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Abstract

This Ph.D. thesis explores the engineering of a portable sensor system for de-
tection of rare and small molecules. The Ph.D. project is part of the research
project ’Multi-Sensor DVD platform’ (MUSE), aiming to integrate different
sensors on a rotating disc. The sensors are chosen to complement each other,
creating more reliable and stable results for the end user. The rotating disc
comprises microfluidic channels, which can be utilized for handling and ma-
nipulating liquid samples such as blood or water.

The focus of this Ph.D. thesis, is on the integration of one specific sensor on a
rotating disc. The sensor is based upon surface enhanced Raman spectroscopy
(SERS), which detects molecular vibrations. The aim of this thesis is to cover
the different aspects of the sensor system.

SERS substrates, consisting of nanopillars with gold or silver caps on top, have
been fabricated by standard micro and nano fabrication techniques. These sub-
strates possess plasmonic properties and can therefore enhance Raman signals
from even small molecules in close proximity to the surface of the caps. By
introducing high temperature annealing to the fabrication process, the SERS
background signal, originating from etch residues, has been reduced, further
improving the SERS signal.

Microfluidic sample handling are, in combination with the SERS sensor, to be
used with the DVD system. Nanoparticles has been investigated as a mean
to capture and handle the target molecules. This enables the use of sandwich
assays between the substrate and nanoparticles for biodetection. It is demon-
strated that the SERS substrate maintains its enhancing properties when the
nanoparticles are immobilized on the surface.

By introducing a dynamic measuring method called DynaSERS it is demon-
strated how the stability of the Raman signal can be improved. Additionally,
the assignment of vibrational modes is made easier, as the peak width is re-
duced and the peak position is shifted.

Finally, the instrumentation for a portable sensor system has been investi-
gated and SERS measurements on a rotating microfluidic disc has been demon-
strated.
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Dansk resume

Denne Ph.d.-afhandling omhandler opbyggelsen af et transportabelt sensorsys-
tem for detektering af sjældne og små molekyler. Ph.d.-projektet er en del af
forskningsprojektet ’Multi-Sensor DVD platform’ (MUSE), der sigter mod at
integrere forskellige sensorer p̊a en roterende disk. Sensorerne er valgt s̊aledes
at de komplementerer hinanden og dermed skaber mere troværdige og stabile
resultater for brugeren. Den roterende disk indeholder mikrofluidkanaler der
kan bruges til at h̊andtere flydende og manipulere prøver som fx blod eller
vand.

Denne Ph.d.-afhandling, fokuserer p̊a integrationen af én specifik sensor p̊a den
roterende disk. Sensoren er bygget p̊a effekten ’overfladeforstærkende Raman
spektroskopi’ (SERS), der registrerer molekylære vibrationer. Formålet med
denne afhandling er at klarlægge forskellige aspekter af sensorsystemet.

SERS substrater, best̊aende af nanosøjler med guld- eller sølvhatte ovenp̊a,
er blevet fabrikeret ved standard mikro- og nanofabrikationsmetoder. Sub-
straterne har plasmoniske egenskaber og kan derfor forstærke Raman signalet
fra selv sm̊a molekyler der befinder sig p̊a metalhattenes overflade. Ved at
introducere høje temperaturer, er baggrundssignalet, der kommer fra ætsepro-
cessen, blevet reduceret og derved kan SERS signalet forbedres.

Mikrofluids prøveh̊andtering, i kombination med SERS sensoren, skal bruges
til DVD platformen. Nanopartikler er tilføjet til substratet med henblik p̊a at
fange og h̊andtere molkyler. Derudover er det demonstreret at SERS substratet
opretholder dets forstærkende egenskaber n̊ar nanopartiklerne er immobiliseret
p̊a overfladen. Dette muliggør brugen af en sandwich konfiguration mellem
substratet and nanopartiklerne for detektering af biomolekyler.

Ved at introducere en dynamic målemetode, kaldet DynaSERS, er det demon-
streret hvordan stabiliteten af Raman signalet kan blive forbedret. Derudover,
identificering af vibrationerne er gjort nemmere, da peak bredden er reduceret
and peak positionen er rykket.

Til sidst er instrumenteringen for et transportabelt sensorsystem undersøgt og
SERS målinger p̊a en roterende microfluid disk er demonstreret.
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Preface

This thesis was prepared at the Department of Micro and Nanotechnology,
Technical University of Denmark, in partial fulfilment of the requirements
for the degree of Doctor of Philosophy under supervision of Professor Anja
Boisen.

The Ph.D. project was a part of the research framework named “MUSE -
Multi Sensor DVD Platform”, led by Professor Anja Boisen, DTU Nanotech,
and funded by the Danish Council for Strategic Research/The Danish Inno-
vation Foundation. We have written a popular science article for the Danish
magazine ”Dansk Kemi” explaining the project to a wider audience as part
of the dissemination of the project. The article is reproduced on pp. 137 (in
Danish).

During the last three years, a lot have changed. I started working on cantilevers
for the DVD platform and, since I previously had worked with centrifugal
microfluidics [1], I had the idea that the thesis would be aiming at microfluidic
solutions for different sensors on the DVD platform. Hence I co-authored two
peer-reviewed papers where I worked on cantilevers (pp. 133) and microfluidics
(pp. 135), respectively. But paths change, and so did the aim. One year within
my Ph.D. I was introduced to SERS, and I thought that this sensor was much
more interesting than the other sensors in the project. Therefore, the focus in
this thesis, will be on SERS sensors for the DVD platform.

SERS truly has great perspectives, however I have learned, that the technology
is still in its early phase and it will probably still take many years before SERS
technology is so automatic and easy to use that it will be considered household
technology. Nevertheless, working with a technology so full of opportunities
has been a prerogative.

Kgs. Lyngby - July 31, 2015

Anna Line Brøgger
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Introduction

It is only a question of time before minimized and portable sensing technologies
will be everywhere around us. These sensors will have the capability to resolve
problems in very different areas such as homeland security, agriculture and food
safety, environmental monitoring, medicine, industry, etc. [2] This has lead
to exponential growth of biosensor devices and according to Global Industry
Analysts, Inc., the world market for these is expected to reach $12 billion by
2015 [2] (predicted in 2013).

A lot of research has gone into these devices and the number of research pub-
lications working with different biosensing technologies are to date around
80,000.1 The technologies where first described in the 80’s and in 2014 7,000
papers where published on this topic. The devices usually contain microflu-
idics, which enables sample handling and manipulation on a chip. Microfluidics
is a huge field by itself; also with around 80,000 published research papers to
date.2 Microfluidics has the potential to replace traditional sample handling,
due to rapid sample processing and precise control of fluids. [3]

Surface enhanced Raman spectroscopy (SERS) is the enhancement of Raman
scattering by molecules in the vicinity of nanometer-structured metal. It is a
very sensitive technology that can be used to characterize chemical and biolog-
ical analytes in low concentrations. SERS is a smaller player within microflu-
idic devices, compared to e.g. electrochemistry, with only 300 publications to
date.3 However, this is also an exponentially growing field where not less than
50 papers where published in 2014.

This thesis, reports research towards the development of a miniaturized and
portable device with SERS sensing for biological applications. In this chap-
ter, background information is presented and the necessary technologies are
described.

1Web of Knowledge, Topic: biosensor
2Web of Knowledge, Topic: microfluid*
3Web of Knowledge, Topic: SERS AND microfluid*
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Chapter 1. Introduction

1.1 MUSE Project

This PhD thesis is part of the research project MUSE (MUlti-SEnsor DVD
platform), [4] funded by The Danish Council for Strategic Research/The Dan-
ish Innovation Foundation and led by Professor Anja Boisen. The project aims
at finding solutions for detection of small molecules (<40 kDa) in different flu-
ids in the range of pg/ml to ng/ml. These solutions should be robust, reliable,
portable and enable fast readout. The solutions developed will supplement the
technologies of two Danish companies, Grundfos [5] and Virogates [6].

Grundfos is the world’s largest pump manufacturer and has a strategic focus on
water quality monitoring. They are mostly interested in detection of hormones
in treated wastewater as this technology would add to the current detection of
parasites and bacteria. Synthetic hormones are increasingly present in human
and domestic animal waste, due to estrogens used in oral contraceptive pills
and hormone replacement therapy. [7] Hormones are therefore an increasing
problem in wastewater, as conventional wastewater plants currently do not
remove these, [8] and can, in the worst case, cause adverse health effects on
wildlife. [9]

ViroGates is a Danish biotech company focusing on the prognostic properties
of the biomarker soluble urokinase Plasminogen Activator Receptor (suPAR)
found in i.a. human blood plasma. [10] Elevated levels of suPAR in plasma,
urine, blood, serum or cerebrospinal fluid are due to activation of the immune
system and can be associated with several infectious diseases and cancers.
[11–13] SuPAR testing is especially good at predicting prognoses and has a
high prediction accuracy of mortality. [14, 15]

To fulfil the requirements of Grundfos and Virogates a centrifugal microfluidic
platform has been proposed. The centrifugal/DVD platform has the advan-
tage of a small and cheap motor with very easy control of the liquid only using
the spinning speed. The DVD platform enables fluid handling and manipu-
lation by centrifugal microfludics for e.g. filtration, sedimentation or mixing
with other chemicals, only using centrifugal forces. The DVD platform fa-
cilitates different independent sensors, for example surface enhanced Raman
spectroscopy (SERS), cantilevers and 3-dimensional microscopy, and the sen-
sors will compliment each other. The SERS sensor is optimal for very small
molecules, the cantilevers are optimal for larger molecules, such as proteins,
and 3-dimensional microscopy technique can detect cells or bacteria. In the
MUSE project, the 3-dimensional microscopy is facilitated by Unisensor, which
in 2014 was bought by Phillips and is now called BioCell. [16] The sensor fusion
makes the system more versatile and opens up for the possibility of multiplex-
ing. The sensors will rely on many measurements for increasing accuracy and
reliability. In case of cantilevers, this is shown by continuously monitoring
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Chapter 1. Introduction

several cantilevers simultaneously. [17]

The focus in this thesis will be on the implementation of SERS sensing on the
DVD platform and thereby facilitate one of the requirements of the MUSE
project.

1.2 Point-Of-Concern Devices

One of the requirements of the MUSE project is the portability of the platform
and this is achieved by miniaturizing the system. One of the advantages of
portability is that you can measure at the point of concern (POC)4 - right
at the moment of sample retrieval. This makes the turn-around time from
suspicion/sampling to decision/action much shorter than if you had to take a
sample to a centralized lab.

A POC device is typically built as a Lab-on-a-chip (LOC) device. LOC means
that one or several laboratory functions are minimized and integrated on a
chip, which is a few centimetres in size and, typically, is integrated with mi-
crofluidics [18] for sample handling and miniaturized biosensors for detection.
This has several advantages; first of all, the required sample size can be from
nl to a few ml. This has an impact on patients who have to take a test every
day, since only a drop of blood is required instead of large vials. From an
economic side of view, the sample size also means lower reagent consumption.
The small volume leads to even shorter process times due to e.g. short diffu-
sion distances and high surface to volume ratios. Furthermore, it is possible to
detect several targets on the same chip - multiplexing - by aliquoting the sam-
ple into different compartments functionalized with different bioreceptors. In
general, the fabrication cost of LOC devices are much lower compared to con-
ventional biosensor devices/machines since mass fabrication of cost-effective
disposable chips is possible, for example by roll-to-roll technology or injection
molding.

Some of the challenges of LOC technology are physical effects such as capillary
forces and flow patterns, or chemical effects such as interaction with the device
material. Most of the challenges relate to the volume to surface ratio and the
technology is therefore very sensitive to surface roughness, geometric accuracies
etc. Other challenges like sealing, storing of chemicals and power supply are
also issues which need to be considered. [19]

4POC devices are usually named Point-of-Care devices. However, this limits the applica-
tions to medical settings. By renaming this type of device to Point-of-Concern devices, the
applications are much wider and can include e.g. environmental, food, security and medical
applications at the same time.
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A POC device needs to be able to withstand transportation and the environ-
ment at the location. You might need to take into account corrosion, shaking,
waterproofing etc. Some of the main obstacles for POC devices are quality
control, infection control and reliability of the results. [20] If these obstacles
are not met, the end-users will never welcome these devices. It is likely that
conservatism among end-users in particular, will be the largest entry barrier
for the technology. [21] However, accommodating this issue, new trends within
mobile health [22,23] and big data are emerging, hopefully lowering the entry
barrier on the market and making the technology accessible for more people
world wide.

In general very few LOC-POC devices have been commercialized despite in-
tensive research in the field for more than a decade. [20] This is due to sev-
eral reasons; sensitivity and reproducibility amongst others. However, POC
technology may, in the years to come, have a huge global impact on global
health. [24] In this thesis the reproducibility of SERS sensing will be discussed
and a method for measuring reliable SERS signals will be developed.

1.2.1 Centrifugal Microfluidics

As part of the MUSE project, the sensing platform must facilitate centrifugal
microfluidics. Centrifugal microfluidics consists of circular platforms at the
size of compact discs (CDs) where the liquid is driven by centrifugal forces
from the center of the disc outwards. Usually an inlet is near the center of the
disc, and the channels move outwards from the center and out to the edge.
The fluids are moved by centrifugal forces from the inside and out, however,
by smart design, one can manipulate them in different ways, so the fluids
can be manipulated with the same complexity as with linear microfluidics.
All fluidic handling processes are controlled with only one global parameter;
the rotational speed of the disc. Since the centrifugal force is dependent on
the rotational speed, the liquid movement can be adjusted just by changing
the speed. Many different innovative and creative designs have been reported
for all kinds of processes and applications. This includes solutions for flow
switching [25–30], active and passive valves [31–36], sedimentation [37–40],
metering [41], timing [42], aliquoting [43], mixing [44–46], etc..

The first centrifugal microfluidic discs were developed in 1998 by Madou and
Kellogg and presented at SPIE. [47] Here, they described fluid propulsion and
fluidic components such as valving, mixing, metering, splitting and washing -
all used for detection of (bio)molecules. Since then, rapid development pow-
ered by an increased investigation of centrifigal platforms has ended in com-
mercialization of the technology in the 2000’s, but only a few companies like
Gyros [48] have survived on the market. The latest, BluSense is entering the

4



Chapter 1. Introduction

market with a nanoparticle agglutination sensing system for biological detec-
tion on disc. [49]

Applications for centrifugal microfluidic discs range from food quality and
healthcare, to safety and environmental issues. Most research has gone into
healthcare; a few examples are DNA purification and detection [1, 50, 51],
cancer cell detection [52, 53], quantification of molecule biomarkers [17, 54],
urinary enzyme activity [55], cultivation [56], alcohol in blood [57], hemat-
ocrit levels [58], prothrombin time test [59], cell handling [60], PCR [61] and
ELISA [62–66].

In this thesis, centrifugal microfluidics will only be touched upon lightly. How-
ever, centrifugal behaviour is consistently taken into account throughout all
aspects of the project.

1.2.2 Biosensing

A LOC-POC device typically has a biosensor integrated for detection of biolog-
ical elements, ranging from disease markers in blood to environmental residues
in water. A biosensor detects biological elements and consists of three compo-
nents; a bioreceptor interacting with the target analyte, a biotransducer de-
tecting a physical or chemical change as a result of the biorecognition event and
a form of display to communicate the result, as seen in Figure 1.1. [2,67]

Target Analyte

Bioreceptors

Biotransducer Signal Result

Figure 1.1: A biosensor consists of three different components, the bioreceptor and
the biotransducer and a form of display to communicate the result. The biological
sample with the target analyte is introduced to the sensor. A recognition event be-
tween the target analyte and a bioreceptor takes place. Upon this event, a physical
or chemical change is detected by the biotransducer, which in the MUSE project
either is utilized by cantilevers, 3D-microscopy or SERS. Finally the result is com-
municated to the user with a display.
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Sample

A biological sample can have different matrix complexities and natures. For
example, a blood sample containing larger biological elements as for example
white and red blood cells, is very different from a drinking water sample typi-
cally containing smaller elements such as minerals and additives like chlorine.
Furthermore, the samples may also have different forms, for example vapor
breath samples, [68] liquid urine samples [69] or the surface of fruits [70] are
just a few different types that could be imagined. The target analyte is often
of low concentration and is ”hidden” in the matrix. An example could be
circulating tumor cells, which are estimated to have as low as concentration as
1 cell per 1 ml of blood. [71] Furthermore, the cell is hidden among 1 million
white blood cells and 1 billion red blood cells. Therefore, often exhaustive ma-
nipulation of the sample is required before detection. Conclusively, The many
different sample types and matrices make biosensing challenging and diverse
and each target analyte will have to be considered individually to find the best
way to detect the molecule of interest.

Bioreceptor

A bioreceptor is usually a biomolecule that interacts with the target molecule.
[72] It is very important that this receptor is specific to the target molecule
only, and has a good affinity. The interaction can be done in many ways
depending on the target molecule, but can be visualized as a lock with a specific
pattern and the only key that can open the lock is the one with the opposite
pattern. The most widely used interaction is antigen/antibody binding. Other
types of bioreceptors can for example be enzymes, DNA/RNA or aptamers.
Some receptors work with binding events, while others work by for example
activation or inhibition of an event. Many other types of bioreceptors are
possible and can have many forms as long as two molecules interact with each
other. s

Biotransducer

Biotransducers convert a physical or chemical change, upon biorecognition be-
tween bioreceptor and target, into typically an electrical or optical signal.5

Different kinds of transducers are available, for example electrochemical, me-
chanical and optical, and each of them have many subcategories. [73] One of

5One of the most widespread biosensors, the pregnancy test, converts the binding event
into an optical signal, visible to the naked eye.
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the most typical transducers is electrochemical.6 It measures the changes in
electrical properties, for example current or impedance, due to a biorecognition
event. Also mechanical transducers are often used. These rely on a mechanical
response to a biocognition event. This could for example be microcantilevers
which bend due to change in surface tension or strings that change oscillation
frequency due to change of mass. Finally, an optical sensor relies on detection
of photons. There are many types of optical transducers, for example fluores-
cence, absorbance and surface-enhanced Raman spectroscopy (SERS). SERS
detects the shift in frequency of the scattered photons after interaction with
a molecule and is the sensor which will be used in this thesis. Furthermore,
many biosensors actually consist of a combination of transducers. Here, the
transducers can be divided into primary transducers and secondary transduc-
ers. An example could be bending of a cantilever (mechanical transducer),
which is detected by a laser system (optical transducer). The cantilever is the
primary transducer as it reacts to the biorecognition event. The secondary
transducer is the laser system, as it detects the change in reflected light upon
deflection of the cantilever.

1.3 Raman Spectroscopy

To fulfil the requirement of the MUSE project, achieving trace detection of
small molecules, surface enhanced Raman spectroscopy (SERS) is used. In
1928 Sir Chandrasekhra Venkata Raman submitted a note in Nature describing
A New Type of Secondary Radiation, [74] which later was denoted Raman
scattering. This note was a few years later rewarded with the Nobel prize.
Raman spectroscopy has developed over the years, but is by nature a very
weak effect. However, the advancement of SERS enables detection of trace
molecules down to single molecules. [75,76] The SERS effect was first observed
by Fleischman et al. in 1974 [77] and the first explanations were given by
Jeanmaire and Van Duyne [78], Albrecht and Creighton [79], Moskovits [80]
and others in the late 70’s.

1.3.1 Raman scattering

Raman spectroscopy is based on inelastic scattering of monochromatic light,
called Raman scattering. Here, the photons are absorbed by the molecule and
then reemitted with another frequency.

6Another of the most widespread sensors, the glucose sensor, is based on electrochemical
sensing.
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An incident photon with the frequency ν0 is interacting with a molecule with
the initial energy Em,0. Upon interaction a photon is emitted with the fre-
quency ν1, leaving the molecule with the energy Em,1. According to the law of
energy conservation, the energy equation is Em,0 + hν0 = Em,1 + hν1 and can
be rewritten to:

∆Em = Em,1 − Em,0 = h(ν0 − ν1) (1.1)

The equation describes Rayleigh scattering if the initial energy of the molecule
equals the final, Em,1 = Em,0, and Raman scattering if it does not, Em,1 6= Em,0.
This is visualized in Figure 1.2. For Rayleigh scattering the molecule will
scatter a photon with the same frequency as the incident photon (ν1 = ν0),
which is called elastic scattering. This process is not Raman scattering, but is
the most common process upon photon interaction. [81,82]

In Equation 1.1 and Figure 1.2, when Em,1 > Em,0, the incident photon fre-
quency is larger than the emitted photon, ν0 > ν1. This means that the
energy of the incident photon is transferred to the molecule, and this results
in an emitted photon of a reduced frequency ν0−∆νm. This is called inelastic
Stokes scattering. [81–83] However, if the energy of the incident photon equals
an energy of an electronic transition, the molecule exhibit a greatly increased
Raman scattering intensity, which is used for, what is called, resonance Raman
spectroscopy.

Similarly, in Equation 1.1 and Figure 1.2, when Em,1 < Em,0, the molecule is
already in an higher state when absorbing the incident photon. The incident
photon frequency is less than the emitted photon frequency, ν0 < ν1. This
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 r
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r
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Rayleigh Stokes Anti-StokesMoleculePhoton

Figure 1.2: Illustrating three different photon scattering events can happen;
Rayleigh, Stokes and anti-Stokes scattering. Horizontal lines of the energy transfer
model indicate different energy states of a molecule. The vertical lines indicate ab-
sorption or emission of photons. In Raman scattering, a molecule absorbs a photon
of one energy/frequency, and emits a photon of another energy/frequency, ending
up in a different low-energy state than it started in.
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a b c

Figure 1.3: The 3 vibrational modes of H2O (a) Symmetric stretching is a symmetri-
cal change in the length of the bonds. (b) Asymmetric stretching is an asymmetrical
change in the length of the bonds. (c) Bending is a change in the angle between two
bonds.

means that excess energy of the molecule is transferred to the emitted photon,
ν0 + ∆νm. This is called inelastic anti-Stokes scattering and can also be used
for Raman spectroscopy. However, this event is even rarer than the Stokes
scattering since it depends on the population in the first excited vibrational
state, which, according to the Boltzmann distribution law, is much smaller
than the population in the ground vibrational state. [81, 82,84]

The change in energy of the molecule is associated to transitions of the
molecule. Therefore, the shift in frequency for the emitted photon compared to
the incident photon, provides information about vibrational or other types of
transitions, such as rotation, in the molecule. A molecule containing N atoms
(N ≥ 2) will have 3N-6 vibrational modes (3N-5 for linear molecules). [85]
The three different vibrational modes are visualized in Figure 1.3 for a H2O-
molecule; symmetrical stretching, asymmetrical stretching and bending. Only
symmetrical vibrations can be seen with Raman spectroscopy, which means
that only the symmetrical stretching mode is Raman active. The other two
only give very weak Raman signals. A Raman spectrum is a combination of the
frequency shift of all Raman active modes in the molecule. These frequency
shifts have the form of Voigt shaped peaks providing a vibrational ’fingerprint’
of the molecule. The narrower the peaks and consistent in position, the easier
it is to assign the peaks to specific molecular vibrations.

The vibrational modes are deformations of the molecules due to an induced
electric dipole moment P = αE caused by an electric field. [81, 85, 86] α is
the polarizability of the molecule, which can be defined as the ease of which
an electron cloud can be distorted to form an induced dipole moment by an
external electric field. This means that since light, as an electric field, can be
defined as an oscillating wave with frequency ν0, the molecule will be trans-
formed to an oscillating dipole P = αE0 cos(ν0t). The polarizability of the
molecule α is a function of the vibrational coordinate Q which is called the
conformation of the molecule and can be seen as the amplitude of the vibra-
tion Q = Q0 cos(∆νmt), where ∆νm is the vibration frequency of the molecule
and Q0 is the initial conformation of the molecule. This means that when
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a molecule oscillates, the polarizability of the molecule changes accordingly.
Using that α = α(Q) can be Taylor expanded; α = α0 + (∂α/∂Q)0Q + ...
(neglecting the higher order terms), the electrical induced dipole can now be
written as:

P = α0E0 cos(ν0t) +

(
∂α

∂Q

)
0

QE0 cos(∆νmt) cos(ν0t) (1.2)

Using basic trigonometry; cos(a) · cos(b) = 1/2[cos(a + b) + cos(a − b)], the
dipole moment is rewritten to:

P = α0E0 cos(ν0t) +
1

2

(
∂α

∂Q

)
0

QE0 [cos(ν0t+ ∆νmt) + cos(ν0t−∆νmt)]

(1.3)

Thus this classical model7 predicts that the induced dipole oscillates at three
different frequencies ν0, ν0t + ∆νm and ν0t − ∆νm. [81] According to classic
electromagnetics, a vibrating dipole emits an electromagnetic wave, in this case
a photon, with the same frequency as the vibration, thus introducing Rayleigh
(ν0), Stokes (ν0 − ∆νm) and anti-Stokes scattering (ν0 + ∆νm), see Fig. 1.2.
Stokes and Anti-Stokes scattering are together called Raman scattering.

From Equation 1.3 it can also be deducted that if the polarizability derivative
(∂α/∂Q)0 is different from zero, the molecule is Raman active. In other words,
the molecule is Raman active if the vibration causes the polarization to change
in either size or shape. For example, for CO2 illustrated in Figure 1.4(a), this
means that if the vibration is symmetric, there is a difference in the internuclear
distance at the two most extreme conditions. In the case of extended distance,
this results in less attraction for the bonding electrons making them more
susceptible for polarization. Similarly, in the case of the compressed bond,
the bonding electrons experience more attraction resulting in more resistance
towards polarization. This leads to a difference in polarization at the two most
extreme conditions, making symmetric vibrations Raman active. Conversely,
if the vibration is asymmetric as in Figure 1.4(b), the electrons are more easily
polarized in the expanded bond, but are less easily polarized in the compressed
bond. This means that there is no overall change in polarizability due to
symmetry considerations making (∂α/∂Q)0 = 0, thus the asymmetric stretch
is Raman inactive and similarly with the bending mode. [81,84]

7Here, it should be noted that there are other models explaining this phenomenon in
more details, but this is not the scope of this thesis. The model presented does not correctly
predict the magnitudes of the Stokes and Anti-Stokes intensities and does not take into
account the quantized nature of vibrations. [85, 86]
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cba

Figure 1.4: Vibrational modes of a CO2 molecule. It is seen that the symmetric
stretching mode changes the size of the molecule in the two most extreme configura-
tions. In simple terms, this changes the polarizability α and therefore, is this mode
Raman active. The asymmetrical stretch and the bending modes does not change
the size of the molecule in the extreme configurations, and therefore, these modes
are not Raman active. Note, that there are two bending modes, but they are only
different in orientation and the second is therefore not shown as it would look the
same.

1.3.2 Surface enhanced Raman scattering

In the case of surface enhanced Raman spectrosopy (SERS), Raman scattering
takes place near a nanostructured metal surface, activating plasmonic effects.
Surface plasmons polaritons (SPPs) are defined as collective oscillations of
conduction electrons on the interface typically between a material with nega-
tive dielectic constant (metal) and a material with positive dielectric constant
(air, glass, water, ...). [87] For certain conditions, when photons interact with
a metal surface they are trapped by the conduction electrons forming SPPs
and thereby confining the light to sub-wavelength dimensions. The oscilla-
tions of the conduction electrons create enhanced electromagnetic near-fields
outside the metal that easily can be 10 times stronger than the incident electric
field. [87]

In the case of metallic nanostructures smaller than the incident wavelength this
phenomenon is called Localized Surface Plasmons Polaritons (LSPPs) and are
non-propagating oscillations of conducting electrons. [87] The enhancement of
the electromagnetic field is largest on the surface but is still observed at around
10 nm from the surface. [88] The localized near-field enhancement is especially
strong at sharp tips or gaps as a result of electromagnetic coupling effects, and
these are called hotspots. The resonance frequency of a LSPP is dependent
on the metal (Ag, Au, Cu, ...), the size and shape of the nanoparticle, the
dielectric environment (air, glass, water, ...), the polarization direction of the
light and the aggregation state. [89–92]

The intensity of a Raman signal is proportional to the square of the electric
dipole moment I = P 2 = (αE)2 and therefore there are two possible opportu-
nities to enhance the signal - either by enhancement of electrical field E or by
the enhancement of polarizability α.

A molecule in the vicinity of a single metal particle, which is smaller than the
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Nanoparticle

Electric Field

Molecule

E0 E1,I

E0,I

E1

Figure 1.5: Schematic illustration of a molecule near a nanoparticle interacting with
a localized surface plasmon polariton LSPP. The electromagnetic field is enhanced
twice by the LSPPs. The incident electric field E0 is perpendicular to the direction
of propagation k.

incident wavelength, is influenced by what is called the electromagnetic en-
hancement. [93] In a simple model a molecule is at a distance d from a metal
sphere. This is illustrated in Figure 1.5. The electric field from the incident
photon is enhanced by an induced field caused by the LSPPs to E0+E0,I, which
results in increased excitation of the vibrational modes and thus increased in-
tensity of the Raman scattering signal to I0 = (E0 + E0,I)

2. Secondly, the
emitted field is also enhanced by the LSPPs to E1 + E1,I, resulting in an in-
creased intensity of the Raman scattering signal to I1 = (E1 + E1,I)

2. Hence,
the Raman signal is enhanced by E2

I for each step, giving a resulting enhance-
ments factor of E4

I . The induced electromagnetic field EI decays exponentially
from the surface, thus the enhancement only occurs when the molecule is in
close proximity of the surface. [94] However, the enhancement is not equal
for all frequencies and this example is only for cases where both the incident
photon and the emitted photon are close to the resonance frequency of the
LSPP. [85] When the frequency shift is large, the incident photon and the in-
duced photon cannot both be on resonance with the LSPP, thus enhancement
for both electric fields cannot be maximal.

The other way to enhance the signal is the polarizability. The polarizability
can be increased due to charge-transfer via chemical bond formation between
a metal surface and a molecule. This is called chemical enhancement and is
believed to be a minor effect with an enhancement factor of E2

I and can only

12



Chapter 1. Introduction

be present when molecules are chemisorbed to the surface. Here, the conduc-
tion electrons from the metal can contribute to polarization of the molecule,
however, this enhancement mechanism depends on the nature of the molecule
and its chemical affinity to the metal surface.

Other enhancement effects may also occur [95], and discussions about the
enhancement is still ongoing - probably due to the advanced, and very diverse,
experimental conditions making it difficult to isolate the individual factors.
[96]

1.3.3 Hotspots

Hotspots are extreme enhancements of localized near-fields seen for example
in gaps between nanostructured metals, as illustrated in Figure 1.6. [88, 97]
Such hotspots have claimed to give Raman signal enhancements of around
1010−1011 orders of magnitude and even higher for resonance Raman. [98] The
enhancements in hotspots are dependent on the particle size, shape, separation
distance, environment, metal and orientation. [99]

Depending on the SERS substrate, more or less hotspots can be present, how-
ever it is generally understood that the majority of the Raman signal originates
from a small fraction of the total number of molecules, namely the molecules
located in the hotspots. Thus a molecule located in a hotspot will contribute
as much to the signal as several hundred or thousands of other molecules lo-
cated outside a hotspot according to the enhancement factors, and thereby
dominate the signal. This effect is therefore very important, and a substrate

Nanoparticle

Electric �eld

Figure 1.6: Hotspot formation between two nanoparticles. The distance between the
nanoparticles need to be a few nanometers for the enhancement to be at its maxi-
mal. The hotspot enhances the Raman signal significantly enabling trace molecule
detection.
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having many hotspots is considered a very good SERS substrate.

Inhomogeneous enhancement is one of the largest challenges for SERS. Varying
enhancement properties of a substrate coupled with varying distribution of
molecules can to a large degree explain the signal fluctuations often seen in
SERS measurements. Other challenges of SERS, are for example the difficulty
of spectra interpretation. Often, the SERS spectrum looks very different from
the Raman spectrum having additional or missing modes.
One of the reasons for this, is adsorption of molecules to the surface modifying
the symmetry of the molecule. Hence, the molecule may become a surface-
complex, which will result in Raman shifts and peak broadening. [100]
Another disadvantage is frequency dependency of the LSPPs. This means
that different parts of the molecule can be enhanced with different strengths,
making the peak intensities frequency dependent. This can cause Raman peaks
to disappear at certain frequencies, making the mode hard to recognize.
These effects all contribute to the inhomogeneity of the signal intensity and
the difficulty of assigning peaks to the vibrational modes.

The last two sections provided basic knowledge of POC systems and SERS
sensing. The next section will describe the combination of the two, which also
is the main and consistent topic of this thesis.

1.4 LOC-SERS - State of the Art

Several attempts on combining SERS and microfluidics have been done the last
two decades, creating Lab-On-a-Chip Surface Enhanced Raman Spectroscopy
(LOC-SERS). [101, 102] An advantage is, like for most LOC devices, easy
analyte handling and manipulation, such as mixing and sample preparation.
However, the largest advantage for LOC-SERS devices might be analyte vol-
ume control for concentration dependent measurements, which can give better
reproducibility of the result. [102–106]

Especially the group of Jürgen Popp is active in the field of combining mi-
crofluidic systems with SERS sensing. [107–113] An example is implementing
a flow cell, carrying nanoparticles past a detection area with target analytes,
enhancing the Raman signal from the analyte. [112]. An example from another
research group is the real time monitoring of the kinetics of absorption and
desorption of R6G. [114] Other examples of LOC-SERS can be found with a
large variety of technological solutions and applications. [115–129] For most
of these devices, the microfluidics often consists of a flow cell and lack the
sample preparation and manipulation steps. It has also been shown that con-
trollable aggregation of nanoparticles is possible [130] maybe enabling on/off
SERS.
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Finally, only one case of combining centrifugal microfluidics with SERS has
been found in the literature. [131] Here, they inject nanoparticles into the
microfluidic system which will then evenly distribute themselves in the sensing
chambers. They also demonstrate preconcentration of the analyte by repeating
injections of the sample for subsequently drying it out on the SERS sensitive
sites.

LOC-SERS devices can potentially make SERS measurements more stable and
reliable, for example by controlling the sample size with very high precision.
However, believable quantitative measurements are still not achieved due to
the large difference in enhancement factors from point to point, which still
needs to be addressed and will be the focus of Section 4.
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1.5 Aim and Objectives of Ph.D. Thesis

With the end of the introductory sections describing the basic theories, back-
ground knowledge and state of the art, the aim and objectives of the thesis
can be described.

The aim of this thesis is:

To work towards a centrifugal microfluidic platform which
facilitates surface enhanced Raman Spectrocopy (SERS) for

biosensing of trace molecules

Development of a centrifugal sensor system for detection of small trace
molecules with SERS involves several engineering disciplines within the fields
of mechanics, photonics, microfluidics, microprocessing, curiosity, microfabri-
cation and biochemistry. These disciplines are utilized to reach the project
objectives:

1. Optimization of SERS substrates with regard to the SERS background
spectra.

2. Exploring the opportunities for using nanoparticles to capture
molecules and utilize them in a sandwich assay with the SERS sub-
strate.

3. Development of a measurement method suitable for precise and reli-
able detection.

4. Integration of SERS on a centrifugal lab-on-a-chip device.
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1.6 Outline

The rest of the thesis is summarized as follows:

In Chapter 2 the chosen SERS substrate will be introduced. Then the fabrica-
tion process will be described and, finally, optimization of the SERS substrate
for detection of very low concentrations is investigated.

In Chapter 3 nanoparticles are introduced as a mean to capture target
molecules. The enhancement properties are investigated for the substrate-
immobilized nanoparticles.

In Chapter 4 a new measurement method is described for obtaining reliable
SERS results. Here, the substrate is moved while measuring giving much lower
variance than normal measurement techniques give.

In Chapter 5 the focus is on system integration. Here, the instrumentation
of a POC device is considered and a preliminary centrifugal microfluidic disc
is presented. The SERS substrate is integrated into a lab-on-a-disc device and
the first SERS measurements are recorded on disc.

In Chapter 6 the conclusion of the thesis is presented.

In Chapter 7 future work on sensor fusion is presented. Here, cantilever
sensing is combined with SERS sensing in two different ways.
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2

The SERS Sensor

The main component of a SERS sensor is the SERS substrate. Many differ-
ent SERS substrates have been developed and are available today. [132–134]
Mostly aggregates of nanoparticles are used; either in liquid or positioned on
flat surfaces. Different kinds of nanoparticles are used, for example nanorods
or star-shaped nanoparticles. [135] Another approach is to make nanostruc-
tures by using nano-micro fabrication techniques, as in this thesis. This has
the advantage of more reproducible and stable enhancement factors, but often
also is much more expensive to produce.

The last few years, more and more commercialisation of SERS substrates are
seen. For example, Klarite� from Renishaw Diagnostics [136] was for many
years the substrate to compare with. It was fabricated by using micofabrication
techniques making a sub-micron regular pattern of inverted pyramids, followed
by a gold coating. However, the substrate became outdated and has now been
taken off the market. Another competitive SERS substrate is P-SERS� from
Diagnostic anSERS [137]. P-SERS� is fabricated by a low-cost process through
ink-jet printing of nanoparticles on cellulose paper. It has the advantage of
flexibility and that it absorbs the sample inside the paper and therefore does
not need to dry as with other usual substrates. An additional competitive
substrate is made by Nidek Co., Ltd. [138] and features a gold-coated nanorod
array fabricated by oblique evaporation from two sides utilizing a shadowing
effect to create pillars. [139] Agiltron Inc. [140] have made substrates from silver
nanowires which are trapped at the interphase between two liquids and then
self-assemble into a closely packed nanowire film. The film is then transferred
onto a flat glass substrate. [141] Enspectr [142] is another manufacturer of
a SERS substrates. Here, silver nano islands are used as plasmonic SERS
enhancers and they are not optimized for excitation at 780 nm, as the other
commercial substrates, but for 532 nm.

This is a non-exhaustive list of SERS substrates, but these are the commercial
substrates that we compare our performance with.

This chapter offers an introduction to the SERS substrate used in this the-
sis. The fabrication process is described, which is based on standard micro
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and nano fabrication techniques. Furthermore, optimization of the original
substrate is investigated with focus on background removal.

2.1 SERS Substrate

The SERS substrate used consistently throughout this thesis was developed at
DTU Nanotech and are commercially available from the company Silmeco©

[143]. This substrate has been developed previously in our group [144–146]
and has been used for different applications already. [147–149] Therefore, in
this section and the following, the description of the substrate features and its
fabrication, are based on previous work in our group.

The substrate consists of silicon nanopillars with metal heads - looking like
mushrooms or asparagus. The substrate is visualised in Figure 2.1(a) and a

(a) (b)

(c) (d)

Figure 2.1: (a) Illustration of the nanopillar substrate. The grey area is silicon. The
yellow areas are gold or silver. (b) Illustration of the leaned nanopillar substrate
upon evaporation of liquid sample. (c) SEM image of unleaned substrate viewed
from the side. The scale bar is 200 nm wide. (d) SEM image of nanopillars seen
from the top showing high uniformity. Scalebar is 1µm.
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(a) (b)

Figure 2.2: (a) Here, both unleaned (top) and leaned nanopillars (bottom) are shown
on each side of a dried water drop (blue line). The scale bar is 1µm wide. (b) A
cluster of leaned pillars after water evaporation, is seen from the top. Scalebar is
200 nm.

SEM image is shown in Figure 2.1(c). The advantage of this SERS substrate
is that the distribution of pillars is very uniform over large areas as seen in
Figure 2.1(d). This means that the substrate benefits from high signal stability.
Also, the hotspot creation is very frequent and evenly distributed, compared
to aggregation of nanoparticles, leading to very high enhancements. [148]

The SERS signals from the individual pillars are good, however when the pillars
bend and lean against each other, they create hotspots with much higher SERS
signal, see Figure 2.1(b). The pillars are flexible and can bend toward each
other upon applying a force. The applied force comes from the surface forces
generated when a drop of liquid sample evaporates. The surface forces from
the liquid pull the pillars near the edge of the evaporating drop, and are enough
to lean the pillars. As the drop evaporates towards the middle of the drop,
more and more pillars lean, creating an area of increased enhancement. The
leaned pillars are visualised in the SEM image is shown in Figure 2.2.

2.2 Substrate Fabrication

The nanopillar substrate is fabricated by a wafer-scale maskless 2-step process
followed by a metal evaporation, making it an easy and reasonable cheap fab-
rication process. [144–146] The nanopillars are made on single side polished
<100> silicon p-doped wafers with boron and with a thickness of 525µm ±
25µm.
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2.2.1 Self-masking reactive ion etch

The fabrication method relies on a self-masking reactive ion etch (RIE) process
forming randomly positioned structures in Si. The process can be tuned to
form nanopillars with certain heights, widths and spacing by changing various
RIE parameters, such as gas composition, flow rate and temperature. [150–
154]

An Inductively Coupled Plasma - Deep Reactive Ion Etcher (ICP-DRIE) tool is
used to etch the nanopillars. Briefly, a RIE process is a combination between
chemical and physical etches, where a plasma is used to supply chemically
reactive ions which can be accelerated towards the substrate surface, causing
physical kinetic activation energy for chemical etching. [155] For example, high
aspect ratio structures can be etched by alternating between an isotropic etch
(using SF6) and a passivation step (using C4F8), resulting in an anisotropic
etch. However, in this nanopillar process specifically, a non-alternating process
is utilised using SF6/O2.

Specifically in the SF6/O2 process, SF6 dissociates into radicals (SF∗
5 and F∗)

in the plasma, as illustrated in Figure 2.3. [155–159] The fluorine radicals
either form the byproduct SOF4 or absorb on the Si surface and react with Si
to form the etch byproduct SiF4. SiF4 then reacts with the oxygen radicals
(O∗) forming a passivation layer (SixOyFz) protecting the silicon surface. The
passivation layer is partly removed by the accelerated ions and the exposed
silicon is further etched by fluorine radicals. The passivation layer on the side
of the structure is mostly preserved while it is desorbed by the accelerated

SF / O  plasma6 2 Si Si O Fx y z

1 2 3

SOF4 SiF4

Figure 2.3: SF6/O2 etch process. The radicals are SF∗
5, F∗ and O∗. The products

are SiF4 and SOF4. The inhibitor is SixOyFz. [156] 1: A silicon wafer is exposed
to SF6/O2 plasma. 2: The radicals react with the surface causing etching of the
silicon. A passivation layer SixOyFz is formed which is protecting areas of the surface
causing selective etching. 3: The etch continues until nanopillars are formed.

22



Chapter 2. The SERS Sensor

ions on the surfaces normal to the ion movement direction. This prevents
further etching in the orthogonal direction to the ion movement, while etching
occurs in the direction normal to the ion movement, leading to an increase in
height of the nanostructures. [150] This dynamic ensures an anisotropic etch
and thereby the desired high-aspect ratio pillars.

The etch can end with a 1 minute O2 plasma cleaning step. The plasma
reacts with organic contaminants forming molecules with high vapour pressure,
which are evacuated during the process. [146] However, this step is not always
used.

2.2.2 Electron beam evaporation

To make the plasmonic structures, noble metals must be introduced to the
substrate. Electron beam evaporation is a process where a filament is heated
by applying a high voltage under high vacuum. Magnetic fields direct the
resulting electron beam towards a source metal. The source metal is then
bombarded with the electron beam causing it to evaporate into a gaseous
phase. A thin film is formed when the atoms precipitate coating everything in
the line of sight.

This method ensures high uniformity and low contamination of the metal, and
provides a high degree of control over the deposition rate. The directional
deposition ensures the formation of mushroom/asparagus-like heads, due to a
shadowing effect from the already deposited metal. [144]

The thickness of the metal changes the morphology of the structures, which
can be customized for different applications. [145, 146] The two noble metals
used in this thesis are silver and gold. The thickness of the metal is 225 nm
and is deposited at a rate of 10 nm/sec.

2.2.3 Post-process steps

The wafer will be inspected by scanning electron microscopy (SEM) to ensure
uniformity from spot-to-spot, but also wafer-to-wafer, see Figure 2.1. Finally,
for easy handling and distribution the wafer is diced into smaller chips by a
laser micromachining tool. The substrates are stored under laboratory vac-
uum.
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2.3 Substrate Optimization

When trying to detect trace molecules, the background spectrum is extremely
important. An extra process step is necessary in order to remove it. How-
ever, because of the leaning behaviour of the pillars upon liquid evaporation,
conventional wet chemistry processes cannot be used and therefore only dry
methods are available to us.

Two different hypothesis are tested:

1. The background originates from etch residues from the RIE process which
need to be removed prior to metal deposition.

2. The background originates from the storage conditions which means that
it needs to be removed subsequent to metal deposition.

It would appear that the etch residues do not influence the signal since they
are inside the metal cap not influencing the LSPPs. However, it has been sim-
ulated, [145] that the nanopillar SERS structure have two LSPP resonances.
One of the resonances is of course at the surface similar to a spherical nanopar-
ticle resonance, but the other is at the base of the metal cap where the metal
is in contact with the Si pillar, as shown in Figure 2.4. This is called the cavity
resonance and the result of this resonance is that the SERS signal is influenced
by the cleanliness of the Si surface.

In this section, solely silver substrates are investigated with an excitation wave-
length of 780 nm.

a b

Figure 2.4: Schematic illustration of the two resonances of the nanopillar substrate;
(a) the particle resonance and (b) the cavity resonance. These resonances makes
the substrate sensitive to contaminants on the metal surface as well as the silicon
surface.
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2.3.1 Residue removal prior to metal deposition

If the background spectrum originates from the etching procedure, it should be
removed prior to metal deposition. Normally, after dry etching, etch residues
are removed by oxygen plasma ashing and the original nanopillar recipe surely
also usually contain a 1 minute oxygen plasma step. However, it is unknown
if the process contributes positively to the removal of SERS background. As a
max-test, a substrate is exposed to plasma ashing for 15 minutes and the re-
sults are shown in Figure 2.5. For background measurements, the substrate is
exposed to H2O, which only has a very low Raman signal at around 3400 cm−1,
making is suitable for analysis of the substrate background. The control mea-
surement is H2O on a substrate fabricated by the standard procedure without
any plasma ashing steps. It is seen that the background spectra is reduced by
25 % when adding plasma ashing for 15 minutes to the process. However, 25 %
is not sufficient as the background still is relatively high. On the other hand,
it is seen that the Raman signal for a model molecule trans-1,2-bis (4-pyridyl)-
ethylene (BPE) after the plasma ashing process is similar to the control. This
means that the procedure does not change the plasmonic properties of the sub-
strate. Therefore it can be deduced that the oxygen plasma treatment does
contribute to the SERS background removal, and that it is not harmful to the
substrate in regarding to its plasmonic properties.

Another method potentially useful for removing background is a thermal treat-
ment prior to metal deposition. Initially, the heat treatment was executed in
a pyrolysis furnace, with a nitrogen flow of around 2000 L/hour. The furnace
is not completely air tight so there is presumably still oxygen inside. The
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Figure 2.5: (a) Background spectra for Ag substrate after plasma ashing for 15 min.
(b) BPE spectra after plasma ashing for 15 min. The y-axis is not the same in the
two figures and the spectra are shifted for better visualization. All spectra shown
are the average of 100 spectra.
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(e) 100 ◦C (f) 500 ◦C (g) 700 ◦C (h) 800 ◦C (i) 1000 ◦C

Figure 2.6: (a) The background spectra for substrates treated with different temper-
atures. The two dashed spectra are outliers to be disregarded. (b) The peak height
for two background peaks (1610 cm−1 and 1130 cm−1) are normalized to the control
and plotted as a function of temperature. (c) BPE spectra. For 1000 ◦C the signal
was multiplied with 1000 for better visualization. (d) The normalized peak height
for three BPE peaks (1638 cm−1, 1610 cm−1 and 1100 cm−1). (e)-(i) SEM images
of heated nanopillars with metal deposition for different temperatures. The scale
bars are 500 nm. The spectra shown are the average of 100 spectra. The spectra are
shown with an offset for better visualization.
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nanograss was heated to various temperatures from RT to 1000 ◦C. The re-
sulting SERS spectra are shown in Figure 2.6(a) where only milli-Q water is
used to lean the pillars resulting in a background spectrum. Here the mean
of 100 spectra are presented for each temperature and an offset is constructed
for better visualization. In the control spectra no treatment was performed.
The two dashed spectra represent data that are outliers. It is suspected that
for 500 ◦C there was a focus error that led the signal to be much lower than
expected. For the substrate treated at 700 ◦C it is suspected that the substrate
must have been contaminated, in the lab or by wrong handling. Both of these
substrates should therefore not be considered in the analysis.

Generally it is seen that for higher temperatures, the background spectra are
lowered. In Figure 2.6(b) the peak intensities for the two most prominent
noise peaks (1610 cm−1 and 1130 cm−1) are shown. For this, the spectra are
background adjusted and normalized to the control. The standard deviations
are calculated for 100 spectra. From this figure, it can be deduced that for a
high temperature treatment, the background is lowered significantly.

To illustrate if the actual sensor is disturbed by this heat treatment, addi-
tional measurements with BPE has been conducted, and the resulting spectra
are shown in Figure 2.6(c). Here the mean of 100 spectra are presented for
each temperature and an offset is constructed for better visualization. The
substrate heated to 1000 ◦C has a thousand times lower signal than the other
substrates. In Figure 2.6(d) the intensity of the three highest peaks 1638 cm−1,
1610 cm−1 and 1100 cm−1 are illustrated. Again, they are background adjusted
and normalized to the control. Here it is clear that the substrate maintains its
plasmonic properties and function as a SERS substrate up until a heat treat-
ment of 800 ◦C. At 1000 ◦C the signal drops to near-zero values indicating a
change in the nanopillar structure.

SEM images after metal deposition is shown in Figure 2.6(e)-2.6(i). Here,
it is confirmed that the spatial geometry of the metal cap is similar for all
temperatures except for 1000 ◦C. At 1000 ◦C the nanograss has collapsed and
thus has changed geometry into small blobs. Since this structure can not lean
to form hotspots, this results is a very low SERS signal.

The time for which the substrate was heat treated was investigated too, see
Figure 2.7. Here, a control with no heat treatment was compared to substrates
with 30 minutes, 10 hours, and 20 hours of heat treatment at 500 ◦C, respec-
tively. In Figure 2.7(a) the substrate is again exposed to milli-Q water and
the background spectra are measured upon evaporation. The peak intensities
for three dominant peaks (860, 1605 and 1135 cm−1) are normalized to the
control and illustrated in Figure 2.7(b) for better visualization. Only the heat
treatment for 30 minutes reduced the background a bit. It seems that more
time in the furnace just introduced more residues - at least at 500 ◦C. From
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Figure 2.7: (a) The background spectra after a heat treatment of 500 ◦C for different
time intervals. The spectra shown are the average of 100 measurements. (b) Three
peak intensities are normalized to the control and plotted as a function of the thermal
process time interval. The spectra are shown with an offset for better visualization.

theses initial experiments it was decided to use shorter temperature process
steps and from hereon they are performed in a Rapid Thermal Process (RTP)
furnace with a nitrogen flow of 200 sccm.

Finally, the different methods have been compared against each other using
the substrates from the same fabrication batch. In Figure 2.8(a) a control is
compared to a substrate treated with oxygen plasma for 1 minute, 15 minutes
at 800 ◦C, and combinations of the two. Again the spectra are background
adjusted and the averages of 25 measurements shown with an offset for better
visualization. The intensities of the two most prominent peaks at 1396 and
1610 cm−1 are plotted in Figure 2.8(b) for the different treatments. From this
plot it can be deduced that the background spectra is reduced 20-30% when
performing the oxygen plasma. The background is reduced with approximately
70% with a heat treatment of 800 ◦C, which is in consistence with the previous
results. The combination of the treatments does however not add to the residue
removal. It is seen that when plasma ashing is followed by a heat treatment
at 800 ◦C, the background is removed significantly (∼ 50-70 %), but there is
a huge variance in the individual measurements. When the heat treatment is
followed by plasma ashing the variance is smaller, but the ratio between the
two peaks differ. Perhaps molecules on the surface make a surface complex
or react with something else, changing their form and therefore also degree of
polarization.

Looking at the SERS performance illustrated in Figure 2.8(c), where the promi-
nent peaks again are visualized in Figure 2.8(d), it is quickly seen that also
here, the most suitable treatment is the heat treatment since the performance
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Figure 2.8: Comparison of different cleaning techniques. (a) Background spectra for
each technique. (b) Normalized peak height for the two most prominent peaks; 1396
and 1610 cm−1. (c) Comparison of BPE spectra after different cleaning techniques.
(d) Normalized peak height for the three most prominent BPE peaks; 1100, 1610
and 1638 cm−1. Each spectrum is the average of 25 spectra and shown with an offset
for better visualization.

of the SERS substrate only drops 10-20%. Comparatively, for the plasma ash-
ing treatment the SERS performance drops around 40-60 % and for the com-
binations it is around 30-40 %. Conclusively, the optimal cleaning treatment
for the removal of the etch residues is the thermal treatment at 800 ◦C.

Apart from SERS, X-ray photoelectron spectroscopy (XPS) has been used
to characterize the substrates. XPS is a quantitative method measuring the
composition of elements 10 nm into a surface. This means that this technique is
able to find the composition of elements remaining on the surface after etching.
The result of the XPS analysis with the software Avantage (Thermo Scientific)
is shown in Table 2.1, and the raw data is shown in Figure 2.9. Here it is seen
that one of the main elements is, not surprisingly, silicon. Apart from silicon,
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Table 2.1: Result of XPS analysis. Atomic percentage of different elements on the
nanopillar surface. It is seen that the fluorine is reduced when ending a process with
a thermal treatment.

Atomic % F C O Si N
Control 1.3 10.2 37.4 51.1 -
O2 plasma 3.5 8.0 47.3 40.0 1.2
800 C 0.7 7.1 40.4 51.8 -
800C + O2 plasma 5.9 6.2 46.2 40.2 1.5
O2 plasma + 800 C 1.0 7.1 49.2 42.7 -

Binding energy [eV]
20040060080010001200

C
ou

nt
s/

s

#105

0

2

4

6

8

10

*

Control
O

2
 plasma

800 C
O

2
 plasma + 800 C

800 C + O
2
 plasma

Figure 2.9: XPS raw data after each residue removal technique. At 685 eV, the
fluorine peak is shown. The techniques that end with heating, reduce this peak.
The dominant peak at 531 eV is oxygen.

fluorine and oxygen are part of the passivation layer (SixOyFz) formed during
the etch. It is suspected that the passivation layer is the main contributor to
the SERS background and specially fluorine. It is seen that the fluorine content
is increased with oxygen plasma and are lowered with the thermal technique.
[160] The large amount of oxygen properly is a result of spontaneously growing
of thin films of silicon dioxide, SiO2, on silicon wafers, called native oxide.
Carbon is a common contaminant in micro/nano fabrication associated with
organic contamination. It is seen that it is partly removed (∼ 30 %) by both
oxygen plasma and by thermal treatment. Surprisingly, no sulphur is present
on the surface.

In conclusion, a thermal treatment of 800 ◦C prior metallization reduces the
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SERS background signal.

2.3.2 Contaminant removal subsequent to metal depo-
sition

If the SERS background spectrum originates from the environment in which it
is contained, the substrate will need removal of these contaminants subsequent
to metal deposition. In practice the removal should be done just before the
exposure to the sample. Here, heating of the substrate subsequent to metal
deposition is investigated.

The substrates are heated in an enclosed chamber (Stage from LinKam Sci-
entific Instruments [161]) with a nitrogen flow of 2 bar. The substrates are
exposed to a drop of milli-Q water and after evaporation the signal is mea-
sured. A map of 25 spectra were recorded and the mean is presented in Figure
2.10(a). The peak at 690 cm−1 is normalized to the control and plotted in
Figure 2.10(b) as a function of the temperature. It is seen that the heat does
not remove the contaminants below 500 ◦C. It is also seen that the spectra
at 100 ◦C show higher background than the control. It is not determined if
this is an anomaly. It is however believed that the heating of the substrate in
general removes the organic contaminates on the silver from storing, making
the substrate more sensitive when applying a sample.

This is confirmed in Figure 2.10(c), where BPE is added to substrates after
heating. Here, it is seen that for heating at temperatures less than 500 ◦C, the
BPE signal is increased to three times the signal of the control. As with the
heating prior to metal deposition, it is hypothesized that too high a tempera-
ture can cause the nanopillars to change their plasmonic properties. The most
dominant peaks at 1638 cm−1, 1610 cm−1 and 1100 cm−1 are normalized to the
control and plotted in Figure 2.10(d) as a function of the temperature. Here,
it is confirmed that for 500 ◦C the BPE signal is reduced significantly, which
indicates that the plasmonic structure is destroyed at this temperature.

Furthermore, increased hydrophilicity was observed when adding the water
drop for heated samples. A normal surface not exposed to heat, is very hy-
drophobic. It is imagined that for the hydrophobic surface, a sample will be
forced to stay on the top of the pillars and does not go in between the pillars.
On the contrary, a hydrophilic surface will pull the liquid sample in between
the nanopillars, thus more pillars will lean. Furthermore, more sample ma-
terial can then be found between the pillars. This might increase the signal
enhancement.

In conclusion, the heating of the substrate subsequent to metal deposition
and right before measurement, does not reduce the background. However, the
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Figure 2.10: Heating of substrate subsequent to metal deposition. (a) Background
signal from substrates heated from 100 ◦C to 500 ◦C. (b) The most dominant peak
at 690 cm−1 is normalized to the control and plotted as a function of temperature.
(c) BPE signal from substrates heated from 100 ◦C to 500 ◦C. (d) The most dom-
inant peaks as a function of temperature normalized to the control is shown. The
spectra shown are the average of 25 spectra and are shown with an offset for better
visualization.

hydrophilicity of the substrate in increased by this treatment, which leads to
increased SERS signals. This makes this treatment favourable after all.

2.4 Conclusional Remarks

In this chapter, the SERS substrate used throughout this thesis is presented.
The advantage of this substrate is its uniformity and the easy fabrication. The
clever design which allows sample material to be trapped in between leaned
nanopillars was shown by SEM imaging. The easy fabrication method was
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described and an optimization technique of with regard to background re-
moval was discussed. The conventional residue removing method, O2-plasma,
showed no improvment in the SERS background. Heating of the substrate
prior to metal deposition removed some of the etch residues, thus decreased
the background signal. However, heating as of 1000 ◦C destroyed the substrate,
making it unable to enhance the Raman signal. Heating of the substrate sub-
sequent to metal deposition, did not remove the background spectrum, but
increased the signal three-fold. Similarly, heating as of 500 ◦C destroyed the
enhancing properties of the substrate.
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3

Integration of Nanoparticles

In this chapter, addition of nanoparticles to the sensor is considered.1 There
are two reasons why this is done.

Firstly, it is imagined that sample handling and manipulation are easier with
nanoparticles than with the substrate. There are many examples of sample
handling with nanoparticles on a chip/disc [162] and the fact that you can
move them around to separate chambers to perform different actions, like e.g.
mixing, surely makes nanoparticles preferable over the substrate when it comes
to sample handling. For example separation of different sized nanoparticles is
shown by Arosio et al. [37], which can be used to perform mutiplexing on the
same sample. Here, the nanoparticles could be funtionalized with different
bioreceptors so there is a sorted recognition event according to size of the
nanoparticles. By using a separation method, the individual markers can be
detected in separate chambers on a disc. Another example could be trapping
of nanoparticles by narrowing of the channel. [163] This could for example be
useful for filtering purposes. The use of the nanoparticles for capture of target
molecules will be shown in the following sections.

Secondly, it is hypothesized that the nanoparticles immobilized to the sub-
strate, as illustrated in Figure 3.1, will give a high signal enhancement. It is
common practice to immobilize nanoparticles to a flat surface (e.g. [164]) in or-
der to gain enhancement of the Raman signal. However, it has also been shown
that a sandwich configuration between a structured substrate and nanoparti-
cles can enhance the signal. [165–167] Since the size ratio between the nanopar-
ticles and the pillars (1:3) and the relatively large distance between the pillars,
the configuration will probably look more like a satellite configuration, where
the smaller nanoparticles are attached around the nanopillar cap as illustrated
in Figure 3.1. Even so, the satellite configuration also enhances the Raman
signal significantly. [168–170] The enhancing effect of the combined nanopillar-
nanoparticle substrate will be investigated in the following sections.

1The experimental work, and in particular assay development, in this section is carried
out in collaboration with Lee Barrett and Jonathan Simpson from the group of Professor
Duncan Graham at the University of Strathclyde.
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Figure 3.1: Schematic of nanoparticles added to the substrate. It is hypothesized
that the nanoparticles will form a satellite configuration with the nanopillars. The
figure is not to scale.

3.1 Glucosamine Sensing Assay Protocol

An assay for glucosamine sensing was chosen as a model assay. The work
here is based on a nanoparticle-nanoparticle assay developed by the research
group lead by Professor Graham, [171] but is here adjusted and optimized to
the substrate-nanoparticle system. It is based on a highly specific recognition
event between some carbohydrates and lectins.

The dye used, called RB1, was also developed in the Duncan Graham group.
[172] It is a benzotriazole dye with two dominating peaks at 1364 cm−1 and
1620 cm−1. The dye is shown in Figure 3.2(a). A drop of RB1 is added to a
silver nanopillar substrate and left to dry for the pillars to lean. A spectrum
is recorded at 532 nm and the SERS result of the dye is shown in Figure
3.2(b). There are two prominent peaks; 1364 cm−1 and 1616 cm−1. These are
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Figure 3.2: Structure and SERS spectra of the dye RB1.
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the two peaks that will be identified with a recognition event throughout this
chapter.

The assay is built as shown in Figure 3.3(a) where citrate-reduced nanoparticles
are functionalized with carbohydrates and the substrate is functionalized with
lectin. The chemicals used are listed in Appendix A. The following sections
describes the functionalization of the substrate and the nanoparticles in more
details. The assay is divided into four parts; nanoparticle synthesis, function-
alization of nanoparticles, functionalization of substrate and immobilization of
nanoparticles on the substrate.

3.1.1 Nanoparticle synthesis

Synthesis of 40 nm nanoparticles is done with a citrate reduction method. The
protocol for silver nanoparticles is as follows:

1. Dissolve 90 mg silver nitrate into 10 mL distilled water and add the so-
lution to 490 mL distilled water.

2. Heat the solution until boiling and let it boil for around 10 minutes.

3. Dissolve 100 mg sodium citrate into 10 mL distilled water and add it to
the boiling solution. Let it boil for another 20 minutes.

Similarly, the protocol for making gold nanoparticles of 40 nm in diameter
is:

1. Dissolve 60.5 mg sodium tetrachloroaurate into 500 mL distilled water

2. Heat the solution until boiling.

3. Dissolve 52.5 mg sodium citrate into 7.5 mL distilled water and add it to
the boiling solution. Let it boil for another 15 minutes.

The concentrations of the nanoparticles are estimated from UV-Vis absorption
experiments by Beer-Lamberts law:

A =
ε b c

d
(3.1)

Here, A is the absorbance, which is given by a UV-Vis absorption spectra.
ε is the molar absorptivity [M−1cm−1] which is a function of the absorption
wavelength ( [173,174]). b is the distance the light passes through the solution.
c is the concentration of the nanoparticles. d is the dilution factor.

For example, for a typical silver nanoparticle solution with an absorbance mea-
sured to 1.429 at 406 nm, the molar absorptivity is around 145 · 108M−1cm−1.

37



Chapter 3. Integration of Nanoparticles

a) b)

PEG - 12

EDC/NHS

Carbohydrate

Lectin

EDC/NHS

16 - MHA

Figure 3.3: (a) Schematic of the assay. The schematic is not to scale. The EDC/NHS
step is a zero-length crosslinker, but is visualized here for better understanding of
the assay. (b) The full molecule structure after immobilization. Not to scale.
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[173, 174] Here, b =1 cm and the dilution factor is 10. The concentration is
calculated to:

c =
A d

ε b
=

1.429 · 10

145 · 108M−1cm−1 · 1cm
= 9.86 · 10−10M = 986pM (3.2)

3.1.2 Functionalization of nanoparticles

Firstly, the nanoparticles are covered simultaneously with the blocker and
a dye. The benzotriazole moiety of the RB1 dye is believed to form a ir-
reversible complex with the silver/gold nanoparticle. [172] The blocker is
carboxy-poly(ethylene glycol)-thiol (SH-PEG-COOH), which from here on will
be called PEG-12. The thiol group (-SH) binds PEG-12 to the silver sur-
face.

The functionalization of colloids with carbohydrate is done with EDC/sNHS
crosslinking, as illustrated in Figure 3.4. In EDC/sNHS crosslinking, an
amide bond is formed between the carboxylic acid (-COOH) of the PEG-
12 and the carbodiimide group (-N=C=N-) of EDC, activating the carboxyl
group. Now that the carboxyl group is activated an amide bond can be formed
with an amine (-NH2) e.g. as part of a biomolecule. [175] However the EDC
crosslinker is very unstable and the reactive carboxylic acid can hydrolyse back
to the inactive carboxyl acid (-COOH). To increase efficiency and stability N-
hydroxysulfosuccinimide sodium salt (sNHS) is included in this reaction. The
sodium makes the NHS into a salt which means it is water soluble. The sNHS
stabilizes the intermediate by an exchange of the EDC to the much more sta-
ble amine reactive sulfonate (SO2O

–). Also from here, an amide bond can
be formed with an amine from e.g. a biomolecule, as illustrated in Figure
3.4. However, none of the EDC or sNHS molecules will be part of the final
bond, making EDC/sNHS a zero-length crosslinking technique. [175] The ratio
between the EDC and sNHS is optimized for this assay.

The protocol is summarized in Figure 3.4 and the steps are:

1. Add 100µL 0.1 mM RB1 and 40 µL PEG-12 to 860µL of colloid. The
final concentrations are 10µM of the dye RB1 and 40µM of the blocker
PEG-12 .

2. Incubate this for 3 hours while mixing.

3. Centrifuge the conjugates for 15 minutes at 4000 rpm and take the su-
pernatant and centrifuge this for 15 minutes at 6000 rpm. Combine the
pellets from this, which gives about 20µL.

4. Dissolve 1 mg/ml EDC in 10 mM MES buffer pH 6.0.

5. Dissolve 1 mg/ml sNHS in 10 mM MES buffer pH 6.0.
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Figure 3.4: The functionalization of the nanoparticles. The nanoparticle is covered in
PEG-12, then EDC/sNHS chemistry is used as a crosslinking strategy for attaching
glucosamine. The illustration is not to scale.
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6. Mix 100µl EDC and 200µL sNHS and add (total 300µL) this to the pel-
let. The final concentrations of EDC and sNHS are 540µM and 920µM,
respectively.

7. Incubate for 15-30 minutes while mixing.

8. Add 100µL of 10 mM carbohydrate solution in 10 mM HEPES pH 7.4
(1 mM of carbohydrate) to the conjugate and make volume up to 1 mL
with 10 mM HEPES pH 7.4 (580µL).

9. Incubate overnight while mixing.

10. Finally, spin for 15 minutes at 4000 rpm and take the supernatant and
spin this at 6000 rpm for 15 minutes and combine pellets and resuspend
in the appropriate volume of 10 mM HEPES with 0.2 mM Ca(NO3)2 and
Mn(NO3)2 at pH 7.4 up to 1 mL.

Figure 3.5(a) shows a microscope image of an edge of a drop of the func-
tionalized nanoparticle solution on top of a substrate. The substrate is not
functionalized and the drop is not washed after drying. As seen by the color
change, there are several different areas of the drop. A linescan of the drop
(red line) with an interval of 10µm is shown in Figure 3.5(b) and confirms
that the color change reveals different regions of the drop. In this graph the
strongest Raman signal is at the 33rd experiment, which in Figure 3.5(a) is
at the red cross. This phenomenon is called the coffee-stain effect. A SEM
image of the point of the region with the highest intensity, is shown in Figure
3.5(c) and reveals that in that specific region the drop goes from containing
nanoparticles to not. This is probably due to the surface forces induced by
the drying of the drop, which pulls the nanoparticles towards the center. [176]
From Figure 3.5(d) it is noticed that the nanoparticles are located in a matrix
of some thick paste. This is probably the glucoseamine in the suspension. This
SEM image is from outside the area with nanoparticles, but shows how the
paste distributes itself over the pillars. This paste is probably the reason for
the very low signals in the center of the drop as it thickens near the center.
This result indicates that thorough washing might be necessary to remove the
paste.

3.1.3 Functionalization of substrate

The functionalization of substrate is similarly done with EDC/sNHS crosslink-
ing. First, the substrate is covered with the blocker 16-MHA by forming a bond
between the metal and sulfur from the thiol group (-SH). Then the lectin is
bound by crosslinking with the EDC/sNHS coupling reaction to the carboxylic
acid (-COOH). The procedure is summarized in Figure 3.6 and the protocol
steps are:
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(c) (d)

Figure 3.5: (a) Microscope image of a drop containing functionalized NPs. The
scalebar is 100µm. (b) SERS spectra along the line shown in (a). (c) SEM image
of the area with high SERS enhancement. Scalebar is 1µm. (d) SEM image of the
paste, which is the reason for the low signal in the center of the drop. Scalebar is
500 nm.

1. Dissolve 2.9 mg/ml 16-MHA in MeOH and dilute 16-MHA 10x to 1 mM.

2. Incubate substrate in 1 mM 16-MHA for 30 minutes.

3. Wash with MeOH.

4. Dissolve 2 mg/ml EDC in 10 mM MES buffer pH 6.

5. Dissolve 2 mg/ml sNHS in 10 mM MES buffer pH 6.

6. Mix 750µl EDC with 150µl sNHS and 100µl MES buffer pH 6.
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16-MHA

EDC/sNHS crosslinking to lectin
(same as functionalization 

of nanoparticles)

lectin

Figure 3.6: The functionalization of the nanopillars. The nanopillars are covered
with 16-MHA and EDC/sNHS chemistry is used to functionalize lectins. The illus-
tration is not to scale.

7. Incubate substrate for 30 minutes.

8. Wash in MeOH.

9. Dissolve 1 mg/ml lectin in phosphate buffer.

10. Incubate overnight.

11. Wash in MeOH.

At this point, the substrate is functionalized with a lectin.

3.1.4 Immobilization of nanoparticles

Lastly, the substrate is incubated with nanoparticles for the recognition event
between the carbohydrate and the lectin to occur. The protocol is:

1. Incubate the substrate in the nanoparticle solution for 1 hour.

2. Wash with MeOH.

A schematic of the resulting molecular structure, after implementation of the
last step of the assay, is seen in Figure 3.3(b).
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The SEM image, in Figure 3.7(a), validates the assay. Here, small nanoparti-
cles are seen between and on the nanopillars. The nanoparticles are however,
not evenly distributed over the surface as anticipated in the satellite structure,
but are mostly trapped in between the nanopillars as illustrated in Figure
3.7(b). This is probably due to the surface forces upon evaporation, pulling
the nanoparticles in the same direction as the nanopillars. However, this indi-
cates that the bond between the nanoparticles and the nanopillars are not as
strong as the surface forces and that the nanoparticles gets ripped of the surface
and moved. It is hypothesized if the specificity of the lectin-nanoparticle inter-
action is influenced by this effect. However since the nanoparticles get moved
by the surface forces after the incubation and washing steps, this should not
affect the unspecific control experiments.

In the SEM image (Figure 3.7(a)) it is also seen that the paste from the
suspension is removed by washing, and therefore does not interfere with the
enhancement when the full assay is used.

(a) (b)

Figure 3.7: (a) SEM image of the nanopillar substrate functionalized with nanoparti-
cles. The scale bar is 500 nm. The nanoparticles are seen in between the nanopillars.
(b) Schematic of the nanoparticles in between the nanopillars.
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3.2 SERS Results

Unless otherwise stated, the measurements are done with a DXR�Raman Mi-
croscope from Thermo Scientific at 532 nm, silver substrates and nanoparticles,
each spectrum is the mean of 100 spectra and simple background removal is
applied with MATLAB. The spectra are shown with offsets for better visual-
ization.

3.2.1 Lectin-carbohydrate interaction

Figure 3.8 shows an investigation of which lectins and carbohydrates should be
used for the assay just described. For these measurements, a WITec spectrom-
eter at 633 nm is used. Here four different lectins are examined; concanavalin A
(ConA), wheat germ agglutinin (WGA), peanut agglutinin (PNA) and snow-
drop galanthus nivalis (GNL). And two different carbohydrates are examined;
glucosamine (Glu) and galactosamine (Gal).

The different lectins and carbohydrates vary in affinity towards each other,
which is also seen in the figure by differences in the resulting SERS intensities
of the dye. Here, glucosamine and ConA show strong affinity, while galac-
tosamine and ConA show weak affinity. It is the other way around for the
lectin WGA. Here, galactosamine shows good affinity towards WGA, while
glucosamine shows poor affinity towards WGA. The PNA-galactosamine and
GNL-galactosamine interaction does not show good affinity, since the repre-
sentative Raman peaks of the dye (1364 cm−1 and 1620 cm−1) are not clearly
represented. Based on these measurements, glucosamine-ConA is chosen as
positive control and galactose-ConA as negative control for further investiga-
tions.

3.2.2 Aggregation test of nanoparticles

An aggregation test of glucosamine, galactosamine and ConA is done for both
silver and gold nanoparticles and the result is shown in Figure 3.9. Here,
1 mg ConA is added to a 1 ml nanoparticle solution to a final concentration of
10µM. After 1 hour of incubation, the spectrum is measured inside a drop.
The spectra shown are the average of 25 spectra.

In Figure 3.9(a) aggregation of silver nanoparticles are shown. It is seen that
before ConA is added, the SERS signal is low for both glucosamine and galac-
tosamine. When ConA is added, the signal is increased, indicating aggrega-
tions of the nanoparticles. The signal increases the most for glucosamine and
ConA, and the least for galactosamine and ConA. The unspecific aggregation
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Figure 3.8: Lectin-carbohydrate affinity. The spectra are shown with offsets. It is
seen that glucosamine-ConA and galactosamine-WGA show good affinity, while the
opposite is true for glucosamine-WGA and galactosamine-ConA. These two combi-
nations are therefore both desirable in regard to the assay.

might be due to spontaneous aggregation due to too high a concentration of
ConA disturbing the chemical balance of the nanoparticles.

Similarly, in Figure 3.9(b) the aggregation of gold nanoparticles are shown. It
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Figure 3.9: (a) Aggregation of glucosamine and galactosamine functionalized sil-
ver nanoparticles with ConA. (b) Aggregation of glucosamine and galactosamine
functionalized gold nanoparticles with ConA.
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is seen that the signal is much lower (low signal to noise ratio) than for silver
nanoparticles. Generally, the SERS signal from gold is lower than for silver,
however, the reason for the low signal here, should probably be attributed to
the excitation wavelength, is less optimal for the gold nanoparticles.

3.2.3 The bimetal interaction

In Figure 3.10 silver and gold nanoparticles are immobilized on both silver and
gold substrates. The insert shows the different combinations which are shown
in the spectra from the top and down.

It is clear that the largest Raman enhancement is present for silver-silver in-
teractions, while the smallest enhancement is present for the gold-gold inter-
action. Since the next best enhancement happens for a gold substrate with
silver nanoparticles it can be suspected that the nanoparticles are the main
contributor to the enhancement. This might be because of the excitation laser;
the gold nanoparticles are not optimized for the 532 nm laser, as seen in Fig-
ure 3.9(b). Similarly, the gold substrate is not optimized for that wavelength
either. Consequently, the silver-silver combination will be used from this point
onwards.
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Figure 3.10: Different combinations of gold and silver. The gold-gold combination
gives the lowest signal and silver-silver combination gives the highest signal.
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3.2.4 Incubation

In Figure 3.11 it is investigated which incubation period is sufficient for the
recognition event between the nanoparticles and the substrate to take place.
The specific interaction is between glucosamine and ConA with a negative
control between galactosamine and ConA. Here an incubation time of 1 hour
is compared to an incubation time of 22 hours. In the figure, all the spectra are
shown with an offset and the spectra from the 22 hours incubation is divided
by two for better visualization.

It is seen that the intensity after 22 hours of incubation is approximately twice
as high as for 1 hour of incubation, which makes it favourable to do 22 hours of
incubation. However, the intensity of the negative control is equally increased.
The noise level is equal for 1 hour and 22 hours of incubation, and it is therefore
chosen to use 1 hour of incubation between the nanoparticles and the substrate
as it is sufficient for glucoamine and ConA to bind.
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Figure 3.11: Two equal assays but with different incubation time for the
nanoparticle-substrate interaction. It is seen from the graph that 1 hour of in-
cubation is sufficient for the assay.

3.2.5 Substrate functionalization steps

Figure 3.12(a) shows the SERS result after each step of the functionalization
of the substrate and, lastly, the immobilization of nanoparticles. This is done
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to ensure that the dye peaks are not seen at the steps prior to nanoparticle
immobilization.
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Figure 3.12: SERS results of the substrate functionalization steps. The dye peaks
only appear after incubation of nanoparticles. However, there is 50% unspecific
binding leading to a signal for the negative control Gal-ConA.

To characterize the substrate background, a drop of H2O (milli-Q) is placed
on the substrate and left to dry so the pillars lean against each other. The
background shows only broad peaks with low intensity, which is what is de-
sired.

After the first substrate functionalization step, immobilization of 16-MHA, a
control spectrum is measured. Two peaks appear; 1116 cm−1 and 1610 cm−1.
The peak at 1610 cm−1 is close to the peak of the dye at 1620 cm−1, but is
distinguishable and low in intensity.

After adding the EDC/sNHS crosslinker another control spectrum was done.
No significant change is recorded at this point. Similarly, adding ConA does
not change the spectrum significantly.2 The two RB1 peaks at 1364 cm−1 and
1616 cm−1 are only present after the incubation with the nanoparticles. This
concludes, that the assay is working.

It is also seen in Figure 3.12(a) that there is a lot of unspecific binding, which
leads to a negative control signal of 50% of the positive control. This could be
because of insufficient washing or the need for additional blocking.

2The ConA spectrum is done on a different substrate at a later point, which means that
the intensity might be wrong. However, the peak positions do not expect to change.
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3.2.6 Nonspecific binding

In Figure 3.13 it is investigated if an additional blocker is needed to reduce
the nonspecific binding. The blue spectra are the positive control with glu-
cosamine and ConA. Red is negative control with galactosamine and ConA.
No background removal is used here. The intensity scale varies from plot to
plot and the scalebar on the plots are 20000, 2500, 500, 200, 200 and 5000
counts, respectively.

Figure 3.13(a) shows the control spectra. It is a bad, but representative,
example of the assay, where the negative control is around 70% as intense as
the positive control. (b) Shows blocking with 0.1% of bovine serum albumin
(BSA). It is seen that this step increases specificity greatly. However, the
intensity is also decreased by a factor of 5. (c) Shows blocking with 1% of
BSA. Here, the specificity is also increased, but the intensity is decreased
another 10-fold. (d) Shows blocking with 2.5% of BSA. Here, the specificity
is also increased, but the intensity is very low and the signal to noise ratio is
decreased greatly. (e) Shows blocking with Pierce� protein-free (PBS) blocking
buffer. It can be concluded that this blocker does not increase the specificity of

Figure 3.13: Comparison of different blocking methods. The spectra are not on the
same scale. Blue is positive control with glucosamine and ConA. Red is negative
control with galactosamine and ConA. (a) No blocking. (b) Blocking with 0.1%
BSA. (c) Blocking with 1% BSA. (d) Blocking with 2.5% BSA. (e) Blocking with
protein-free blocker. (f) No blocking but extensive wash. The scalebar on the plots
are 20000, 2500, 500, 200, 200 and 5000 counts, respectively.

50



Chapter 3. Integration of Nanoparticles

the assay. Finally in (f), no blocker is used, but extensive washing for at least
10 min after substrate-nanoparticle incubation is done. This decreases the
nonspecific binding to comparative values as adding 0.1% BSA (a). Therefore
it is suggested that the best solution is to increase the washing time.

3.2.7 Silicon and glass controls

To ensure that the functionalization of the substrate is specific to the
gold/silver substrate surface, the assay is done on glass, silicon and silicon
nanopillars. The result is shown in Figure 3.14(a). It is seen that neither of
the three cases show the dye peaks. This means that the assay is specific to
the gold/silver surface of the nanopillars of the substrate. This is not surpris-
ing since the sulfur (from 16-MHA) makes a strong bond with the gold/silver
surface, and neither with glass or silicon. However, this also indicates that the
nanoparticles do not stick to the surface in any other way.

Figure 3.14(b) shows the result of a drop of nanoparticles positioned on top of
glass, silicon and silicon nanopillars. It is left to dry, but is not washed. Here,
there is an insinuation of the two dye peaks at 1364 cm−1 and 1620 cm−1 on
silicon. This indicates that the enhancement from the combination between
the substrate and the nanoparticles is much higher than from nanoparticles
alone. However, since no wash of the sample has been performed, the paste is
still there reducing the signal significantly.
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Figure 3.14: (a) Glass, flat silicon and silicon nanopillars are exposed to the whole
assay. No signal is seen because the assay is specific to metals. (b) Glass, flat silicon
and silicon nanopillars are exposed to a drop of nanoparticles. A very small signal
is seen for silicon, however the signal is low due to interference from the paste.
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3.2.8 Batch comparison

At one point between the first and second batch of experiments (out of 4
batches), the SERS signal decreased significantly in enhancement, see Figure
3.15. The enhancement is decreased around 100 times.

It is unknown if the decrease is the result of the substrate, the nanoparticles
or a chemical.

If it is the substrate, it is suspected that either the dry etcher is contaminated
in some way; the recipe has been changed or the silver has changed in quality.
Either way, SEM images of the substrates does not show any changes. It could
also be the functionalization assay of the substrate which is the cause of the
low signal. If it is assumed that the substrate functionalization is the problem,
only results where the substrate is not used or is not functionalized can be
compared with the first batch.

It could also be the nanoparticles or the functionalization assay of the nanopar-
ticles which have changed. Different measures have been taken to find out.
The dye has been changed, chemicals have been exchanged with new ones,
etc. However, nothing worked and the signal from the 1st batch was never
reproduced. In these cases only results from the same batch of experiments
can be compared.

Consequentially, the batches will be noted in the following figures. The figures
shown until now, only have data from the first batch.

3.2.9 Substrate functionalization

The difference between functionalizing the substrate and not functionalizing
it is shown in Figure 3.16. An unfunctionalized substrate means that the sub-
strate does not undergo the steps described in section 3.1.3, and therefore no
specific binding event between glucose on the nanoparticles and the substrate
can occur. Therefore, no signal should be present for the unfunctionalized ex-
periments (-Glu and -Gal). Both the positive and negative control are shown
here. Because of the batch variation, results from both batch 1 (indicated in
the figure with ’1st’) and batch 2 (’2nd’) are compared to the unfunctionalized
results from batch 2.

First, the result from the whole assay from batch 1 (ConA-Glu 1st) is compared
to the unfunctionalized substrate (-Glu 2nd) from batch 2. If it is assumed
that the substrate functionalization assay is the reason for the differences in
the batches, these two spectra can be compared, since no functionalization has
been done for batch 2. It is seen that the signals are comparable in inten-
sity. This is unexpected since no specific binding can happen, and therefore
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Figure 3.15: Batch comparison. Specifications: 1st: 10X 100muW 3x1sec. 2nd:
10X, 100muW 1x1sec. 3rd: 50X, 500muW, 1x10sec. 4th: 50X, 5000muW, 1x10sec
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Figure 3.16: Comparison of the whole assay and the assay without the substrate
functionalization step. Different batches are compared. A high SERS signal is
recorded for the unfucntionalized substrate, probably due to dye residues in the
nanoparticle solution.
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no nanopartcles should be present. It is therefore speculated that the signal
seen is due to the dye residues in the solution. After all, the nanoparticles are
washed off after incubation and there is no evidence for nanoparticles sponta-
neously ”sticking” to a surface. However, it is known that for colloid chemistry,
even with spinning and resuspending several times, residues can remain in the
suspension. Therefore, if the dye is very Raman active and has a strong affin-
ity there is a chance that the signal seen in the figure, only is the dye and
not the nanoparticles. If this is true, caution must be taken towards com-
pletely blocking the substrate surface with 16-MHA if this residue-signal is
to be avoided. It was previously seen that the nanoparticles were surrounded
with (undetermined) paste, and it is not surprising if some dye residues were
still there also. The unfunctionalized substrate gives high signals for both the
positive and negative control. Arguing that it is the dye residue that gives the
signal, and that the specificity is much better for the functionalized substrate
than the unfunctionalized, it can be concluded that the blocking of the surface
is important or else dye will attach to the surface.

Secondly, the signal from the whole assay from batch 2 (ConA-Glu 2st) is
compared to the unfunctionalized substrate (-Glu 2nd) from the same batch.
This comparison is valid if it is assumed that it is the nanoparticle functional-
ization causing the low intensity. The figure shows that the unfunctionalized
substrate ”-Glu” gives the highest signal. It was speculated that the length
of the molecule from the substrate to the nanoparticle is too long, see Figure
3.3. Arguing that the enhancement is strongest only a few nanometers from
the surface of substrate and nanoparticle, the length of the chain could be the
reason for the lowered signal. However, the estimated length of the chain is
around 2 nm indicating that the distance between nanoparticle and substrate
is fine.

3.2.10 Unstuctured substrate

It is interesting to see if the structured surface adds to the SERS enhance-
ment. Therefore, the signal from the nanopillar substrate is compared to a flat
substrate. Again, two different batches are compared.

Firstly, comparing the structured substrate from the 1st batch with the flat
surface of the 4th batch, shows that the signal decreases significantly for the
flat surface. This comparison is only valid if it is the substrate functionalization
that differs from batch to batch. If this assumption is true, the substrate aids
significantly in enhancing the signal.

Secondly, comparing the structured substrate from the 4th batch with the flat
surface of the same batch, shows on the contrary that the signal is decreased
when using the substrate. This comparison is only valid if it is the nanoparticle
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functionalization which differs from batch to batch. If this assumption is true,
the substrate does not aid in enhancing the signal.

Therefore, depending on the batch, different conclusions are to be made. Fur-
ther investigations are needed to know which one is valid.
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Figure 3.17: Specifications: 1st: 10X, 100muW, 1x3sec. 4th: 50X, 5000muW
1x10sec. The comparison between 1st and 4th batch is only valid if it is the sub-
strate that differ from batch to batch. The comparison within the 1st batch is only
valid if it is the nanoparticles that differ from batch to batch.

3.3 Competitive Assay

The sensor was used in a competitive assay to simulate a glucose sensor. Here,
free glucosamine competes with glucosamine bound to nanoparticles. For a
real glucose sensor, the free glucosamine is replaced with free glucose. Dif-
ferent concentrations of the free glucosamine where added to the substrate,
partially blocking the surface - a reverse dilution series. High Raman signals
means low concentration of free glucosamine, while low Raman signals means
high concentration of free glucosamine. The experiments where done with the
second batch.

An extra step was added to the assay. After functionalization of the substrate,
different concentrations of glucosamine where incubated on the substrate from
0µM to 100µM with steps of 10µM. The incubation time was 1 hour.
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Figure 3.18: Competitive assay with glucosamine. (a)-(k) shows increasing free
glucosamine, resulting in lower attachment sites for the glucosamine bond nanopar-
ticles. (l) shows a positive control is done with free galactosamine. Here the sites
should not be occupied and therefore lead to a high signal. (m) A negative control.
No free glucosamine is used, and the galactosamine bond nanoparticles should not
bind to the substrate either. (n) Methanol as a background spectrum.
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The result is shown in Figure 3.18. On the y-axis of each plot, the number of
the experiment is shown. Each map has 100 experiments, which are all shown
in the plot. In this way, instead of showing the mean, more visual informa-
tion is given to base the conclusions on. On the x-axis the Raman shift is
shown and the peak height is shown in color. All graphs have the same color
scale. Here, (a)-(k) is the competitive assay as described with different con-
centrations of free glucose from 0µM to 100µM. Three control measurements
where done. Figure 3.18(l) was incubated with free galactosamine instead of
free glucosamine. A high Raman signal is expected, since the galactosamine
should not bind to the surface, making room for the glucoamine functionalized
nanoparticles to bind to the substrate. (m) was not incubated with any free
carbohydrate and galactosamine functionalized nanoparticles was used instead
of glucosamine functionalized nanoparticles. A low Raman signal is expected,
since the galactosamine functionalized nanoparticles should not bind to the
surface. (n) a is methanol spectra for control.

Looking a Figure 3.18, a decreasing Raman signal should be seen from (a)-
(k). To better be able to make the right conclusion, Figure 3.19 shows the
intensity of two dye peaks at 1620 and 1364 cm−1 for (a) to (k). Here, the
most dark blue dots represents the lowest concentration of free glucosamine,
and the yellow represents the highest concentration of free glucosamine. The
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Figure 3.19: The intensity of the two
peaks at 1360 cm−1 and 1620 cm−1 is plot-
ted for experiment (a)-(n) in Figure 3.18.
It is seen that the intensities are in the
same range, which is not wanted. Accord-
ing to the legend, the darkest colors should
lie at the highest intensities.
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Figure 3.20: Weighted average of the experiments a-n described in Figure 3.18 (a)
is 1360cm-1 and (b) is 1620 cm-1. It is seen that the expected decreasing signal is
not there.

y-axis is the intensity of the peaks and the x-axis the the peak position. It
was expected that the blue dots would be at a higher intensity that the yellow
dots. However, it is seen for both peaks, that there is a huge overlap. Also
there is a large range in peak position. This indicates that in many of the
experiments a peak is not found. To clarify further, the weighted average of
the intensity of the peaks are illustrated in Figure 3.20. From (a) to (k) there
should have been a decreasing peak intensity, but this is apparently not the
case.

From this, it can be concluded that the competitive assay was not successful.
There can be several reasons why it was not, but the fact that even without
using any free glucosamine a very low Raman signal was recorded, probably
means that also here the poor quality of the substrate, nanoparticles or assay
was the main contributor to the unfortunate result.

3.4 Conclusional Remarks

In this chapter it was investigated if there was anything to gain by adding
nanoparticles to the substrate. The obvious advantage is that it is possible to
attach biomolecues to tagged nanoparticles, and thereafter move them to the
substrate for detection. By SEM imaging it was seen that the nanoparticles
were trapped in between the nanopillars. It was proven that the nanoparticles
combined with the substrates give a SERS signal, and that the best combi-
nation for the RB1 dye is the silver-silver combination. Unfortunately, when
repeating the measurements, much lower signals were recorded for an unknown
reason. Therefore, it is still unknown whether the substrate increases or de-
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creases the signal from the nanoparticles, compared to a flat substrate. For
the same reason, a competitive assay showed to be unsuccessful. In conclu-
sion, more experiments have to be done to complete the characterization of
this combined configuration. Despite this, the combination has proved success-
ful showing that the nanoparticle-substrate combination enhances the Raman
signal and the configuration can therefore be recommended for a LOC-SERS
device.
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4

Reliable Measurements

In this chapter, a method is investigated for making SERS measurements more
reliable. Generally, SERS measurements are very unstable due to the inho-
mogeneity of the hotspots. Also the degeneration of the molecules is a huge
problem for SERS, making the measurements unreliable. Different kinds of
fluctuations can make the measurements unreliable:

– Intensity fluctuations (Blinking, disappearing)

– Spectral shape fluctuations (Relative intensity, peak position, peak
width, random peak appearance)

The method for obtaining reliable measurements is based on moving the sub-
strate as illustrated in Figure 4.1. Two different effects are achieved; stability
of the spectrum and better peak definition. For the first effect, the hypoth-
esis is, that by moving the substrate while measuring, the signal is averaged
out and is not site-dependent any more. The second effect, makes the peaks
easier to identify and is therefore and advantage of the system. Several theo-
ries explaining these phenomena will be presented. Finally, the sensitivity of
DynaSERS is explored.

Figure 4.1: Schematic of the DynaSERS method. Here a laser is static and the
substrate is moved orthogonal to the laser spot. The schematic is not to scale.
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4.1 Data Analysis

The peaks in this chapter are fitted according to a pseudo-Voigt function using
Bayes formula.1

4.1.1 Model

The signal response model for a spectrum is

f(x) = b(x) +

Np∑
i=1

Aipi(x) + ε (4.1)

where f(x) is the recorded spectrum, x denotes the wavenumber, b(x) is the
background model, pi(x) is the peak model for the i’th peak, Ai specifies the
intensity of the i’th peak, Np denotes the number of peaks, and ε is the noise
model. The peak model used is the pseudo-Voigt function, which is a linear
combination of a Lorentzian shaped curve and a Gaussian shaped curve [177]
defined as:

p(x, x0, w, η) = ηL(x, x0, w) + (1− η)G(x, x0, w) (4.2)

where x0 is the center location of the peak, w is the width of the peak and
η controls the shape of the peak. The width of the peaks originates in i.a.
interaction of the molecule with the surrounding environment. Each molecule
interacts with the environment in a slightly different way, thus the peak shape
is the sum of all these different vibrations. Generally, in solids the environment
is not in motion, which gives a Gaussian profile. In gases the environment is
in motion, which gives a Lorentzian profile. Liquid samples are a combination.
[178] The Lorentzian curve is defined as:

L(x, x0, w) =
1

1 + (x−x0)2

w2

(4.3)

and the Gaussian curve is defined as:

G(x, x0, w) = exp

(
− ln 2

w2
(x− x0)2

)
(4.4)

Given a suitable choice of peak model and background model the noise ε is as-
sumed to be normally distributed. This gives rise to a normal likelihood:

x ∼ N (b(x) +

Np∑
i=1

Aipi(x), σnoise) (4.5)

1This section is written in collaboration with Tommy Alstrøm.
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In order for Bayesian inference to be eligible, prior distributions on the param-
eters are required. Suitable and flexible choices are:

A ∼ G(Aa, Ab) (4.6)

x0 ∼ N (µ0, σ0) (4.7)

w ∼ G(wa, wb) (4.8)

η ∼ B(1, 1) (4.9)

here G is a Gamma distribution (non-negative), N is a Normal distribution and
B is a Beta distribution (between 0 and 1). This choice of prior distribution
allows for a flexible inference and if required all priors can, by correct choice
of hyper parameters, work as weakly informative priors or flat priors.

The model is, as usual in the Bayesian data analysis approach, combined using
Bayes formula:

p(θ|D) ∝ p(D|θ)p(θ) (4.10)

where p(θ|D) is the function of interest with θ denoted a vector comprising of
all parameters in the response model, p(D|θ) is the function of eq. (4.5) and
p(θ) is the product of relations (4.6)–(4.9). This model enables the possibility
to look for peaks in low concentrations, by determining the prior p(θ) at high
concentrations.

As background model we use two different approached depending on the spec-
tra. For spectra with a close to linear background signal in the area of interest,
a line is used as background model. For spectra with non-linear background
in the area of interest a Gaussian kernel smoother with a squared exponential
kernel is used [179]. A kernel:

k(fi(x), fj(x)) = exp

(
−
(
fi(x)− fj(x)

`

)2
)

(4.11)

where a fixed ` = 100 is chosen in order to ensure a very smooth background
which will not remove any true signal. It should be noted - as opposed to
traditional SERS data processing the background is not removed as a post
processing step, but as part of the inference scheme. This is done to ensure
that the background correction algorithm does not model part of the signal
that belongs to a vibrational mode (peak).

4.1.2 Inference methods

For modelling inference the Metropolis Hastings sampling algorithm is used
[180, 181]. The algorithm runs for 50000 iteration with a burn-in of 25000
iterations.
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4.2 DynaSERS - Stability

It is a known problem for Raman spectroscopy and SERS, that using a small
spot size, local heating can cause burning of the sample, and thereby iden-
tification problems. Lower intensity or a larger spot size is often used as a
solution, but these methods decrease the resolution of the peaks.

For Raman spectroscopy, relative motion between laser focus and sample sur-
face has been used for a long time to avoid heating and decomposition of the
sample. [182–189]. It has been shown that even highly absorbing (colored)
samples benefit from this method.

For SERS, the same logic can be applied; the relative motion enables the
possibility to hit more hotspots, while still having a narrow laser spot for high
resolution measurements. [190,191] A schematic of the method is presented in
Figure 4.2 and the method will from hereon be called DynaSERS. This method
suits the DVD platform very well as it is easy to rotate the substrate while
measuring with this device.

This effect is utilized by equipment from Snowy Range Instruments, [190,191],
where a mirror inside the spectrometer changes the path of the laser spot.
Opposite, the setup in this thesis consists of a piezoelectric positioner, used
to change the position of the substrate. In this way, this method can be
used with a standard lab spectrometer (DXR� Raman Microscope [192]). The
positioner was bought from Mechonics [193] (MS15) and is a 1-axis positioner
with a travel range of 3.5mm and a step with of 10nm. The max velocity
is 1.5mm/s. The dimensions are 15x15x7 mm3. It comes with an external
controller (CF30).

Figure 4.2: DynaSERS schematic. To the left is shown the normal static mea-
surement method, while on the right, the substrate is moved so more hotspots are
recorded during one measurement.
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Figure 4.3: (a) 2,2’:5’,2”-terthiophene (3T) (b) Raman spectrum of bulk 3T. Exci-
tation with 532 nm.

The molecule that will be used for the analysis is 2,2’:5’,2”-terthiophene (3T)
and is shown in Figure 4.3(a). This molecule is chosen because it is well
characterized in the literature and is photosensitive. In Figure 4.3(b) a Raman
spectrum of powdered 3T is shown in blue. A Voigt peak fit is done on the
spectrum. The red dotted line is the baseline adjustment, the black is the
Voigt profile, green is total fit. From this, two dominating peaks are found;
1458 cm−1 and 1528 cm−1, consistent with literature. [194] The 1458 cm−1 peak
can be assigned to symmetric C=C stretching. The 1528 cm−1 can be assigned
to anti-symmetric stretching of C=C. [195] The peak at 1458 cm−1 will be
further investigated in the following sections. For this molecule, 532 nm is
used for excitation.

In Figure 4.4(a) a representative example of measuring SERS of 3T with
two different methods is shown. The static measurement is the conventional
method. The dynamic measurement is where the substrate is moved perpen-
dicular to the laser direction while measuring. In this way the focus of the
laser should stay on the surface of the substrate. It is clearly seen that there
is a difference between the two methods. The static measurement shows two
broad peaks with some shoulders. The dynamic measurement shows narrower
peaks, which enables better definition of the peaks.
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Figure 4.4: (a) Measurement of 3T with the static (conventional) method and with
the dynamic method, where the substrate is moved while measuring. The standard
error is shown in grey and light red. (b) RMSE for a leaned substrate with 3T for
different speeds.

4.2.1 Speed variation

We hypothesized that the effect is speed dependent. Therefore, the root-mean-
square-error (RMSE) is calculated for the measurements at different speeds.
The result is shown in Figure 4.4(b) and each point is the mean of 25 mea-
surements. Here, it is seen that the errors of the measurements is reduced to
half just by moving with a speed of 200µm/sec. When increasing the speed
further, the error becomes even lower.

If looking closely at Figure 4.4(a), it is seen that the largest variation of the
measurements is around the two peaks. It is therefore deduced that the dif-
ference between the RMSE is even larger if only considering the peak inter-
val.

Conclusively, moving of the substrate gives an instant effect, even at the lowest
speeds, reducing the error of the measurements. This means that the reliability
of the measurements is increased.

4.2.2 Over scratch

The previous measurements were taken at areas where the substrate hotspots
are evenly distributed. What is more interesting in a real-life setting would
be if it also performs satisfying if the substrate was for example damaged by
scratching.

In Figure 4.5, a scratch is made in the substrate and is approximately 20µm
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Figure 4.5: Recordings af 3T over a scratch on the substrate. (a) Static measure-
ments. (b) Dynamic measurements. The dynamic measurements are much more
stable.

wide. A line of spectra are recorded across the scratch. In Figure 4.5(a)
static measurements are recorded, while in 4.5(b) dynamic measurements are
recorded. The dark blue area, from spectrum 10 to 20 in the static measure-
ments, is the scratch. Here, no spectrum of 3T is recorded. Opposite, the
dynamic method gives much more stable and reliable measurements - even for
these suboptimal conditions.

The DynaSERS method, can be considered a form of real-time rolling or mov-
ing average. Generally, a moving average is a way to analyze data by creating
a series of averages in smaller subsets of the full data set. It is a way of
smoothing a dataset. Here, instead of doing it in the data analysis, a moving
average is done real-time. In that way, the data is smoothed over the scratch,
’removing’ it from the measurements. The same effect would be seen if it was
done in the data analysis for the static measurements, but it requires a much
larger mapping area, which takes much longer time to record. Therefore, Dy-
naSERS is favourable as a measuring method as it can get the reliable result
much faster and even without complex data processing.

The RMSE for the dynamic measurements are almost three times lower than
for static measurements. Therefore, it can be concluded that even when choos-
ing to measure on a scratch, reliable measurements are recorded.
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Figure 4.6: 3T over time. Blue is 0 min and yellow is 20 min and the measurements
in between are recorded with a 1 minute interval. (a) Static. (b) Dynamic.

4.2.3 Over time

Heating of the substrate or molecule over longer times of exposure is often
an issue for SERS. When looking for low concentrations, higher powers are
often favourable as the molecular vibrations then get stronger, however the
high powers heat up the sample and degrade it.

Therefore, it is interesting to see if the molecule is more stable over longer
times for dynamic measurements than for static measurements. In Figure 4.6,
dynamic and static measurements are shown over a period of 20 min. The
measurements where executed at the same spot for all 20 measurements. For
the dynamic measurements, the substrate was moved back and forth with a
speed of 1 mm/sec and an interval of 100 msec. No baseline correction or offset
are performed. The dark blue graph is 0 min and the yellow is 20 min, and the
measurement in between are recorded with a 1 minute interval. It is seen that
for the static measurements, the signal decreases significantly within the first
minute, while for the dynamic measurements, the signal also decreases over
time, but only slightly compared to the static measurements. This indicates
that the dynamic method gives much more stable and reliable measurement
when it comes to degradation of molecules.

4.3 DynaSERS - Accuracy

From Figure 4.4(a) it is clear that not only the stability of the measurements
changes when doing dynamic measurements, but there is also a spectral change
from static to dynamic measurements, which can not be explained by the
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Figure 4.7: Measurements of 1mM 3T. Peak position for different speeds. When
moving the substrate, the peak position gets blue-shifted and is thereby much closer
to the bulk Raman spectrum.
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Figure 4.8: Measurements of 1mM 3T. Peak width for different speeds. When
moving the substrate, the peak width decreases, which is favourable when having
many peaks close to each other.
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Figure 4.9: Measurements of 1mM 3T. Peak Lorentzianity for different speeds.
When moving the substrate, the peak Lorentzianity increases which means that
less vibration noise is added to these peaks. This is also consistent with the peak
width.
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moving average. When recording dynamic measurements, the peaks are blue-
shifted, see Figure 4.7, and the peak width is decreased slightly, see Figure 4.8.
Here, SERS of 1 mM 3T on the substrate is recorded for different speeds. The
peak at 1458 cm−1 is fitted to a Voigt-function and the position, width and
Lorentzianity of the peak is visualized in the figure. In Figure 4.7 the x-axis
is the Raman shift of the peak, while the y-axis determines the probability
function of the position for each speed. In Figure 4.8 the x-axis is the width
of the peak and the y-axis determines the probability function of the width
for each speed. The blue-shift of the peaks means that the peak positions
gets closer to the Raman spectrum of the bulk sample, Figure 4.3(b). This is
favourable since it makes it easier to assign specific vibrations to the peaks.
Similarly, decreasing the width is also favourable, since the individual peaks
are then easier to spot as they will be better separated from each other.

Similarly, the Lorentzianity of the peaks changes, see Figure 4.9, from almost
completely Gaussian to almost completely Lorentzian. Again, SERS of 1 mM
3T on the substrate is recorded for different speeds. The peak at 1458 cm−1 is
fitted to a Voigt-function and the Lorentzianity of the peak is visualized in the
figure. The x-axis is the Lorentzianity of the peak, while the y-axis determines
the probability function of the Lorentzianity for each speed.

In the following three possible phenomena will be discussed:

– Temperature changes

– Photochemically induced changes

– Optical tweezing of nanoparticles

4.3.1 Temperature changes

The most obvious explanation for this phenomenon is temperature change.
Local heating of metallic nanoparticles is a problem for SERS as it can destroy
the molecules. Furthermore, local heating (pumping) of individual molecules
can occur. According to [196], when the temperature increases, the peak
frequency red shifts (lower wavenumbers) and the peak gets wider. To decide
whether the effect is a temperature effect, the substrate is cooled.

The cooling is done in a LinKam stage [161] at temperatures down to −100 ◦C
with intervals of 10 ◦C. In Figure 4.10 the result is shown. Each spectrum
is the average of 100 spectra. The spectra are shown with an offset for bet-
ter visualization. Looking at the spectra, it does not seem to change with
cooling.

Going into more detail, Figure 4.11, 4.12 and 4.13, show the probability func-
tion of the position, with and Lorentzianity of the cooled spectra. Here, data
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Figure 4.10: Temperature change of static SERS measurements of 3T.

with an interval of 20 ◦C is shown. In order to determine if the cooling effect is
the main contributor to the DynaSERS effect, these data are compared with
the DynaSERS data in Figure 4.7, 4.8 and 4.9. Looking at the peak position,
the DynaSERS results clearly show that there is a peak shift. The cooling data
have a slight indication of a peak shift, but in all data, the peak has a very
wide probability distribution. The width in the DynaSERS results decrease
when the substrate is moving, while for the cooling data, a decrease in width
according to temperature can not be considered the case. The Lorentzianity
of the DynaSERS data, showed that when using the DynaSERS method, the
peak shape can be considered Lorentzian, while for the cooled data this is not
the case. However, there is a change in Lorentzianity for −100 ◦C, which might
indicate that there is a shift at this temperature.

Conclusively, these results indicate that temperature variation is not the main
cause of the change in position, width and Lorentzianity of the peaks.

4.3.2 Photochemically induced changes

Another theory is photochemical induced changes, and according to [195], 3T
is photosensitive. It was found, that at low concentrations the molecule de-
composes, while for high concentrations, 3T instead polymerizes due to the
light interaction. Therefore, it is theorized that the effect is photochemically
induced. Different photochemical effects are possible, for example photobleach-
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Figure 4.11: Probability function of the peak position for different temperatures.
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Figure 4.12: Probability function of the peak width for different temperatures.
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ing, photo desorption and photoinduced surface diffusion.

The broad peaks seen in the static measurements in e.g. Figure 4.4(a), might
not just be widening of peaks, but might be many peaks lying in close proximity
to each other. All these peaks could be different forms of thiophene e.g. 1T,
2T, 4T etc. [195]

When performing dynamic measurements, the molecules are exposed to much
less light during a measurement, and therefore they might not polymerize or
degrade in the same rate as with static measurements. Therefore, the peaks of
3T stands much sharper, without the noise from the other thiophenes.

4.3.3 Optical tweezing of nanoparticles

It is known, that optical tweezers can move nanoparticles. The substrate used
here has flexible nanopillars, and therefore it can be theorized that the moving
laser can pull the metal caps which are on top of the nanopillars.

In Figure 4.14 the measurements of 10 mM 3T are illustrated as a function
of speed of the movement. The peak ratio changes between the 1460 cm−1

peak and a peak at 1431 cm−1, as the speed is changing. This behaviour
is not linear, and seems to be at its maximum for 0.6 m/sec. The peak at
1431 cm−1 is consistent with literature and can be assigned to C-C stretching
and also a C-S mode contributes a little. [194,195] In literature, the peak is very
small compared to the two main peaks, and is therefore often not considered.
However, for certain speeds, this vibrational mode starts to dominate.

It has been shown by [197] that by compressing the hotspot, there will be
changes in the electronic interactions between the molecules and the metal
altering the polarizability and thereby the chemical enhancement. Assuming
that the laser acts as an optical tweezer and pulls the nanograss - if only just
a few nanometers - then that will compress the molecules, and therefore the
spectra will change. This could be consistent with what is observed in Figure
4.14. However, nowhere in the literature, this has been tried with 3T and can
therefore not be confirmed.

Another way to test this theory, is to use the DynaSERS method on a SERS
substrate with no moving parts. For this purpose, a substrate from EnSpectr
is used. [142] It is made from flat nano discs which cannot move in the same
way as the pillars (See Figure 4.15(d)). The results are shown in Figure 4.15.
Here, SERS of 1 mM 3T on the EnSpectr substrate is recorded for a speed of
0 mm/sec and 1 mm/sec. The peak at 1458 cm−1 is fitted to a Voigt-function
and the position, width and Lorentzianity of the peak is visualized in the figure.
It should be noted here, that for these data, baseline correction is done with
linear background and not with a Gaussian kernel smoother as in the other
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data. This can be done because of a low background in these measurements.
In Figure 4.15(a) the x-axis is the Raman shift of the peak, while the y-axis
determines the probability function of the position. In Figure 4.15(b) the x-
axis is the width of the peak and the y-axis determines the probability function
of the width. In Figure 4.15(c) the x-axis is the Lorentzianity of the peak, while
the y-axis determines the probability function of the Lorentzianity.

Comparing these results with the results in Figure 4.7, 4.8 and 4.9, it is seen
that both substrates behave in the same way. This indicates that the Dy-
naSERS effect is not specific for the substrate, but can be used universal with
other substrates as well.
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Figure 4.14: DynaSERS of 10 mM 3T for different speeds. Here it is seen that the
peak ratio changes with the speed. This might be the effect of optical tweezing of
the nanopillars.
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Figure 4.15: DynaSERS with EnSpectr substrate. Here, 1 mM 3T is used and the
dynamic measurements are done with a speed of 1 mm/sec. (a) Peak position. (b)
Peak width. (c) Lorentzianity. (d) SEM image of EnSpectr substrate (reproduced
from [142]).
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4.4 DynaSERS - Sensitivity

Ever since SERS was discovered, a race for detecting very low concentrations
has been running. Therefore, it was also investigated if the DynaSERS method
could provide higher sensitivity than with the conventional method.

In Figure 4.16 dilution series detecting 3T by the static and the dynamic
method are shown. Here, a bulk Raman spectrum is shown for visualization
of the two most dominant peaks. The dilution series starts at 5 mM and ends
at 5 nM. Two control spectra are shown with ethanol and H2O. The spectra
are scaled and shown with an offset for better visualization.

Looking at Figure 4.16(a) it is seen that 3T is only detected down to 50µM
for the static measurements. For the dynamic measurements shown in Figure
4.16(b), the detection limit is in the same range of 50µM. It is clear that
this detection limit is limited by the background. It can be seen that the
background spectra from ethanol and H2O dominates the signal and is also
visible for 50µM. On the basis of these observations from Figure 4.16, it can
be deduced that DynaSERS does not increase the sensitivity.
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Figure 4.16: 3T dilution series. The spectra are not to scale. (a) is static measure-
ments. (b) is dynamic measurements. The bulk sample is the same for both plots.
The spectra are scaled and shown with an offset for better visualization.
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4.5 Conclusional Remarks

In this chapter a measurement method for getting reliable measurements was
pursued - named DynaSERS. The DynaSERS method consists of simply mov-
ing the substrate while measuring. Generally, reliable SERS measurements are
rare due to the inhomogeneous enhancement of the LSPPs. The intensity often
fluctuates from measurement to measurement and spectral shape fluctuations
happen frequently.

In this chapter, it was shown that the intensity fluctuations can be stabilized
with the DynaSERS method, both for suboptimal conditions and for mea-
surements over longer times. This feature is probably due to the averaging
mechanism of the method.

Furthermore, the DynaSERS method gives more accurate spectra as the posi-
tion of the peaks are not red-shifted compared to bulk Raman spectra. Also,
the width of the peaks decreases which makes assigning of the vibrations much
easier. Different theories explaining this phenomenon have been discussed, but
without conclusive proof for either of them. It should be considered that maybe
the explanation is a combination of the theories.

Finally, the sensitivity of the DynaSERS method was considered. Unfortu-
nately, the method did not show a lower detection limit. Nevertheless, Dy-
naSERS proved to be useful for a LOC-SERS device in other ways, for example
making the measurements more stable, and is therefore recommended to inte-
grate as a part of a finished DVD system.

82



5

System Integration

In this final chapter, the initial steps towards engineering a centrifugal mi-
crofluidic LOC-SERS device for POC applications are taken. The first section
will concentrate on the selection of components for the system, which apply to
the POC restriction of portability. Secondly, the disc is discussed. Solutions
to integrate SERS substrates and initial centrifugal microfluidic designs will
be presented.

5.1 Instrumentation

A part of POC devices, which is not very much in focus, is the instrumentation.
For SERS, the most crucial part of the instrumentation is the spectrometer. Of
course, it is not sustainable to use stationary spectrometers for POC devices.
If the target is a cheap and portable setup, not only the SERS substrate, but
also the measuring device needs to be small and affordable.

The preliminary proof of concept-device is shown in Figure 5.1 and described
in the following sections part for part.

5.1.1 Spectrometer

One of the most crucial parts for the LOC-SERS setup to be portable is the
spectrometer. It is usually very bulky and expensive, and therefore not suitable
for portable platforms. An example is the DXR� Raman Microscope from
Thermo Scientific which have been used in this thesis. [192] However, the last
few years, handheld spectrometers have entered the market. [191,192,200–204]
These have been used for a variety of applications. [205–208] Furthermore,
prove of concept for spectrometers on chip has been developed. [209, 210] In
this thesis, a custom designed spectrometer from Serstech, seen in Figure 5.1,
is used. [198] The spectrometer is approximately 36 mm x 47 mm and comes
with a small driver and controller connected by USB cable to a computer. The
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Figure 5.1: Initial setup of the POC device. Images from [198,199].

84



Chapter 5. System Integration

Raman shift [cm-1]

5001000150020002500

In
te

ns
ity

 [a
.u

.]
DXR
Serstech

(a)

Raman shift [cm-1]

228023002320234023602380

In
te

ns
ity

 [a
.u

.]

-50

0

50

100

150
DXR
Serstech

(b)

Figure 5.2: (a) Spectrum of 2MPY by a desktop and handheld spectrometer, re-
spectively. (b) Noise of the two spectra. The two measurements were optimized to
have the same intensity, however the specs are not the same.

spectrometer is less sensitive than the bulky expensive spectrometers, which
is illustrated in Figure 5.2.

In Figure 5.2(a), two spectra of a model molecule 2-mercaptopyridine (2MPY)
are shown. The two spectra are of the same sample and where each optimized
for the spectrometer. Afterwards the measurements were scaled so their in-
tensities are in the same range. It is seen that the Serstech gives a higher
background, which is probably due to light from the room where the measure-
ments were taken. The DXR makes measurements in a closed space.

In Figure 5.2(b), the noise level of the two spectra are visualized for an interval
between 2280 cm−1 and 2380 cm−1. To compare, basic baseline subtraction is
used in Matlab. It is seen that the noise level for the Serstech spectrometer has
an intensity around 50, while the noise of the DXR has an intensity of around 5.
This means that the DXR is more sensitive than the Serstech. However, with
optimized microfluidics, specific chemistry and the right measuring technique,
it is believed to be possible to detect trace molecules even with handheld
spectrometers.

5.1.2 Laser and probe

Another crucial part of the setup is the laser. Here, a laser from Photoptech
(RLAS-785 [211]) with a wavelength of 785 nm is chosen, since it is small
(16.2x30x9.47 mm) has a narrow line width of max 0.1 nm and a high power
stability. On the negative side, the laser intensity is not easy to adjust. The
laser is coupled to an optical fiber which can be connected to the Serstech
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probe (See Figure 5.1). This makes this setup very flexible. The probe has
the dimensions 18 mm x 43 mm. The probe includes a lens (C230TME-B,
Thorlabs [212]) to focus the laser beam.

5.1.3 Scaffold

The motor is integrated in a scaffold, which also functions as a stabilizer for
the rotating disc. It is important that the disc does not wobble to much in the
z-axis (perpendicular to the disc). Otherwise the focus of the laser will variate
over a measurement making the repeatability low. The scaffold consists of a
wheel with an internal ball bearing and a driving belt, connecting it to the
motor through a gear, as seen in Figure 5.1. The gear is interchangeable and
can either be 1:18 or 1:6, depending on the specifications of the experiment.
The disc is fastened to the wheel to minimize the wobbling.

5.1.4 Motor

It is the vision, that the whole system is running on a rotating disc. This
method relies on the centrifugal forces to manipulate the sample rather than
the usual pumps and wires. This is a huge advantage for portable setups
since pumps usually are very bulky and, if they need to be precise, also very
expensive. Conversely, a rotating motor is much cheaper than pumps, and
only require low voltage, enabling the possibility of battery powered devices.
The initial stepping motor was from Fastech Co.,Ldt. (EzM-42S-B [213]).
The motor had suitable dimensions and specifications, but required external
driver, controller and power transformer making the whole system bulky and
heavy. Therefore, for further studies, it is recommended to use a motor which
integrates driver, controller and power transformer, such as the motor from
Myostat Inc. (Cool Muscle [199]) visualized in Figure 5.1.

Only a good control of the spinning speed is needed for manipulating the fluid
sample, and the spinning speed in RPM is given by:

RPM =
PPS

PPR
· 60

Rgear

(5.1)

Here, RPM stands for Revolutions Per Minute and the Fastech motor has a
maximum of 3000 rpm. PPS stands for Pulses Per Second and is the variable
to control the speed. PPR stands for Pulses Per Revolution, which gives the
accuracy and the motion smoothness. Rgear is the gearing ratio which is given
by the gear in the setup. The setup can be operated with two different gearing
ratios; 18 or 6. The lower the ratio, the faster the spinning speed. However,
this is at the cost of wobbling, shaking and precision. The Fastech motor has
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a PPR=20000 and a RPMmax=3000. The Myostat motor has a PPR=50000
and a RPMmax=8000, making this Myostat motor superior in all ways with
more accurate positioning and smoother motion over a wide range of speeds,
as well as a higher maximum speed.

A Labview programme was made for precise control of the Fastech motor. The
most straight forward method for programming the stepper motor is LabVIEW
(Laboratory Virtual Instrument Engineering Workbench). The controller used
here, from Arcus Technology, [214] comes with a downloadable driver and
a sample source code for LabVIEW which is written by KOD Integrations.
[215]

There are many different ways of programming the stepper motor. Procedural
programming is based on a predefined sequence of events. The program exe-
cutes the events in the order it is defined and can therefore not be changed by
the user during the program. In contrast, event-driven (or dataflow) program-
ming is based on the actions of the user. The program waits for an event to
occur (e.g. push a button), and when it does, it identifies the event and exe-
cutes the event as prescribed. This means that an event only occurs when all
its inputs become valid. This kind of programming is preferable for this setup
since it enables a larger degree of freedom when executing the measurements.
The programme flow diagram can be seen in Appendix B.

State machine programming is used to build user interfaces for applications
with complex decision-making algorithms. The state machine works as an
intricate flow chart where the decision making is based on events. When using
state machines, the code is thought of as an abstract machine, which can be
in one (and only one) of a finite number of states at a given time. The current
state can change to another, when triggered by an event or condition. The
interface for the setup and flow chart of the program are shown in Appendix
B.

5.1.5 Wobbling

When characterizing the setup, especially wobbling is an issue. A substrate
wafer is cut into rings, to enable continuous measurements during one revo-
lution in pursue of investigating the wobbling. The rings are designed with a
width of 5 mm between the outer and the inner edge. In Figure 5.3 four rings
with different radii are shown.

The ring-shaped substrates were fabricated with a Laser Micromachining Tool,
which can be operated with a 50W picosecond laser with three possible wave-
lengths; 355nm (ultraviolet), 532nm (green) and 1064nm (infrared). The green
and the infrared lasers where tried, but they both gave the same result. SEM
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Figure 5.3: A substrate wafer cut into rings for continuous measurements during
one revolution for investigation of wobbling.

images from the cuts are shown in Figure 5.4. Figure 5.4(a) and 5.4(b) are
SEM images of a ring-shaped substrate where a cut edge is seen in the lower
right corner. The substrate in Figure 5.4(a) have a weighted distribution of
residues 1.8 mm into the subtrate and towards the edge, while Figure 5.4(b)
have a more even distribution of residues. The reason for this difference is
believed to be due to air blown over the substrate while laser cutting to re-
move residues and to cool. This is done with an one-directional air stream.
This means that in Figure 5.4(a) the residues are dragged from one side to
the other due to perpendicular air flow, while in Figure 5.4(b) the residues are
more equally distributed due to an air flow parallel to the cut. The problem
with residue contamination is equally large for the two laser wavelengths.

Taking a closer look at the substrate edge, it could seem that the substrate is
destroyed by the heat. Figures 5.4(c) shows a selected SEM image of the edge
of the substrate. Here, it is seen that the pillars are covered in residue from
the cut. The substrates are still SERS active, but the enhancement is lowered
significantly and there is properly added background and noise to the mea-
surements due to these residues. From these observations, it is recommended
to measure at least 2 mm from the edge of a laser cut substrate if a optimal
signal is required.

Here, for the characterization of the wobbling, a maximum signal is not re-
quired, and therefore the ring-shaped substrates are used for further charac-
terization of the setup. The substrates are aligned with the setup and a BPE
signal is measured by the Serstech spectrometer. While the substrate is rotat-
ing, a SERS signal of BPE is recorded continuously with an integration time
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(a) (b)

(c)

Figure 5.4: SEM images of the consequence of laser cutting of substrate. (a) Residue
lying in the surface near the edge. The scalebar is 200µm. (b) Residue all over
substrate. The scalebar is 200µm. (c) Zoom of area near edge. The scalebar is
1µm.

of 500 ms. The highest peak at around 1694 cm−1 is showed as a function of
number of spectra in Figure 5.5 for different rotating speeds. It can be seen
that there are periodical changes. For example in Figure 5.5(a) it can be esti-
mated that the revolution equals around 450 spectra which is 225 seconds, as
the integration time for each spectra is 500 ms.

The period of revolution can also be calculated from Equation 5.1. The gearing
ratio was chosen to be 18 for better control and less wobbling. For example the
RPM for the spectrum shown in Figure 5.5(b) which has a speed of 10 000 pps
can be calculated to:

RPM =
10, 000

20, 000
· 60

18
= 1.66 rpm (5.2)

Here, PPR=20,000 since the Fastech motor is used. This is equal to a revo-
lution time of 36 seconds. This is calculated for all six experiments which are
summarized in Table 5.1.
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Figure 5.5: Spinning of ring-shaped substrate at different speeds with BPE. One
revolution can be estimated to (a) 450 spectra, (b) 45 spectra, (c) 22 spectra and
(d) 12 spectra, (e) 10 spectra and (f) 7 spectra.
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Table 5.1: PPS, calculated RPM, revolution time from graph and calculated revo-
lution time.

PPS [sec−1] RPM [min−1] Tgraph [sec] Tcal [sec]
1000 0.17 225 360

10,000 1.67 22 36
20,000 3.33 11 18
30,000 5.0 7 12
40,000 6.67 6 9
50,000 8.33 4 7.2

The calculated resolution time differs with 30% from the measured. This
difference is assumed to be due to the data processing time used by the software
in between each measurement, which then can be calculated to around 310 ms
for each measurement. Here, it is calculated for 10.000 pps:

Tprocessing =
Tcal − Tgraph
Ngraph

=
14 sec

45 spectra
= 0.31 sec/spectra (5.3)

Here, Tcal is the calculated revolution time, Tgraph is the revolution time esti-
mated from the graph and Ngraph is 2 · Tgraphfir an integration time of 0.5 sec
and is the number of spectra per revolution determined by the graph. The
processing time is similar for the other spinning speeds and if added accord-
ingly to them, the revolution times seen in the graphs are consistent with the
calculated:

Ttotal = 0.5 sec · 45 spectra + 0.3 sec · 45 spectra = 36 sec (5.4)

From the periodical intensity change, it can be deduced that the difference in
intensities are consistent with the revolution. This is properly due to wobbling
of the disc which moves the substrate in and out of focus. Changes in residues
on the surface after laser cutting might also play a role. It is assumed that the
SERS activity is the same over the whole ring as the distance to the center of
the wafer is equal at all points, however there might be some difference due to
alignment of the ring on the disc.

The wobbling is according to these measurements responsible for an intensity
change of around 50%. For stable intensity measurements, this issue must be
resolved or some kind of control measurement must be formed for the intensity
to be reliable. The stability in intensity is important if we want quantitative
measurements and not just yes/no answers. This is for example very impor-
tant for suPAR detection in blood, while for hormone detection in water, any
molecule present is of interest and the quantification is therefore less impor-
tant. Furthermore, for trace detection it is important that the substrate is in
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focus so we get the highest signal possible, since the signal will be low due to
low coverage of the molecules on the substrate. If the substrate is not in focus,
the trace molecules might not be detected since the signals from them are too
small to be seen in the spectra. In [182] it is described that if you have fast
enough rotation (high speed-integration time ratio) of a Raman system, then
the shaking/wobbling is not an issue. This would correspond to a high-speed
dynaSERS system and is perhaps a solution to this problem.

5.2 Disc

As mentioned previously, the system should be compatible with centrifugal
microfluidics. An example of a centrifugal microfludic disc is shown in Fig-
ure 5.6. When it comes to the microfluidic disc, often cost is the biggest
issue. Here, the cost of the disc material is important, as well as scalability,
fabrication time/yield, fabrication equipment cost and availability. The disc
material often also needs to be biocompatible (ISO 10993-1) and approved by
the Food and Drug Administration (FDA) and United States Pharmacopeia
(USP) if used for food or heathcare purposes. The disc material was chosen
to be polycarbonate (PC) as it is biocompatible and approved by FDA and
USP.

In the following section, the considerations revolving around the disc is pre-
sented. This will include bonding, centrifugal microfluidics and integration of
the SERS substrate.

Figure 5.6: Example of a centrifugal microfluidic disc.
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Figure 5.7: An illustration of bonding of a disc with a SERS substrate embedded.
(a) and (b) shows the integration of the substrate from two different angles. (b)
show an example of a simple microfluidic design with an inlet and the measurement
chamber.

5.2.1 Bonding

A disc is usually made of different layers bonded together. Depending on the
complexity, the disc can have two or more layers. For the SERS sensor, an
issue can arise when bonding, since this often requires bonding solvents which
can contaminate the surface. The substrate will be integrated inside the disc,
as in Figure 5.7(a), and is therefore placed there before being bonded. The
bonding of PC is done by pretreatning it with a 50:50 mixture of isopropanol
and acetylacetone. Then it is UV treated for 20 seconds and bonded under
pressure for 30 min at 103 degrees and 6kN. The disc is then cooled under
pressure. The isopropanol and acetylacetone can very well be absorbed by
the SERS substrate, creating a large background spectra. However, since the
bonding also requires heat, the solvent residues evaporated from the SERS
surface creating a reasonable low background spectrum, as tested in Section
2.3.2.

5.2.2 Clamping of SERS substrate

Individual squared substrates are integrated within the microfluidic disc by
the design of a clamp. The requirements of the clamp were that no glue or
tape could be used as it could add to the background spectra destroying the
substrates capabilities for sensing of trace molecules. The clamp is drawn in
AutoCAD and is designed as a place-and-twist clamp. The AutoCAD draw-
ing is seen in Figure 5.8(a), where the black lines represent the clamp, and
the red lines represent the substrate. The clamp can be fabricated both by
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(a) (b) (c)

Figure 5.8: (a) AutoCAD drawing of a clamping system for SERS substrates of
5 mm. (b) Picture of a SERS substrate clamped in a microfluidic disc. (c) An
example of a CAD design for SERS on a disc. The substrates are placed at an even
distance from the center, enabling measurements while spinning of all the substrates.

micromilling and by laser cutting in various polymers. The clamps are embed-
ded in a centrifugal polymer disc seen in Figure 5.8(c). This disc has a radius
of 9 cm and the substrates are placed 7.5 cm from the center, however this
can vary by design. In Figure 5.8(b) an image of the clamp with a substrate
fastened inside is seen.

5.2.3 Centrifugal microfluidics

In the case of SERS sensing it must be taken into consideration that the disc
material needs to be optically transparent at the wavelengths in question. A
solution to this issue, is to make the fluidic chamber open at the detection
point, as seen in Figure 5.7(b).

For the preliminary experiments, the disc design is very simple. Basically, the
liquid needs an inlet, a chamber where a sample can incubate on the substrate
and an outlet. The initial CAD design in shown in Figure 5.9. On this disc
three experiments can be performed simultaneously. The SERS substrates are
to be positioned in the detection chambers. The red rings illustrates the inlet
where the sample is injected. The square box is the outlet/sink. The transition
between the channel and the sink functions as a capillary burst valve. When
the liquid reaches this point, is stops until a higher spinning speed in applied.
This enables incubation of the sample on the substrate in the chamber.

The initial design however, did not take into account that the SERS substrate
is hydrophobic. This resulted in the liquid moving around the substrate and
not above it, making it unable to incubate and bind to the surface. Therefore,
a new design is proposed where the liquid is pushed by the centrifugal force

94



Chapter 5. System Integration

over the substrate. The CAD design is shown in Figure 5.10. Again, the inlet
is near the center, but instead of a chamber before a sink, the substrates are
placed at the end of the disc so maximum force can be applied. Enough liquid
is filled in the chamber to cover the substrate. Spinning of the disc at high
speeds is applied, forcing the liquid to move towards the end of the disc and
thereby covering the substrate.

5.2.4 Rotational SERS measurements

A SERS measurement from a substrates embedded on a disc while spinning
is seen in Figure 5.11. In Figure 5.11(a) and 5.11(b) the disc is spinning at
10 000 pps (1.67 rpm) and the integration time is 1000 ms. The model molecule
measured here is 4-mercaptopyridine (4MPY). Figure 5.11(a) is an overlay of
all 84 spectra recorded. It is seen that some of the spectra have Raman peaks
at around 1600 cm−1, 1100 cm−1, 1000 cm−1 and 400 cm−1.

In Figure 5.11(b) all spectra are shown simultaneously, revealing a periodic
pattern where 4MPY is detected around every 10th spectra. This means that
at every 10th spectra, the disc in Figure 5.8(c) has moved sufficient so the next
SERS substrate is beneath the laser probe.

It can also be seen in Figure 5.11(b) that the 4MPY spectra at the 44th
spectrum is significantly lower in intensity compared to the other measured
4MPY spectra. There are at least three reasons why this can happen. 1)

(a)
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laser 

Detection 
chamber 

Channel 

Sink 

Outlet 

(b)

Figure 5.9: (a) Disc1 CAD design. (b) Elaboration of the different parts of the
design.
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Figure 5.10: (a) Disc2 CAD design. (b) Elaboration of the different parts of the
design.

This could be due to wobbling of the substrate, which previously showed to be
able to change the intensity with 50%. 2) It could also be that the substrate
was not clamped in the same level as the others and therefore is out of focus.
3)Finally, it was showed for the ring-shaped substrate that there is a processing
time between each measurement. If the processing time happens to be when
the laser passes the substrate, the signal is reduced.

In Figure 5.12(a)-5.12(b) the disc is spun 10 times faster than in Figure 5.11.
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Figure 5.11: Rotation of SERS substrates at 10.000 ppswhile detecting 4MPY. (a)
Overlay of all 20 spectra. (b) Surface plot from the top.
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Figure 5.12: Rotation of SERS substrates at 100.000 pps while detecting 4MPY. (a)
overlay of all 20 spectra. (b) Surface plot from the top.

Since the integration time still is 1 sec, this means that in each measurement
the laser will run over the substrate detecting the 4MPY. However, the signal
is very small since the measuring time on the substrate is much shorter than
the integration time. The signal is barely visible in the noise as seen in Fig-
ure 5.12(b). From this, it can be concluded that slower rotation of the disc
increases the signal, since more time on the substrate is recorded.

5.3 Conclusional Remarks

In this section the initial steps toward a LOC-SERS device for POC appli-
cations are shown. Different instrumentation for this purpose are discussed
and some characterization of the system is made, such as the wobbling anal-
ysis. The centrifugal microfludic disc is presented and different microfludic
designs are proposed. Finally, clamping of the SERS substrate within the disc
is demonstrated and continuous measurements showed a periodical detection
of 4MPY.

The system is however still individual instrumental parts in close vicinity of
each other, and not integrated into a device. Problems like the wobbling,
still needs to be addressed, and the microfluidics are still in its simplest form,
not having any functions yet. Even so, this chapter showed the tentative
beginnings of a LOC-SERS device, which shows great promise for detection of
trace molecules.
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Conclusion

The aim of this project was to work towards a centrifugal microfludic device
for trace molecule detection with SERS. The aim is fulfilled as all the elements
of such a device are considered and an initially setup is tested.

In this thesis an introduction was given to the MUSE project, of which this
thesis is part of. Here, it is stated that fusion of different sensors that com-
pliment each other increases the reliability and precision of the results. SERS
sensing is very suitable for detection of small rare molecules and this thesis
revolves around optimizing this sensor technology for portable devices.

The SERS sensor used here, is a substrate of nanopillars etched into silicon
by standard microprocessing techniques. Then the pillars are covered in noble
metals for the assembly of nanoparticles on top of the pillars, creating plas-
monic structures suitable for SERS. The fabrication is reasonably cheap since
it does not require any lithography. Furthermore, the substrate gives very high
SERS enhancements, and in a very uniform manner. In this thesis, different
optimization methods were suggested with regard to background removal of
the SERS signal.

Nanoparticles are integrated in an attempt to partly increase the enhancement
and partly as a feature for later microfluidic integration. A glucosamine sensing
assay is used for this purpose, which is based on the recognition between
glucosamine and the lectin ConA. Even though the assay proved to work,
ambiguous results were recorded. It is still unknown what the reason for this
is. Even so, the experiments proved that it is possible to integrate nanoparticles
with the substrate for SERS, which enables easier microfluidic sample handling
with nanoparticles.

In the SERS community, detection of low concentrations have long been the
main focus. However, for commercial use, the reliability of the results is of-
ten just as big an issue. Therefore, a method for creating reliable measure-
ments have been investigated and presented. Moving the substrate showed
to decrease the error of the measurements making them much more stable.
Furthermore, this method showed a shift in peak position towards the Raman
peak position and showed a decrease in the peak width. Both features are
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crucial for the art of assigning vibrations to the peaks, and is therefore very
welcoming features.

Different portable spectrometers are already on the market, however, they are
targeting bulk samples, or high concentrations. Non of them include microflu-
idic sample pretreatment. This is where a device like the one developed in
this work can add to the technology. If a microfluidic sample handling sys-
tem is included in portable sensing devices, new opportunities arise, as the
detection limit will move to lower concentrations and the sample size will de-
crease. In this thesis, preliminary work towards microfluidic sample handling
is shown. Furthermore, initial measurements on a rotating SERS substrate is
recorded.

Conclusively, the aim of the project has been fulfilled according to the project
objectives. Work towards a centrifugal microfludic device for trace molecule
detection with SERS has been performed.

This work has great perspectives as both SERS sensing and LOC technology
are in rapid development these years. Therefore, this work will be continued
in the research project ”High Exponential Rise in Miniaturized cantilever-like
Sensing”. Within that project, more system integration, like the one presented
in the outlook of this thesis, will be developed. Furthermore, more centrifugal
microfluidic features will be explored and integrated with the sensors. Only
with both features, a full multisensor LOC device for POC applications can
be proclaimed.
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Outlook - Sensor Fusion

As described in the introduction, it is envisioned that fusion of different kind
of sensors on the same platform will increase the stability, reliability and the
versatility of POC systems. In the MUSE project, three different sensors are
chosen that supplement each other, SERS for small molecules, static deflection
of cantilevers for larger molecules and 3D microscopy for cells and bacteria.
This means, that for example in diagnostics, not only multiplexing between
molecules of same type, but multiplexing between different types of biological
elements. For example in cancer diagnostics, this means that you can look for
circulating tumor cells and blood biomarkers at the same time in the same
sample.

The first steps towards sensor fusion has already been taken. Two of the sensors
in the MUSE project, the cantilevers and the SERS, have been combined in two
ways. Firstly, the primary sensor transducers (cantilever + SERS substrate)
are combined to one. Secondly, the secondary tranducers (Optical deflection
readout + Raman spectrometer) are combined.

Figure 7.1: SERS substrate on top of cantilever. Not to scale.
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7.1 Primary Transducer Fusion

A static cantilever sensor is typically functionalized with a bioreceptor on one
side. Upon a biorecognition event, the stress between the molecules either
pulls or pushes the molecules, resulting in the cantilever bending. In Figure
7.1 a cantilever is shown with a sers substrate on top. The fabrication of this
structure is relatively straight forward as both the cantilvers and the SERS
substrate are fabricated in silicon by standard microfabrication techniques.
In this case the cantilevers were bought from IBM. They had a thickness of
1µm and a film of gold on both sides. The film was stripped with a piranha
solution. Hereafter, a SERS substrate was fabricated on top of the cantilever
by the maskless dry etch method previously described and a gold deposition.1

The resulting cantilevers are shown in Figure 7.2. The images show that
the cantilevers bend upwards after embedding of the SERS structures. It is
suspected that this is due to the gold deposition rate which is 10 nm/sec, and
that the deflection can be reduced by reducing the deposition rate which would
result in lower surface stress.

(a) (b)

Figure 7.2: SEM images of (a) cantilevers without SERS substrate and (b) can-
tilevers with SERS substrate. The scalebars are both 400µm.

In Figure 7.3 SEM images of a SERS substrate on top of the cantilevers are
shown. In Figure 7.3(a) a corner of a cantilever is shown, where it is seen that
the nanopillars are uniformly distributed and with a high density as required
for SERS. In Figure 7.3(b) a side view of a cantilever is shown from where
the depth of the etch is measured. Here it can be seen that the height of the
pillars are 185 nm, which is less than the nanopillars used for SERS, but this
is on course dependent of the etch time. The substrate is etched down to a
thickness of 434 nm, which means that 381 nm of the silicon cantilever has been
etched away. Consequently, pursuing higher nanopillar structures would etch
the cantilever away.

1This work was done in collaboration with Hao ”Jerry” Chen, Sinead Cullen and Lasse
Holm Lauridsen.
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(a) (b)

Figure 7.3: SERS structure on top of a cantilever. (a) The edge of a cantilever chip
showing uniform structuring. The scalebar is 400 nm (b) Sideview of a cantilever
showing the height of the structure.

The etching of the cantilever might have two advantages for the static deflection
measurements. Firstly, the structured surface increases the surface area. This
gives an opportunity for more functionalized molecules which will lead to a
higher deflection of the cantilever at the same sample concentration. Secondly,
the stiffness of the cantilever decreases as the surface is structured. [216] With a
lower stiffness, the sensitivity increases, when sensing the surface stress changes
of the cantilever (static measurements). [217]

Because of the huge bending, it was unfortunately not possible to detect either
a deflection change or a SERS spectra from the cantilevers. However, the
results show that it is indeed possible to combine different sensor types.

7.2 Secondary Transducer Fusion

Another approach to sensor fusion, is fusion of the secondary transducers.
In the case of POC systems often the secondary transducers are very bulky
and are the most difficult parts of the POC device to miniaturize. In the
case of multiple sensors, this is even more an issue. Therefore, fusion of the
secondary transducers are advantageous. In the case of cantilever and SERS
sensing, the secondary transducers would be an optical detector and a Raman
spectrometer, respectively.

Previously in this group, an optical detector has been developed which is based
on DVD player/discman technology. [17,218–220] This technology is obviously
already miniaturized and is therefore perfect for POC applications. For the
other secondary transducer, the Raman spectrometer, the Serstech spectrom-
eter previously described will be used.
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Combining these two sensors will require the Raman signal to go through an
optical pickup unit from the CD or DVD player. The pickup unit is designed to
pick up the light at a wavelength of 655 nm [221] for a DVD player and 790 nm
for a CD player. [222] These are both near the wavelength at which the laser
operates for the Raman system (780 nm) and therefore blocks the majority of
the signal. Fortunately, Bluray systems operate with the same type of pickup
units, but pick up wavelengths in the blue spectra (405 nm). [223] This means
that the Raman signal can go through the pickup unit, enabling Raman signals
and deflection signals to fuse in this way. In Figure 7.4 our collaborator En-Te
Hwu, holds the Bluray pick up unit between a SERS substrate and the laser
probe, while a spectrum of BPE is recorded. This means, that depending
on which information is wanted, the different sensors can be turned on and
off independently. In this case, the primary transducers are not combined,
since the secondary transducers work separately. In this way, if working on a
disc, different primary sensors would be placed in different chambers and the
disc position could be changed accordingly to the wanted information. Other
sensors which use detection of optical signals can be fused with the SERS
sensor in this way.
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Figure 7.4: Detecting a SERS spectrum through a Bluray pickup unit.
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A

Chemical List for Nanoparticle
Assay

The chemicals and biomolecules used in this section are listed here:

� 2-Amino-2-deoxy-D-glucose hydrochloride (Glucosamine),
C6H13NO5·HCl (Mw=215.63g/mol)

� 2-Amino-2-deoxy-D-galactopyranose hydrochloride (Galactoseamine),
C6H13NO5·HCl (Mw=215.63g/mol)

� Concanavalin A (ConA) (Mw=104-112·103 g/mol)

� Wheat germ agglutinin (WGA) (Mw=38·103 g/mol)

� Peanut agglutinin (PNA) (Mw= 110·103 g/mol)

� Snowdrop Galanthus nivalis (GNL) (Mw= 50·103 g/mol)

� Silver nitrate, AgNO3 (Mw=169.87 g/mol)

� Sodium citrate, Na3C6H5O7 (Mw=258.06 g/mol)

� Sodium tetrachloroaurate, AuCl4Na (Mw=361.77g/mol)

� Calcium nitrate, Ca(NO3)2 (Mw=164.08g/mol)

� Manganese(II) nitrate, Mn(NO3)2 (Mw=178.95)

� Benzotriazole dye (RB1) [172,224,225] with two prominent peaks at 1374
and 1616 cm-1

� 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), C8H17N3

(Mw=155.25 g/mol)

� N-hydroxysulfosuccinimide sodium salt (sNHS), C4H4NNaO6S (Mw=
217.13 g/mol)

� Carboxy-poly(ethylene glycol)-thiol (PEG-12), C27H54O14S,
SH-PEG-COOH, where PEG = C2nH4n+2On+1, n=12
(Mw=634.77g/mol)
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Appendix A. Chemical List for Nanoparticle Assay

� 16-mercaptohexadecanoic acid (16-MHA), HS(CH2)15CO2H
(Mw=288.49g/mol)

� Bovine serum albumin (BSA)

� 2-(N-morpholino)ethanesulfonic acid (MES) buffer pH 6.0

� 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer pH
7.4

� Phosphate buffer pH 7.4

� Pierce�protein-free (PBS) blocking buffer pH 7.4

� Methanol (MeOH)
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Appendix B. LabVIEW Program

Figure B.2: Flow chart of LabVIEW program. Green is the beginning of the pro-
gram. Red is the end. Blue is the functions and pink are the events. Yellow is
decision points.
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