainty, and derived
from

LOD = kaiS (1)

where sp,; is the standard deviation of the blank measures, k = 3
is a numerical factor of confidence level approved by IUPAC and
S is the slope of the calibration curve. S is defined as

S = AdAL® @)

where Ac is the change in concentration and A7 is the change in
Raman intensity. By using eqn (1) and determining S from the
linear fit shown in Fig. 10b, the LOD was calculated to be 1.4 x
10" CFU ml ™. The concentration series shown in Fig. 10c and
d confirm the LOD, since the deviation of the concentrations
below 10* CFU ml~" coincide with the deviations of the mean
blank samples. This means that samples with lower concen-
trations cannot reliably be detected. In case of model L. innocua
sample, the estimated detection time including pre-culture®*
(6 hours) for 10* CFU ml™" sample concentration, IMS prepa-
ration (15 minutes), sample deposition on SERS chip
(15 minutes), SERS detection (10 minutes) and data handling
(5 minutes), the total microbe analysis is estimated to be
7 hours. The time-saving of the developed method compared to
the conventional official ISO 11290-1:1996/amd.1:2004 method
in case of the model sample is approximately 41 hours with pre-
cultivation.

As a summary, we demonstrated in this study the use of
disposable polymer SERS platforms and AuNPs with integrated
sample wells for fast and simple detection of L. innocua. We
have shown how the capture and deposit of the IMS bound
bacteria cells onto the SERS substrate benefits the detection. In
the future, the detection process could be further developed by
utilizing the magnetic nature of the IMS beads on the SERS
substrate for the removal of matrix traces e.g. by removing the
matrix with wicking.
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Conclusions

This study analyses the use of different types of AuNPs in
addition to a structured polymer SERS substrate for Listeria
detection. The polymer based SERS substrate has been
produced with roll-to-roll fabrication and thus it is suitable for
one time use due to the high volume production and the low
cost per substrate. The results of this study provide new insights
into Listeria diagnostics. We also demonstrate the benefit of
using immunomagnetic separation beads as an accumulation
assistant of the bacteria for enhanced signal intensity. The use
of novel hydrophobic PDMS wells for sample preparation on
SERS chips enables controlled sample appliance and reduces
mean absolute deviation of SERS signals. The limit of detection
in this methodology was determined to be in the range of ~10*
CFU ml ™" shown for the first time with label-free gold enhanced
SERS using optimized AuNPs combined with an Au based SERS
substrate.
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Abstract. Ilmunomagnetic separation (IMS) beads with antibody coating are an interesting option for biosens-
ing applications for the identification of biomolecules and biological cells, such as bacteria. The paramagnetic
properties of the beads can be utilized with optical sensing by migrating and accumulating the beads and the
bound analytes toward the focus depth of the detection system by an external magnetic field. The stability of
microbial detection with IMS beads was studied by combining a flexible, inexpensive, and mass producible sur-
face-enhanced Raman spectroscopy (SERS) platform with gold nanoparticle detection and antibody recognition
by the IMS beads. Listeria innocua ATCC 33090 was used as a model sample and the effect of the IMS beads on
the detected Raman signal was studied. The IMS beads were deposited into a hydrophobic sample well and
accumulated toward the detection plane by a neodymium magnet. For the first time, it was shown that the spatial
stability of the detection could be improved up to 35% by using IMS bead capture and sample well placing. The
effect of a neodymium magnet under the SERS chip improved the temporal detection and significantly reduced
the necessary time for sample stabilization for advanced laboratory testing. © 2017 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.0E.56.3.037102]
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1 Introduction

Optical sensing has a long history in biological and molecu-
lar analysis.'> Typically, the photonics-based detection
methods are either label-free or utilize a conjugated label,
such as a fluorophore. Although the fluorophores can often
enhance detection sensitivity, they can also complicate the
analysis procedure. Surface-enhanced Raman spectroscopy
(SERS) is a recent optical detection method, which can
offer both identification of the analyte and enhanced sensi-
tivity without the use of labels.” Additionally, SERS can
offer a multiplexed analysis and quick discrimination of ana-
lytes, such as biological cells through their specific Raman
spectra at the current state. Immunomagnetic separation
(IMS) beads are an interesting alternative for the trapping
and separation of biological cells before cell analysis.*”
IMS beads combine the ability of cell separation with an
antibody-assisted identification of the captured cells. In com-
parison to the more conventionally used membrane filtration
and centrifugation, the IMS beads can show higher specific-
ity and separation efficiency.® During the past two decades,
IMS beads have been used efficiently for biological cell
trapping in food pathogen analysis and in environmental
monitoring.*~!'~!3 SERS is a vibrational spectroscopy tech-
nique, which can be used for the detection and recognition of

*Address all correspondence to: Sanna Uusitalo, E-mail: sanna.uusitalo @ vit.fi
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captured biological cells.*" In SERS, the Raman scattering
of excitation light forms a spectrum containing information
about the chemical structure and bonds of the biomolecules
on the surface of the cells. Nobel metals, such as gold and
silver, enhance the detected signal through localized surface
plasmon resonance and enable sensitive detection for near-
infrared Raman.>*'*> As reported by Li et al.,** by combin-
ing SERS nanoparticle detection with a structured SERS
substrates, it is possible to increase the total plasmonic
electromagnetic field, and consequently, SERS enhance-
ment, through a weak coupling of local fields if the substrate
and the nanoparticles are gathered in the near vicinity of each
other. The use of IMS beads in combination with detection
is usually conducted by removing the beads before the
detection®* or by using custom-made sandwich assays with
Raman labels for signal enhancement.’®*’ There are, to our
knowledge, hardly any studies focusing on the effect of IMS
beads on the signal construction during SERS detection.
Although SERS has been receiving a lot of attention in
the last decade because it is label free and it can ultimately
be used even for single-cell detection,’**” the practical use
of SERS has encountered challenges in the repeatability and
stability of the measurements. Detection of biological cells in
liquid samples is highly dependent on the fact that the cells
have to be in close proximity of SERS-active colloids or
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Reverse gravure deposition
of UV-nanoimprint lacquer

Imprinting of the SERS
structures

Gold-layer vapour deposition
on top of SERS sheets

Die-cutting of the
SERS sheets

Fig. 1 A schematic illustration of the roll-to-roll UV-nanoimprint method for structured SERS substrate
fabrication. The SERS pattern is imprinted onto a PMMA web with UV sensitive lacquer. The lacquer is
set with UV light exposure through a transparent polymer web.

surfaces, and that both the cells and the SERS active agents
have to be within the focus depth of the detection system.*’
Detecting a sample droplet on a surface can show low SERS
signal reproducibility and stability due to microcurrents
generated by the evaporation of the liquid and shrinkage of
the droplet.”’ During the evaporation, enhanced with the
focussed laser beam, the microcurrents move the cells toward
the edges of the droplet, where the signal can be significantly
higher than in the middle of the droplet. This phenomenon is
referred to as the coffee ring effect.”' The flow of cells to the
edges of the droplet can be suppressed by the use of IMS
beads, which are heavier objects and do not flow as easily
along the microcurrents, thus showing higher stability in
respect to their location. Herein, we have studied the positive
effect of IMS beads on the spatial and temporal stability of
cell detection with SERS. The use of a magnetic field to
accumulate paramagnetic IMS beads with gold nanoparticles
near the surface of the SERS substrate was analyzed. Listeria
innocua ATCC 33090 was used as a model sample for bio-
logical cell capture.

2 Experimental Methods

2.1 Gold Nanoparticle Synthesis

The Frens method*” was used for the synthesis of gold nano-
colloids (AuNPs) with a median size of 85 nm as determined
from transmission electron microscopy images. In brief, a
0.01% (wt/vol) HAuCl, aqueous solution was heated up
to boiling point while continuously stirring the solution.
1% (wt/vol) trisodium citrate solution was dropwise added

PDMS
chamber
ample '#
suspension Q
SERS
substrate

'? _‘ IMS beads

to the HAuCl, aqueous solution. This low viscous solution
boiled for ~45 min until the color of the solution changed to
dark-red. The resulting AuNP solution was centrifuged at
3500 rpm for 5 min to remove the supernatant sequentially.
The concentration of the final AuNP solution was
~5500 mg/L, which was diluted in a 1:5 ratio in deionized
water before experiments.

2.2 Surface-Enhanced Raman Spectroscopy
Substrate Fabrication

The structured SERS substrates were fabricated with a high
throughput method by using UV-nanoimprint 11th0graphy
with roll-to-roll equipment, as shown in Fig. 1. A
poly(methyl methacrylate) (PMMA) polymer sheet was
coated with a UV-curable lacquer by reverse gravure tech-
nique. The lacquer was patterned with embossing reel and
UV light was used to cure the structures through the
PMMA web. The rolls were die-cut into smaller sensor strips,
which were coated with a 240-nm gold layer by evaporation.

2.3 PDMS Well Integration

Hydrophobic sample wells with a diameter of 1 mm were cut
into 1-mm thick polydimethylsiloxane (PDMS) foil. The
wells were bonded to the gold layer by physical adsorption.
The hydrophobicity of the PDMS around the wells allowed
for the sample amount to be larger than the well volume. A
neodymium magnet was placed underneath the wells and the
SERS substrate to force the IMS beads near the sensing sur-
face and accumulate the bacteria cells. Figure 2 depicts a

with bacteria
{} and AuNPs

® €
| @ &8

Fig. 2 SERS substrate with an integrated hydrophobic sample well, IMS beads with L. innocua ATCC
33090 cells and gold nanoparticles for signal enhancement around the microbe cells. A neodymium
magnet placed below the chip for optimal signal collection through the rapid descending of the IMS
beads onto the SERS substrate. The arrows show the direction of the IMS bead motion.

Optical Engineering

037102-2

March 2017 « Vol. 56(3)



Uusitalo et al.: Stability optimization of microbial surface-enhanced. ..

situation where the L. innocua ATCC 33090 cells are bound
by the IMS beads and the sample is placed into a sample well
on a SERS substrate. The SERS chip with the well is posi-
tioned on top of a neodymium magnet for the studies of rapid
IMS bead migration.

2.4 Cultivation of L. innocua and Capture of Cells
with Immunomagnetic Separation Beads

The bacteria, L. innocua ATCC 33090, was grown in Listeria
Express Enrichment (LEE) Broth (Labema, Lab M Limited,
pH 7.2+0.2) at 35°C for 20 h. Spectrophotometry
(Dynamica HALO DB-20S) was used to determine the
concentration of the bacteria, which was then diluted into
the used concentrations (10° to 10° CFU/ml) in LEE Broth.
Dynabeads® anti-Listeria [Life Technologies (Invitrogen)
71006] with the standard IMS protocol was used for
IMS capture of bacteria with a Dynal Magnetic Particle
Concentrator DynaMag™-2 (Invitrogen Dynal). Briefly,
1 ml of bacterial culture was incubated at room temperature
in a microcentrifuge tube containing 20 ul of Dynabeads®
anti-Listeria (Dynal) for 10 min with continuous mixing.
Dynal MPC-M magnetic field was used to concentrate the
IMS beads. After the supernatant was removed, a washing
buffer (0.15 M NaCl, 0.01 M sodium phosphate buffer, pH
7.4 with 0.05% Tween 20) was used for sample washing. The
beads were again concentrated to remove the supernatant
and the IMS beads with the bacteria were resuspended into
100 ml of washing buffer for SERS detection.

2.5 Surface-Enhanced Raman Spectroscopy
Experiments and Postprocessing of Data

An in-house built Raman system, coupled with an optical
microscope (Olympus BX-51) and a 785-nm excitation laser
wavelength, was used for spectral recording. For signal
collection, a laser power of 40 mW was used with 20X objec-
tive magnification. The sample volume in the experiments
for spatial stability without a PDMS well was 6 ul. The
signal integration time was 5 s without averaging for the
10° CFU/ml samples and 10 s for the 108 CFU/ml samples.
A sample volume of 5 ul was used with the IMS bound
microbe samples mixed with gold nanoparticles (AuNPs) in
hydrophobic (PDMS) sample wells. The mixing ratio for
microbe samples and AuNPs before dispensing was 2.5 parts
AuNP solution (AuNP concentration 1000 mg/1 in H,0) to
10 parts microbe sample solution. The AuNPs are mixed
with gold colloids before the stability testing for 30 s. For
consistency, the amount of gold nanoparticles in a sample
droplet with each concentration was kept constant at
3.6 x 107 particles in a 5-ul droplet volume. The relation
between AuNP amount and the bacteria cell amount in
one droplet ranges from 10 particles/cell with a higher cell
concentration of 10° cfu/ml to 103 particles/cell with
a lower cell concentration of 10° cfu/ml. Therefore, the
amount of nanoparticles adsorbing to one bacteria cell can
differ with different concentrations, although the particle
density in the droplet volume is constant. MATLAB (release
2015a, Mathworks Inc.) and PLS toolbox (version 2.0,
Eigenvector Research Inc., Manson, Washington) were used
for a simple baseline correction (linear fitting) and transfer of
the data into Origin Pro (version 9.4, OriginLab Corp.).
Origin Pro was used for data postprocessing and plotting.
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Fig. 3 SERS spectrum of IMS bound L. innocua with a concentration
of 108 CFU/ml, 5-s integration time and 40-mW excitation laser
power. Savitsky-Golay function was used for spectrum smoothing.

3 Results and Discussion

The SERS spectrum of the model bacteria L. innocua ATCC
33090, measured with the combination of AuNP and a roll-
to-roll produced SERS substrate, is presented in Fig. 3. The
L. innocua ATCC 33090 cells exhibit a strong Raman peak at
a Raman shift of 737 cm™!. This main peak, related to a gly-
cosidic ring mode, will be utilized when analyzing the effect
of the IMS beads on the signal construction and stability. The
measured spectrum is in good agreement with similar spectra
previously presented by Luo et al. and Kairyte et al.'®*
The difference in the stability of the SERS signal as
a deposited SERS droplet on a surface without and with
IMS bead capture is presented in Figs. 4(a) and 4(b), respec-
tively. The 44% average deviation of the signal intensity of
the main Raman peak at 737 cm™' in the case of Fig. 4(a) is
too large even for semiquantitative detection. By using IMS
beads, as shown in Fig. 4(b), the average deviation of the
signal intensity of the main Raman peak at 737 cm™~! dimin-
ishes to 13%, thus yielding a better signal stability and
repeatability. However, detecting a SERS signal from a drop-
let can be affected by many factors. Repetitively pipetting
a droplet with a constant shape and a similar footprint is dif-
ficult. The lens like shape of the droplet can cause challenges
with correct focus depth and the efficient capture of the scat-
tered Raman signal. By placing the sample droplet into a
hydrophobic PDMS well, the repeatability of the detection
can be enhanced. As can be seen from Fig. 4(c), the use of
the PDMS well also lowers the average deviation of the
signal intensity of the main Raman peak at 737 cm™'.
Although the spatial stability of the signal can be
increased with the combination of IMS bead capture and
an integrated sample well, the temporal stability is still low.
Figures 5(a)-5(c) show the temporal growth of the SERS
signal of the main Raman peak at 737 cm™! as a function of
time. The signal growth requires at least a 10- to 20-min
waiting time for the signal to reach the maximal peak height.
This is the time from the appliance of the sample into the
well, until the majority of the IMS beads slowly descend to
the SERS substrate and to the focus depth of the Raman
system. The waiting time adds variance into the detected
signal height and delays the signal recording. However, it
does increase the intensity of the Raman bands originating
from the analyte. Figure 5(d) shows the intensity relation of
10° to 103 CFU/ml sample concentrations of IMS captured
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Fig. 4 (a) Deviation of L. innocua spectrum measured from a 10° CFU/ml droplet. Result of eight spectra
measured from 1 mm? area. (b) L. innocua spectrum with microbes bound to IMS beads from a
108 CFU/ml droplet. Result of 10 spectra measured 1 mm?. (c) L. innocua spectrum with microbes
bound to IMS beads from a 10® CFU/ml sample in a PDMS well. Result of nine spectra measured 1 mm?.
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Fig. 5 SERS signal growth of IMS bound L. innocua samples with different concentrations in a hydro-
phobic sample well as a function of time. As the heavy IMS beads slowly descent to the surface of
the structured SERS substrate, the signal intensity grows. (a) 10° CFU/ml L. innocua sample,
(b) 107 CFU/ml L. innocua sample, and (c) 108 CFU/ml L. innocua sample. (d) Relation of the intensity
of the main Raman peak at 737 cm~" as a function of sample concentration after allowing the beads to
descend for 10 min. Savitsky-Golay function was used for spectrum smoothing.

L. innocua ATCC 33090 cells detected after allowing the
beads to slowly migrate toward the SERS substrate for
10 min. The limit of detection (LoD) with the method is
clearly smaller than the lowest detected concentration
10° cfu/ml, possibly near 103 cfu/ml or lower. According
to our previous study without magnet stabilization, an LoD
of 1.4 x 10* cfu/ml can be achieved."’

By employing the paramagnetic property of the IMS
beads, the beads rapidly accumulate onto the SERS
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substrate. From Figs. 6(a) and 6(b), it can be seen how a
neodymium magnet located underneath the SERS substrate
functions as an IMS bead attractor. The overall quality of the
SERS peaks is increased with the magnetically stabilized
samples. Minor peaks of the spectrum can be identified more
clearly.

The saturation in the rise of signal intensity is reached
within 2 min or less after depositing the sample. The changes
in SERS signal intensity with and without the magnet as

March 2017 « Vol. 56(3)
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Fig. 6 SERS signal of IMS bound L. innocua samples (a) without and (b) with a neodymium magnet
placed underneath the SERS chip. The neodymium magnet placed underneath the SERS chip clearly
forces the beads to descend faster to the bottom of the hydrophobic sample well. Sample concentration:
108 CFU/ml. Savitsky-Golay function was used for spectrum smoothing.

- Maximum intensity

1

e 100+ G e LR L L PLE SR

5 -

N~

™0~

~ R 75

=%

2 & 50

g8

£ g 25 —=— No magnet applied
S —e— Magnet applied M1
& —+— Magnet applied M2
5 O

o 2 4 & 8 10
Time (min)

Fig. 7 The change in relative SERS signal intensity of IMS bound L.
innocua samples as a function of time detected without and with
a neodymium magnet placed underneath the SERS chip. Sample
concentration: 10 CFU/ml.

a function of time are presented in Fig. 7. When the magnetic
field is applied, the signal intensity changes only 4.9% after
2 min. The slope of the signal after 2 min is attributed to the
local heating of the measurement spot and the degrading
effect of the heating to the bacteria cells and IMS beads.
Whereas, without the magnetic field, the signal intensity
is growing at a constant rate of 2.5%/ min up to 10 min
and continues to rise further as time progresses even up
to 20 min.

In the present study, the effect of IMS beads on the SERS
signal stability of bacteria cells was analyzed. The IMS
beads stabilized both the temporal and the spatial variance,
and accumulated the bacteria cells evenly into the focus
depth and to the focal point of the laser beam. The results
show the superiority of bacteria cell detection employing
IMS capture in comparison to biological cell detection with
free cells.

4 Conclusions

The spatial and temporal stability of SERS detection of
bacteria cells in solution phase was studied with IMS bead
capture and hydrophobic PDMS sample wells. We
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demonstrate significant improvements of the spatial signal
stability by 35% when the bacteria cells were captured by
the heavier IMS beads, which were placed into the restricted
area of the sample well. The temporal stability was affected
by the descending time of the IMS bead inside the sample
well. A sample stabilization time of 10 to 20 min was
required to achieve saturated SERS signal intensity when
no magnetic field was present. However, by using a neodym-
ium magnet as an IMS bead attractor underneath the SERS
substrate, the lag time for sample stabilization could be
reduced to below 2 min. Besides producing reproducible
and more reliable SERS results, this method enables quicker
and straightforward laboratory testing.
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In the beverage industry, the detection of spoilage yeasts such as Wickerhamomyces anomalus and
Brettanomyces bruxellensis can be labourious and time-consuming. In the present study, a simple and
repeatable technique was developed for rapid yeast detection using a combination of patterned gold-
coated surface-enhanced Raman spectroscopy (SERS) substrates and gold nanoparticles. W. anomalus
and B. bruxellensis showed several characteristic peaks, enabling the discrimination of these yeasts
without chemometric analysis. The control yeast used as an indicator yeast, Rhodotorula mucilaginosa,
showed 7 cell wall-related peaks originating from lipids and haemoproteins. Analysing W. anomalus SERS

gZ{,Zngds' spectra with differently sized and shaped gold nanoparticles revealed the benefit of using either large,
Yeast spherical, chemically synthesised gold nanoparticles or small, laser-synthesised, gold-silicon nano-
Raman spectroscopy particles for yeast detection. Additionally, the spectra showed differences in SERS signal construction for
SERS small molecules and biological cells, as the nanoparticles with best response in biological cell detection

Nanoparticles did not excel in small molecule detection. The use of small composite gold-silicon nanoparticles in
combination with the SERS substrate gave distinctive spectra for all detected yeast species.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction 2006; Amorim et al., 2016), some yeasts can spoil the final products.

In the worst cases, yeast spoilage can lead to exploded cans of soft

Yeast spoilage in the beverage industry is a costly problem
arising from off-flavours caused by the metabolic end products of
the yeast cells (Loureiro and Querol, 1999; Loureiro, 2000).
Although yeasts are essential for making beer and wine and are
often vital for forming the specific taste of the beverage (Stratford,
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http://dx.doi.org/10.1016/j.jfoodeng.2017.05.007
0260-8774/© 2017 Elsevier Ltd. All rights reserved.

drinks and cloudy re-fermented products with unwanted off-
flavour in beverages (Rodriguez et al., 2013; Stratford, 2006). The
presence of a few cells of a specific spoilage yeast at any stage of the
manufacturing process may result in quality defects that are
perceptible by the consumer. Despite many advances in controlling
microbiological risks in beverage production, the globalisation of
trade, use of exotic raw materials and novel processing technolo-
gies and the growing demand for minimally processed fresh-
tasting products create new challenges for manufacturers to
ensure product safety and stability. Thus, there is a need to develop
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effective control and detection tools for harmful microbes,
including spoilage yeasts.

Beverages containing spoilage yeasts are difficult to detect by
the naked eye. As many as 10,000 cells/ml are required to change
the appearance of a drink. In the beverage industry, microbiological
quality control mainly relies on the use of plate cultivation tech-
niques, which are often labourious and time-consuming. The
detection of spoilage fungi typically requires at least 5—7 days, and
these methods rarely distinguish between spoilage and harmless
microbes. After detection, the identification of yeasts often requires
slow, labourious DNA sequencing or morphological and physio-
logical testing to identify the organisms (Loureiro and Malfeito-
Ferreira, 2003; Loureiro and Querol, 1999; Loureiro, 2000; Pitt
and Hocking, 2009).

Recently, surface-enhanced Raman spectroscopy (SERS) has
been demonstrated for the identification of yeasts by several
research groups (Chen et al., 2012; Chrimes et al., 2013; Gessner
et al., 2002; Sayin et al., 2009; Sujith et al., 2008; Sujith et al.,
2009; Syamala et al,, 2012). SERS detection is based on vibra-
tional spectroscopy, where the signal intensity of Raman scattering
is enhanced by localised or propagating plasmon resonance in
noble metals (Anker et al., 2008). Thus, bonds to biomolecules such
as proteins, lipids, carbohydrates, and nucleic acids on the cell wall
of yeast cells create a specific Raman spectrum, enabling identifi-
cation of different yeast species. SERS is promising for molecular
and microbial detection, with advantages such as analyte identifi-
cation, speed and the possibility for multiple simultaneous ana-
lyses. The presence of other microbes or DNA in the laboratory is
not a concern in SERS (Rodriguez et al., 2013). Yeast detection by
SERS has mainly focused on characterisation of different yeasts
with colloidal suspensions of silver nanoparticles (Ag NPs) incu-
bated with the cells, and by focussing on single cells or small
clusters of cells in combination with highly magnifying optics
(Chrimes et al., 2013; Culha et al., 2010; Sayin et al., 2009; Sujith
et al,, 2008; Syamala et al., 2012). Syamala et al. revealed the dif-
ficulty in obtaining reproducible SERS spectra from yeast cells with
Ag NP incubation, as there are various factors affecting the
adsorption of Ag NPs to the proteins, including flexibility/mobility,
accessibility, polarity and the exposed surface (Syamala et al.,
2012). Silver nanoparticles are advantageous for SERS, as silver
has a higher SERS enhancement factor than other metals such as
gold (Schwartzberg et al., 2004). However, there are reasons to
consider the latter for SERS. AgNPs are prone to oxidation and
release toxic silver ions; although surface stabilisation is applied, it
can make the nanoparticles bio-incompatible and inappropriate for
longer storage (Greulich et al., 2012). Gold is stable and non-toxic,
and does not harm the yeast cells under inspection (Alkilany and
Murphy, 2010); (Shukla et al., 2005). Additionally, gold-initiated
SERS can be excited with near-infrared (NIR) wavelengths, thus
reducing thermal damage due to longer wavelengths with lower
energy (Notingher et al., 2002).

Very little research has been performed using Raman or SERS
detection of beverage yeasts other than Saccharomyces cerevisiae.
Rodriguez et al. measured the Raman spectra of wine spoilage
yeasts including Saccharomyces cerevisiae, Zygosaccharomyces bailii,
and Brettanomyces bruxellensis (B. bruxellensis), but specific Raman
spectra with several peaks for Brettanomyces bruxellensis or other
yeasts used in the study were not observed. The study was executed
using microscope-assisted Raman without SERS enhancement, and
relatively high excitation laser power (30 mW) was used
(Rodriguez et al., 2013). In the present study, yeast detection by
SERS was developed using NIR excitation, reduced laser power and
thermally dried yeast cells on top of a SERS substrate with gold
nanoparticles (AuNPs) to achieve characteristic Raman spectra,
which can be used for straightforward, simple discrimination of the

beverage yeast species. Incubation of nanoparticles with yeast cells
prior to detection was avoided to obtain spectra with less variance
due to various colloid adsorption factors. Raman spectra for
two beverage spoilage yeasts, Wickerhamomyces anomalus
(W. anomalus) and B. bruxellensis, and a reference yeast, Rhodotorula
mucilaginosa (R. mucilaginosa) were successfully detected. Different
AuNPs for the detection of W. anomalus were analysed to determine
the optimal combination of SERS substrate and NPs, producing high
SERS enhancement with low background signal. The SERS sub-
strates were used as an analysis chip basis to increase the electro-
magnetic field (Li et al., 2013; Uusitalo et al., 2016) with the
combination of nanoparticles. They were fabricated with roll-to-
roll UV-nanoimprint lithography, allowing for high-throughput
manufacturing of the SERS chips (Oo et al., 2013).

2. Materials and methods
2.1. Gold nanoparticles

2.1.1. Star nanoparticles (star AuNPs)

Nanostars were fabricated using a seed-mediated growth
method (Yuan et al.,, 2012) with slight modifications (Bibikova and
Popov, 2015; Bibikova et al., 2016). Gold nanospheres (NSps) with
15 nm diameter were used as seeds. In detail, 10 uL of 1 M HCI and
100 pL of the NSps solution were added to 10 mL of 0.25 mM
HAuCls aqueous solution at room temperature under vigorous
stirring. Then, 100 pL of 2 mM AgNOs and 50 pL of 0.1 M ascorbic
acid were added to the solution with 30 s stirring as the colour
changed to dark grey. Next, 250 pL of 0.36 mM poly(vinyl pyrroli-
done) was added under gentle stirring for 15 min. The solution was
centrifuged twice at 7500 relative centrifugal force in terms of ac-
celeration for 10 min. The 15 nm sized star AuNPs were synthesised
by the reduction of HAuCly with sodium citrate using Grabar's
method: 4.5 mL of 1% sodium citrate was added quickly to boiling
0.03% HAuCl (50 mL), resulting in a change in solution colour to
deep orange-red. The original star AuNP concentration was diluted
in a ratio of 1:4 into deionised (DI) water to better match the optical
density (OD) of spherical particles.

2.1.2. Ultrapure nanoparticles

Synthesis of gold-silicon nanocomposite particles (AuSi NCs)
was performed using the pulsed laser ablation method described
previously (Blandin et al., 2013; Kabashin and Meunier, 2003;
Maximova et al, 2015; Rioux et al., 2009; Ryabchikov et al.,
2016). In brief, a gold target was ablated in a previously prepared
solution of silicon NPs. Laser ablation was performed by Ti:Sapphire
laser (Hurricane Spectra Physics Laser) operated at 800 nm and a
1000-Hz repetition rate, with a 110-fs pulse duration. Laser energy
fluence was fixed at 150 pJ/pulse. For fabrication of a colloidal so-
lution of silicon NPs (Blandin et al., 2013; Rioux et al., 2009) a silicon
target was immersed in 18-MQ deionised water and exposed to fs-
pulsed laser radiation. The Si target was replaced by an Au target,
and laser ablation was applied in the presence of Si nanoparticles
(Kabashin and Meunier, 2003). The dual ablation leads to the for-
mation of composite AuSi composite nanoparticles (AuSi NC)
(Ryabchikov et al., 2016). The advantage of laser-assisted synthesis
is in the absence of ligands on the nanoparticle surface, which
guarantees a strong response for the formed nanoparticles
(Angelov et al., 2016; Hebié et al., 2015). Despite the presence of
protective ligands, AuSi NCs are extremely stable, due to the strong
negative charge of colloids, which leads to an electric repulsion
effect. The AuSi NC suspension was diluted in a ratio of 1:1 into DI
water to better match the OD of the spherical particles.
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2.1.3. Chemically synthesised spherical nanoparticles

Spherical NPs of different sizes were purchased from Sigma-
Aldrich (CytoDiagnostics, Inc., Burlington, Ontario, Canada). NPs
10 nm, 80 nm, 150 nm and 200 nm in diameter were acquired in
0.1 mg/mL citrate buffer. According to the CytoDiagnostics product
description, the nanoparticles in citrate buffer have a high salt
stability (30 mM NacCl, 30 min). The optical density (OD) of particles
was set to 1. The concentrations of the 200-nm, 150-nm, 80-nm and
10-nm particles in citrate buffer were 1.9-10° particles/mL, 3.6-10°
particles/mL, 7.8-10° particles/mL and 6.0-10'? particles/mL,
respectively. The 150-nm diameter particles were also acquired in
phosphate buffered saline (PBS) buffer. The concentration of the
particles was 3.6-10° particles/mL, the OD was 1 and the solution
was 99% free of residual reactants from manufacturing.

2.2. SERS substrate and PDMS sample well

SERS substrate fabrication and PDMS well integration were
described previously (Oo et al.,, 2013; Uusitalo et al., 2016). In short,
the SERS substrates were fabricated using UV-nanoimprint lithog-
raphy and roll-to-roll (R2R) equipment. UV-curable lacquer was
applied with reverse gravure and patterned with an embossing
reel, and the structures were cured through UV exposure. The web
was die-cut and coated with a 240-nm gold layer by vapour
deposition. The 2-mm diameter hydrophobic sample wells were
integrated into the gold layer of the SERS substrates by physical
adsorption. The developed R2R fabrication is capable of high-
throughput volumes with low cost per chip, which simplifies the
detection as the chips can be disposed after use and do not require
extra cleaning steps.

2.3. VIS-NIR spectroscopy and TEM imaging

VIS-NIR spectroscopy was performed using a spectrophotom-
eter (Optronic Laboratories, USA) from 350 to 1050-nm. The orig-
inal measured collimated transmittance was recalculated into OD.
The maximum signal absorbance of different AuNPs was tuned to a
similar range by diluting the AuSi NCs in a 1:1 ratio and the Star
AuNPs in a 1:4 ratio. The diluted samples were used in the SERS
detection of W. anomalus. TEM imaging was performed with LEO
912 Q EFTEM (Zeiss, Germany) by drop-casting NP suspensions
onto carbon-coated copper grids.

2.4. Raman spectroscopy of small molecules and yeast cultures

A 785-nm excitation laser was used in a Raman system coupled
with an optical Olympus Microscope (Olympus BX-51, Japan), in
combination with 50 x magnifying optics. Spectra were acquired
over a Raman shift range of 400—2100 cm™! with 1.076 cm™! res-
olution. The 100 M Rhodamine 6G (R6G) in the study was mixed
with 0.1% non-ionic detergent TWEEN in a volume ratio of 70:30
and dried on top of a hot plate (40 °C) inside 1.5-mm diameter
PDMS that was well integrated on the SERS substrate. Subse-
quently, AuNP solutions were dried on top of the R6G samples
(40 °C). The integration times were 1 s for diluted star AuNPs, AuSi
NCs and 150 nm AuNPs in PBS Otherwise, the integration time was
2 s. 15 points were recorded per sample, and results were nor-
malised with the integration time. Yeast strains Wickerhamomyces
anomalus VIT C-02470 (C470), Brettanomyces bruxellensis VTT C-
05796 (C796) and Rhodotorula mucilaginosa VTT C-89179 (C179),
isolated from beverage production, were obtained from the VTT
Culture Collection (http://culturecollection.vtt.fi). Yeast strains
were grown on yeast-malt extract agar, (YM-agar, Difco Labora-
tories, Detroit, USA) at 25 °C for 2—4 days. Yeast samples in 0.9%
physiological saline buffer were prepared using a precision scale to

measure the ratio of inoculating loop-inserted yeast mass and sa-
line. W. anomalus concentration for the nanoparticle analysis was 8
- 107 cells/ml, prepared by adding 0.015 g of yeast to 2 mL of saline.
The W. anomalus, B. bruxellensis and R. mucilaginosa concentrations
for gold-silicon composite nanoparticle (AuSi NC) detection was 4 -
107 cells/ml. The yeast buffer solutions with 4-ul volume were
pipetted inside PDMS wells integrated onto the SERS substrates and
dried at 30 °C. Drying caused the salts of the buffer to crystallise
locally. Raman detection was conducted over areas free of the
crystallised salt. AuNP solutions with 4-ul were dried on top of the
yeast samples (at 30 °C). Yeast response results were averaged from
three collected spectra, with three averaged 5-s integration times
each. Each yeast species was measured in triplicate with PDMS
wells 2 mm in diameter, and 10 measurement points with
approximately 30 pm spacing were recorded per well (30 mea-
surement points/sample).

3. Results and discussion

Two spoilage yeasts, Wickerhamomyces anomalus and Bretta-
nomyces bruxellensis, and an additional control yeast, Rhodotorula
mucilaginosa, were chosen for this study to develop a new method
for beverage yeast detection by SERS. W. anomalus and
B. bruxellensis are often related to the production of volatile com-
pounds causing off-flavours in wines, beers and soft drinks (Martin
et al, 2016). Brettanomyces bruxellensis, also known as Dekkera
bruxellensis, can produce an acetic taste in beers and undesirable
flavours in soft drinks due to acetate-ester production (Hayashi
et al., 2007). Rhodotorula mucilaginosa is a soil yeast that pro-
duces red/pink coloured carotenoids (Aksu and Eren, 2005). In the
beverage industry, Rhodotorula yeasts are often considered hygiene
indicators at manufacturing plants but are not normally associated
with spoilage of the final product (Laitila et al., 2011). Detection of
yeast cells on SERS substrates can be difficult, as the yeasts are
relatively large species (diameter 4—10 pm). When the size of the
yeast cells is compared to the size of the SERS excitation patterns on
the substrates (diameter nanometre to 1 um), it is evident that SERS
signal acquisition is limited to the area of the yeast near the sub-
strate, thus covering only one side of the yeast cell. It follows that
the yeast cells have been commonly detected using metal nano-
particles (NPs) adsorbed around the yeast cell. Although this en-
hances the signal, in the case of nanoparticles, the highest SERS
enhancement factor may be missing because the yeast cells are too
large to fit into the small hotspot pockets of the aggregated NPs. In
SERS, the metal used, composition, size and shape of the NPs affect
the field enhancement factor and the resonance excitation wave-
length. In this study, the compatibility of a new hybrid detection
method, joining a gold-plated SERS substrate patterned with UV-
nano imprinting and nanoparticles of differing composition, size
and shape, was analysed for yeast cell detection. The method
benefits from the overlapping local surface plasmon resonance
fields, which can lead to the growth of the total field, as shown in
the case of protein biomarkers (Li et al., 2013b) and bacteria
detection (Uusitalo et al., 2016). The effect of size, shape and buffer
of NPs on Raman spectra was studied with light spectroscopy,
Transmission electron microscopy (TEM) imaging and hybrid SERS
detection using the model analyte Rhodamine 6G (R6G) and the
chosen beverage yeast strains. TEM imaging was used to compare
the shapes and reveal the NP size distribution. All NPs had spherical
shapes, as shown in Fig. 1 a) -g). The star AuNPs shown in Fig. 1 a)
have additional sharp spikes, affecting their VIS-NIR absorbance
and creating SERS hotspots. According to the images, the size
ranges of the commercial particles and star AuNPs are consistent,
but the AuSi NCs, as shown in Fig. 1 b), have some larger particles
amid the small ones.
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200 nm
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Fig. 1. TEM images of the analysed AuNPs. a) Star AuNPs with an average diameter of 79 nm, with spikes excluded, b) AuSi NCs with an average diameter of 16 nm, c) 10-nm AuNPs
in citrate buffer, c) 80-nm AuNPs in citrate buffer, d) 150-nm AuNPs in citrate buffer, e) 200-nm AuNPs in citrate buffer and f) 150-nm AuNPs in PBS buffer. The size histograms for

the calculation of average NP diameters are presented in Supplementary Material Fig. S1.

As the absorbance of the nanoparticles indicated the best exci-
tation wavelength band for SERS via the connection to the reso-
nance wavelength of the particles, VIS-NIR spectra for the chosen
nanoparticles were recorded (Fig. 2). According to the VIS-NIR
spectra, star AuNPs and 200-nm AuNPs in citrate buffer showed
the highest absorbance at 785 nm, while 10-nm and 80-nm
spherical NPs and AuSi NCs showed the lowest. The 10-nm and
80-nm spherical nanoparticles and AuSi NCs showed the lowest
absorbance at 785 nm. Thus, it was assumed that the 200 nm
particles and star AuNPs would show the highest SERS enhance-
ment factors.

The relative SERS enhancement of AuNPs was further studied by
recording the SERS spectra for Raman active R6G, which is
commonly used as a reference sample in Raman detection. As fol-
lows from Fig. 3, the large spherical AuNPs showed the highest R6G
peaks. The strongest spectrum was achieved with 150-nm AuNPs in
PBS, but the peaks had a large fluorescence background originating

785 nm excitation band
1.00 -

0.75

0.50 1

Optical density (a.u.)

400 500 600 700 800 900 1000
Wavelength (nm)

——80nm AuNPs in citrate buffer
—— 150nm AuNPs in citrate buffer
——200nm AuNPs in citrate buffer
—— 150nm AuNPs in PBS buffer

—— Star AuNPs
——AuSi NCs
10nm AuNPs in citrate buffer

Fig. 2. VIS-NIR absorbance spectrum (optical density) for the analysed AuNPs.

from the PBS buffer. This background can pose a problem in
handling biological samples and mask Raman signals less intense
than the R6G sample. Interestingly, the star AuNPs showing the
best absorbance at 785 nm showed lower enhancement. The signal
intensity of R6G with star AuNPs was in the same range achieved
with similarly sized 80-nm AuNPs. Thus, although a SERS signal
was detected, the spike-shaped stars did not show an additional
advantage, possibly due to presence of ligands on their surface. Also
observed was the peak intensity of R6G with bare AuSi NCs. The
16 nm AuSi NCs showed similar enhancement as the 80-nm par-
ticles, possibly due to better adsorption of R6G molecules to the
bare surface of the AuSi NCs. This ensures excellent contact of R6G
molecules with metal, providing higher SERS enhancement. The
10-nm particles did not show additional enhancement with the
SERS substrate.

From the results of the R6G detection, we conclude that the
citrate buffer is preferential to the PBS buffer, as it shows lower
fluorescent background signal. The largest particles, 150-nm and
200-nm diameter AuNPs, exhibited the highest peak intensity. A
combination of 80-nm particles, star AuNPs or the AuSi NCs with
SERS substrate showed lower enhancement, but with 10-fold
higher signal than the SERS substrate alone.

As shown in the literature, excitation laser power can damage
biological cells during measurement (Gessner et al., 2002; Rosch
et al.,, 2003). Appropriate laser power also depends on whether
the cells are measured in solution or dried on top of the SERS
substrate. Syamala et al. reported that the detection of yeast cells
incubated with silver colloids had problems in terms of repeat-
ability, the aim of the present study was to detect cells in a ther-
mally dried state using an NIR excitation wavelength and low
excitation power that causes less thermal damage to the cells.
Optimal power for the dried yeast cells was studied by recording
the SERS spectrum for W. anomalus as a function of laser power. The
change in the average intensity of the main Raman peak 738 cm™"
relative to power is presented in Fig. 4 a). An excitation power of
2 mW requires more than 60 s integration times to show several
distinctive peaks for the yeast cells. However, a laser power above
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Fig. 3. SERS spectra of R6G detected with different AuNPs on top of a SERS substrate. The average SERS spectra were calculated from 30 points measured in duplicate. Curves are

separated for clarity with arbitrary constant values.
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Fig. 4. a) SERS spectra of W, anomalus detected using four laser powers and varying integration times. b) The baseline corrected peak height for the 738 cm ! Raman peak as a
function of energy calculated from the laser power and integration time. The average SERS spectra were detected using 150-nm AuNPs in citrate buffer on top of SERS substrate and

calculated from 15 points measured for each laser power.

20 mW destroys the characteristic Raman peaks, such as 738 cm ™!

and 967 cm ™, seen in Fig. 4 b). The main Raman peak is no longer
visible with 34 mW power. Clearly, high laser power can damage
the cells under inspection, although it does not destroy the buffer-
derived fluorescence signal. With 12 mW power, the 738 cm™!
Raman peak has the highest intensity after background reduction,
and the integration time could be shortened by half from 2 mW
excitation. Thus, the best results were achieved with 12 mW exci-
tation laser power. To ensure that the detected W. anomalus signal
originates from the yeast cells, the effect of yeast cell concentration
on SERS signal was detected with 150 nm AuNPs in citrate buffer,
showing how the Raman peak intensity increases with sample
concentration. The results are presented in Supplementary Material
Fig. S3.

The chosen AuNPs were applied to measure the spectrum for
W. anomalus using a slightly lower 10 mW excitation laser power
and reduced total integration time of 15 s to ensure minimal
thermal damage. This study included triplicate samples with 10
measurement points per sample to demonstrate the repeatability
of the detection method. The SERS response of the hybrid detection
method with differently shaped NPs is shown in Fig. 5. The SERS
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Fig. 5. SERS spectra of W. anomalus detected using different AuNPs with similar optical
density (Fig. 2) on top of SERS substrate. The average SERS spectra were calculated
from 10 points measured in triplicate.
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substrate alone without AuNPs does not show characteristic peaks,
such as the 738 cm™! for W. anomalus, and the signal intensity for
the entire spectrum remains low. The star AuNPs and 10-nm
spherical AuNPs show similarly low signal intensity, without
characteristic peaks. The star AuNPs showed a clear signal with the
R6G sample (Fig. 3) which invites speculation about whether the
coverage of the star AuNPs with PVP has a stronger influence on
biological cells than the small molecules entirely inhibiting the
contact of the gold surface with yeast cells, suppressing the Raman
signal. The larger spherical AuNPs in citrate buffer show the char-
acteristic peak 738 cm™', although for the 150-nm AuNPs spectrum
it is more distinct than for 80-nm or 200 nm-AuNPs. The good
suitability indicated for 200-nm particles by the VIS-NIR absor-
bance spectrum (Fig. 2), does not exhibit higher Raman signals with
the actual yeast samples. Additionally, the difference in AuNP buffer
can significantly affect yeast detection, as the 150-nm AuNPs in PBS
do not show any characteristic yeast peaks, unlike the 150-nm
AuNPs in citrate buffer. This could be due to the Raman signal
and the fluorescence background of the PBS buffer. After washing
AuNPs and replacing the buffer with DI water (Raman neutral
medium) the background signal was diminished and the main
Raman peak was detected, but the intensity was lower than ac-
quired with similar AuNPs in citrate buffer. The results obtained
with the ultra-pure composite AuSi NCs showed better compati-
bility of nanocomposites for biological cell detection than for small
molecule detection. They produced the lowest background signal
for the W. anomalus, and in this respect are optimal for yeast
detection. The deviation of the SERS signals in Fig. 5 is presented in
the Supplementary Material (Fig. S2) showing that the detected
Raman peaks do not shift in wavenumber between detection points
and parallel samples.

AuSi NCs were used to detect the SERS spectrum for
W. anomalus, B. bruxellensis and R. mucilaginosa. The NP
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concentration was increased by half, and the effect of the higher NP
concentration on the SERS signal construction is shown in
Supplementary Material Fig. S4. The samples were dried on top of
the SERS substrate, with subsequent addition of AuSi NC. The
recorded yeast SERS spectra are shown in Fig. 6, where several
Raman bands for the yeast strains are clearly distinguishable. The
pink-pigmented R. mucilaginosa showed seven characteristic peaks,
while the spoilage yeasts W. anomalus and B. bruxellensis showed
four peaks. The background SERS spectrum for physiological saline
was subtracted from the spectra of the yeasts. The original raw data
without background reduction is presented in Supplementary
Material (Fig. S5).

The detected Raman bands, with preliminary band assignments,
are presented in Table 1. Typically, the yeast cell wall is composed of
25% helical b(1-3) and b(1-6)-D-glucans, 25% oligomannans, 20%
protein, 10% lipids, and some chitin. The proteins present are pre-
dominantly mannoprotein complexes (Sayin et al., 2009). To our
knowledge, this is the first study showing the Raman spectra for
W. anomalus. Four characteristics peaks were detected at 738 cm™!,
967 cm~', 1322 cm~! and 1399 cm™~. Possible assignments for the
detected bands are related to the C-S bond and C-N stretch and to
protein and lipid bands. The recorded W. anomalus spectra has
similar features to previously published Candida albicans spectra
(Sayin et al., 2009). B. bruxellensis showed four characteristics peaks
situated at 735 cm ™}, 920 cm™7, 1319 cm ™! and 1472 cm™! Raman
shifts. Although the peaks for the spoilage yeasts were in similar
regions, they were slightly shifted allowing easy discrimination.
When comparing the B. bruxellensis result to the study conducted
by S. B. Rodriguez et al., the detected spectrum had more distinctive
Raman lines (Rodriguez et al., 2013). This could be related to the use
of NIR excitation and lower excitation laser power, as the cells do
not endure strong thermal damage. This shows how the use of
thermally dried cells can be beneficial in detecting cell wall
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average SERS spectra were recorded in triplicate using total 15 s integration time. Origin Pro user defined baseline reduction was utilised to remove fluorescence background (shown

for W. anomalus in Fig. 6).



S. Uusitalo et al. / Journal of Food Engineering 212 (2017) 47—54 53

Table 1

Raman band assignments (Sayin et al., 2009) for the spectra of W. anomalus, B. bruxellensis and R. mucilaginosa and a reference biomolecule listing for R. mucilaginosa.

Raman W. anomalus B. bruxellensis R. mucilaginosa Study by M. Z. Pacia et al. (Pacia et al.,,
band 2015)
488 Polysaccharides Outside detection range
735/738  Adenine from flavin, C—S, N-acetyl-p- Adenine from flavin, C—S, N-acetyl-p-

glucosamine glucosamine
920 Glucose
967 C-N stretch
1133 Lipid Haemoprotein, cell wall
1218 Amide IIT Haemoprotein, cell wall
1319/1322 C-H bend protein C-H bend protein C-H bend protein Lipid or haemoprotein, cell wall
1399 CH, bend (protein, lipid)
1431 CH, bend (protein, lipid) Lipid, cell wall
1472 CH, bend (protein, lipid)
1584 N-H, C-H bend, C=C Lipid, cell wall

stretch

1625 Tyrosine, tryptophan Haemoprotein, cell wall

features. The B. bruxellensis peaks appear to originate from sugars,
proteins and lipids. The R. mucilaginosa Raman spectrum was pre-
viously studied using Raman microimaging (Pacia et al., 2015)
(Rosch et al.,, 2003); and by SERS with active silver-coated glass
fibre tips (Gessner et al., 2002). The detection method here revealed
several Raman bands for R. mucilaginosa, originating from poly-
saccharides, lipids and haemoproteins. The features of the cell
responsible for the detected peaks are listed next to the band as-
signments (Pacia et al., 2015). Contrary to studies conducted by R.
Gessner et al., the characteristic peaks for carotenoids (Gessner
et al, 2002) at Raman shifts of 1001 cm~, 1151 cm~' and
1508 cm~! are missing. The absence of these peaks can likely be
attributed to the fact that the excitation light (785 nm) does not
match the carotenoid absorption spectrum. Although this wave-
length is preferable to non-pigmented yeasts due to reduced fluo-
rescence, the carotenoid peaks are suppressed with NIR
wavelengths as seen in the study by P. Rosch et al,, in the case of
Micrococcus luteus (Rosch et al., 2003). However, the spectrum
detected here showed several characteristic peaks for
R. mucilaginosa that can be used for yeast discrimination.

The developed SERS detection method makes discrimination of
yeast cells of W. anomalus, B. bruxellensis and R. mucilaginosa very
straightforward, as the detected Raman peaks of different yeasts
are clearly shifted from each other. There is thus no need for che-
mometric calculations such as multivariate principal components
analysis (PCA) (Guicheteau et al., 2010) or unsupervised hierar-
chical cluster analysis (HCA) (Meisel et al., 2014) to separate the
samples using peak intensities of similar spectrums to distinguish
yeasts from each other. In this study, yeast was cultivated on plates
in rich culture medium and harvested at relatively high concen-
trations (107 cells/ml) into physiological saline. The method can be
implemented for the detection of lower cell counts and discrimi-
nation of yeasts at the strain level, utilising improved data analysis
and additional cell accumulation methods such as filtration
(Lemma et al., 2015).

4. Conclusions

We recorded characteristic Raman spectra for yeast strains of
W. anomalus, B. bruxellensis and R. mucilaginosa using a hybrid
detection method with gold nanoparticles on top of a structured
SERS substrate. Our study revealed that thermally dried yeast cells
of different species could be clearly discriminated with near-
infrared excitation without chemometric calculations. The anal-
ysis of different AuNPs showed that the effect of the buffer of the
gold nanoparticle suspensions on the acquired spectra could
overflow the spectra and hide the Raman lines of the yeast. Care

must be taken to avoid buffers incompatible with the nanoparticles
and yeast solutions when analysing yeast strains using Raman
spectroscopy. Additionally, the PVP cover of the gold star-like
nanoparticles substantially decreased particle Raman enhance-
ment efficacy. The large spherical gold nanoparticles (150 nm) in
citrate buffer and the ultrapure composite nanoparticles showed
promising SERS enhancement capability for yeast detection. Bare
AuSi composite nanoparticles were used to detect W. anomalus, B.
bruxellensis and R. mucilaginosa, and distinctive spectra were
recorded for all yeast species. The developed SERS detection
method provides a simple and straightforward yeast discrimination
tool for the food and beverage industry.
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Detection of small molecules and microbial cells by
surface-enhanced Raman spectroscopy using roll-
to-roll produced substrates

In this thesis disposable single-use surface-enhanced Raman
scattering (SERS) substrates and gold nanoparticles were used for
label-free detection of biological analytes and small molecules. The
SERS substrates were patterned with roll-to-roll (R2R) UV
replication, which enables industrial scale manufacturing with large
sensor volumes. These SERS sensors are based on the recording
of inelastically scattered Raman photons with enhanced efficiency.
The signal is enhanced by a local resonance effect of the surface
plasmons of noble metal surfaces. SERS can achieve sensitive
detection of low analyte volumes and it has the advantage of label-
free detection.
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The SERS substrates of the study were combined with metal
nanoparticles and the samples were concentrated with
hydrophobic materials. Rhodamine 6G samples were detected
inside an optofluidic SERS chip. The Raman spectrum of Listeria
innocua ATCC 33090 bacterial cells were recorded inside a
hydrophobic sample chamber with the limit of detection (LOD) of
approx. 2-104 CFU/mI. Additionally the effect of the shape and
composition of the nanoparticles on the SERS detection of yeast
was studied with three yeast strains: Wickerhamomyces anomalus,
Brettanomyces bruxellensis and Rhodotorula mucilaginous.
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