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Abstract 

The development of robust, reproducible and sensitive analytical platforms for re-
liable detection of chemical and biological compounds is highly sought after in research 
and industrial applications. Surface enhanced Raman spectroscopy (SERS) is an optical 
vibrational sensing technology, which enables sensitive, specific and non-destructive 
analysis of target molecules through the recording of fingerprint spectra. Consequently, 
it is an ideal candidate for the development of sensitive analytical platforms for qualitative 
and quantitative detection of target analytes.  

SERS relies on close contact of target molecules with plasmonic enhancement 
sites (hotspots) on a nanostructured substrate to enhance their intrinsically weak Raman 
scattering signals. The enhancement mechanism of SERS has been extensively studied 
within the last three decades and a variety of excellent and highly enhancing nanostruc-
tured plasmonic SERS substrates has been developed. 

Despite such advancements, SERS-based sensor platforms have not become a 
standard analytical tool, as sensing methodologies lack efficiency and reproducibility for 
analyzing target compounds in complex sample matrices. Analytical SERS-based sens-
ing platforms for real-life applications need to integrate efficient sample handling and pre-
treatment of complex samples, such as urine and milk, with strategies to promote target 
compound – substrate interactions.  

The main objective of this PhD project was to develop and characterize SERS-
based analytical platforms tailored to overcome technological challenges enabling qual-
itative and quantitative SERS-sensing in real liquid samples. Four different platforms are 
introduced, focusing on (i) simple, mass-producible microfluidic integration of SERS sub-
strates, (ii) utilizing a nanostructured SERS substrate for simultaneous sample pre-treat-
ment and detection, as well as (iii-iv) two methods to improve interactions of target com-
pounds with a SERS substrate for robust analytical sensing in static systems. 
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Resumé på dansk 

Udviklingen af robuste, reproducerbare og sensitive analytiske platforme til 
konsistente målinger af kemiske og biologiske stoffer, er under stor efterspørgsel til både 
forsknings og industrielle applikationer. Surface enhanced Raman spectroscopy (SERS) 
er en optisk vibrationssansende teknologi., som muliggør sensitive, specifikke og ikke-
destruktive analyser af target-molekyler, gennem optagelse af fingeraftryks-spektre. Det 
er derfor en ideel kandidat til udviklingen af sensitive analytiske platforme til kvalitativ og 
kvantitativ detektion af target-analytter. 

SERS afhænger af tæt kontakt mellem target-molekylerne og plasmoniske-
forbedrings-sites (hotspots) på et nanostruktureret substrat, for at kunne forbedre 
molekylernes iboende lave Raman-sprednings-signal. Forbedringsmekanismerne i 
SERS teknologien er blevet intensivt undersøgt i de sidste tre årtier og diverse 
fremragende, særligt forbedrinede nanostruktureret plasmoniske SERS substrater er 
blevet udviklet.  

På trods af denne udvikling er SERS baseret sensor-platforme ikke blevet et 
standard analytisk værktøj, og derfor mangler sensing metoderne effektivitet og 
reproducerbarhed, ved analyse af target-stoffer i komplekse prøve-matricer. Analytisk 
SERS baseret sensing platforme til virkelige applikationer er nødsaget til at integrere 
effektiv analyseprøve-håndtering og forbehandling af komplekse analyseprøver, som fx 
urin og mælk, med strategier til at fremme target-stofferne – substrat interaktion.  

Det primære formål med dette PhD projekt var at udvikle og karakterisere SERS 
baseret analytiske platforme, skræddersyet til at overkomme teknologiske udfordringer, 
for at sikre kvalitative and kvantitative SERS-sensing i egentlige væske-prøver. Fire 
forskellige platforme bliver introduceret, med fokus på (i) simple, masseproducerbar 
mikrofluidisk integration af SERS substrater, (ii) udnyttelse af et nanostruktureret SERS 
substrat til sideløbende prøve-forbehandling og -detektion, samt (iii-iv) to metoder til at 
forbedre interaktionen af target-stoffer med et SERS substrat til robust analytisk sensing 
i et statisk system. 
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1. Introduction 

Raman spectroscopy, a non-destructive vibrational spectroscopy technique based 
on inelastic scattering, enables label free analysis of target molecules with high specific-
ity in a wide variety of samples. However, Raman scattering is weak in nature and can 
easily be dominated by fluorescent signals, significantly limiting its application when try-
ing to detect low concentrations or coloured compounds. 

Surface enhanced Raman spectroscopy (SERS) relies on nanostructured surfaces 
to enhance the intrinsically weak Raman signals by a factor of 105 – 106. Reliable signal 
enhancement depends on the localization of target molecules in close vicinity to plas-
monic nanocavities located on the surface (hotspots). Main advantages of SERS include, 
high specificity, defined molecular recognition and fast analysis. SERS can be coupled 
with other analytical techniques, such as gas chromatography [1], [2], thin layer chroma-
tography [3], liquid chromatography [1] and electrochemistry [4], [5]. Additionally, it can 
be easily combined with miniaturized laboratory concepts for point of care diagnostics, 
such as lab-on-a-chip (LoC) [6] and lab-on-a-disc (LoD) systems [7]–[9]. The capability 
of SERS to specifically detect target analytes at low concentration in small volumes as 
well as its suitability for system integration made it critical in various scientific and tech-
nological fields, including analytical chemistry and biology [10], biomedical diagnostics 
[11], [12], forensics science [13], [14], drug discovery [15], environmental monitoring [16] 
and food safety [17]. Previously, a limiting factor for spreading the technology was the 
lack of portable, easy to use Raman instrumentation. In recent years, miniaturized optics 
allowed the development of smaller, more affordable Raman systems [18], [19], making 
the technology available for a larger cliental. However, despite the availability of portable 
detection technologies and efforts to develop SERS techniques as a standard analytical 
tool, SERS-based detection has not made the leap to a common analysis technology so 
far.  

SERS suffers from two major physical limitations that hinder a more wide-spread 
application of the technology, namely (i) availability of uniform SERS-enhancing sub-
strates and (ii) limitations in target analyte – substrate interactions. Routine quantitative 
SERS requires a uniform SERS-enhancing substrate providing a reliable and reproduc-
ible spectral fingerprint. Over the last decades, extensive work has been done in the 
development of highly enhancing SERS substrates and a wide variety of surfaces are 
available [17], [20]–[23]. Second, the high molecular specificity of SERS is limited to an-
alytes with known Raman cross-section localized at enhancement sites (hotspots) on the 
chosen substrate. Target analyte - surface interactions, facilitated, for example, through 
Van-der-Waals forces or covalent chemical bonding, and the distance between analytes 
and enhancement site are crucial factors for high SERS enhancement. Target analytes 
with high Raman cross-section and affinity to metal surface are detectable with high sen-
sitivity and selectivity. Adsorption of particular molecules on the metallic SERS substrate 
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is guided by molecular properties, such as size, charge and solubility. Molecules that 
display relatively low Raman scattering signals can be detected via strong Raman-active 
labels, which render the application of SERS often obsolete as other detection systems, 
such as colorimetric detection, offer simpler solutions. 

As a variety of SERS-substrates with high enhancement are readily available now-
adays, the lack of standardized analytical platforms originates from limitations involving 
controlled target analyte-surface interactions. Since the SERS phenomena is highly sur-
face specific, realizing reliable SERS-based detection in complex media becomes a sig-
nificant practical challenge. Competing sample matrix compounds and analytes without 
surface affinity limit the application range of the technology. SERS-based detection plat-
forms for analytical applications need to provide efficient sample handling (e.g. sample 
pre-treatment, incubation times) in combination with high sensitivity and reproducibility 
SERS detection. At the same time, systems should be easy to use and applicable for 
different applications. However, current integrated platforms are often application spe-
cific, time consuming, lack specificity and selectivity [24], [25].  

In the frame of the PhD project, I worked on the development and characterization 
of SERS detection platforms, which overcome certain physical limitations of SERS de-
tection systems described previously. I focused on substrate integration (Paper I), sim-
ultaneous pre-treatment and detection of drugs in complex systems (Paper II) as well as 
methods to improve interactions between target analyte and SERS substrate for robust 
analytical sensing (Paper III and IV). 

In Paper I, reproducible, single-use, cost-effective, polymeric nanocone SERS 
substrates were mass fabricated by utilizing the commercial large-scale fabrication tech-
nique of injection molding (IM). The resulting polymeric substrates were subsequently 
coated with metal through electron beam evaporation of gold through a shadow mask. 
The polymeric nature of the substrate makes it possible to interface the substrate easily 
with a microfluidic channel system. The rigidity of the polymer nanocones, paired with 
their large tip curvature, resulted in a SERS substrate that could be used for on-line 
SERS measurements in liquid.  

Paper II introduces the concept of utilizing gold-capped nanopillars (AuNP) for sim-
ultaneous sample pre-treatment and sensing. The pillar structures function as nanofiltra-
tion devices separating compounds from human urine enabling selective multi-compo-
nent detection.  

In Paper III, the usability of the AuNP are explored for detection in aqueous solu-
tions. For easy handling and for increasing the throughput of detection, the sensors were 
integrated in a multi-well system. By a combination of simultaneous ultraviolet (UV) and 
ozone treatment the surface wettability is increased, which in turn improves analyte-sur-
face interactions.  
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In Paper IV, we present a detection unit, where SERS-based sensing was com-
bined with electrochemistry (ecSERS). By modulating the charges of the target analyte 
and the surface-charge on the SERS substrate, we achieved an improved detection limit 
as well as reusability of the substrate. The reusability of the substrate enables reproduc-
ible detection on a single-chip.  

1.1 Thesis organization 

This thesis consists of six chapters, which guide the reader through relevant con-
cepts for design and development of efficient SERS-based detection platforms, namely 
fabrication of homogenous SERS substrate with high enhancement, facilitation of target 
molecule-SERS surface interactions in real samples and design as well as fabrication of 
user-friendly detection platforms. 

Following this introduction (Chapter 1), Chapter 2 provides an overview over ap-
plied Raman spectroscopic and SERS sensing. The chapter highlights the origin and 
physical working principles of both technologies, as well as focusing on practical consid-
erations for their application in qualitative and quantitative detection of real samples.  

Chapter 3 discusses application-based SERS substrate design and summarizes 
the fabrication approaches of nanostructured SERS substrates. The fabrication of metal-
capped silicon nanopillar substrates, which have been utilized throughout this PhD pro-
ject, is especially highlighted. Additionally, SERS substrate fabrication utilizing high-
throughput templating approaches for cheap, mass fabrication of SERS substrates is 
discussed.   

In Chapter 4, requirements and challenges for the development of an application-
based SERS sensing platform for qualitative and quantitative analysis of relevant sam-
ples are discussed in detail. Facilitation of target analyte – SERS substrate interactions, 
governing sensor selectivity and sensitivity, as well as the role of complex sample matri-
ces are highlighted throughout this chapter.  

Chapter 5 introduces strategies for design, fabrication and integration of SERS-
based detection platforms. The chapter focuses on the polymer-based detection plat-
forms introduced throughout this PhD thesis. 

In Chapter 6, this PhD thesis is concluded with a summary of the achieved results, 
as well as possible further developments of the introduced systems. The Appendix con-
tains relevant published, submitted and to be submitted works to this PhD thesis.  
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2. Raman spectroscopy and surface enhanced 
Raman scattering 

Optical sensors are powerful analytical tools that allow for a highly sensitive and 
specific detection of target analytes through quantifying properties of light, which allows 
remote and multiplexed sensing. These properties make optical sensors highly interest-
ing for bioanalytical applications and a wide variety of sensing approaches already exist 
[26], [27].  

 Commonly, optical spectroscopy techniques rely on detection of light-matter inter-
actions. Numerous forms of these interactions exist, including adsorption as well as elas-
tic and inelastic scattering events, all of which provide information about vibrational 
modes of a molecule, crystal orientation and other parameters describing molecular mor-
phology. Adsorption and subsequent emission of light by matter can be observed in the 
form of fluorescence or phosphorescence events. Elastic scattering of light, occurring as 
Rayleigh scattering of atoms or molecules for example, is detectable via energy differ-
ences while the wavelength of light remains unchanged. Inelastic scattering of light, as 
for example Raman scattering of molecules, causes on the other hand an observable 
wavelength shift of the emitted light [28]–[30].  

The following sub-sections describe the core techniques applied in this PhD pro-
ject, namely Raman spectroscopy and SERS. The history, physical backgrounds, chal-
lenges and application potentials of the techniques will be discussed.  

2.1 Raman spectroscopy 

Raman spectroscopy is a vibrational spectroscopic technique based on inelastic 
scattering of light by molecular target matter. When a target molecule interacts with an 
incident electromagnetic (EM) wave (light) the polarizability of the target molecule can 
change due to molecular vibrations leading to a Raman scattering event. This scattered 
light, which contains information about the target molecules vibrational modes, is col-
lected using a photodetector and represented as a molecular “fingerprint” in the form of 
a Raman spectrum. By being able to detect the molecule-specific signal, this technique 
is highly specific and therefore suitable for chemical and physical characterization of ma-
terials as well as semi-quantitative sample analysis [30].  

2.1.1 Brief history of the Raman Effect 

The phenomena of Raman scattering was first theoretically described by A. 
Smekal in 1923 [31] and experimentally proven later on by physicists C.V. Raman and 
K.S. Krishnan [32]. In the original experiments, C.V. Raman focused sunlight through a 
telescope objective on organic liquid (solvents) or dust-free vapour samples. The exper-
imental set-up is illustrated in Figure 2.1. Violet and green filters were placed between 
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the incident light and the sample, as well as the sample and the observer respectively. 
This filter placement allowed the observation of weakly scattered light through the sam-
ple, when compared to complete quenching of all visible wavelengths, which occurred 
when both filters were placed between incident light and the sample. The scattered radi-
ation was collected through a second lens and a connected system of optical fibres. This 
weakly scattered light is known today as inelastic scattered light, which is the basis of 
the Raman effect. C. V. Raman earned the Nobel Prize in physics in 1930 for his work 
on scattering of light, resulting in the phenomenon being named after him.  

 

 
 

Figure 2.1: Schematic representation of C.V. Raman and K.S. Krishnan`s experimental 
set-up.  

 
Raman scattering is intrinsically very weak, as only 1 out of 108 photons is a Raman 

scattered photon [28]. Hence, for many years after its discovery the effect was not uti-
lized. Only the invention of the laser and its use as a light source in the 1960s lead to its 
rediscovery. Lasers gained more and more popularity after the 1980s, when advances 
in the development of optoelectronics, particularly portable lasers, detectors and optical 
filters, were made, which allowed the fabrication of commercially available integrated 
instruments [33], [34]. Raman spectroscopy has been adopted into many fields as a rou-
tine analysis method, since its highly specific nature that allows label-free and fast de-
tection is superior to many other methods.  
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2.1.2 Physical principle of Raman scattering 

Photons of incident light interact with the electron cloud and atomic nuclei compo-
nents of a target molecules in various ways. Light can pass through, be absorbed or 
scattered in samples without any significant interaction, as the first electron state is not 
reached. Vibrational spectroscopy techniques, such as Raman spectroscopy, are based 
on detectable nuclear motion (intermolecular vibrations) of a target sample induced 
through light-matter interactions.  

According to the theory of molecular states, as illustrated in the energy level dia-
gram (Jablonski Diagram) in Figure 2.2, a molecule at room temperature is mostly in 
ground state (S0) on the lowest vibrational energy level m. After light excitation, photons 
matching the energy difference between two states can be absorbed, causing the mole-
cule to cross to a higher excited energy level (S1). When comparing the light frequency 
spectra of the applied incident light with the light that passed through the sample, the 
frequency corresponding to the molecule is missing (absorption process). In an emission 
process, one photon is absorbed and a second one is emitted with a time delay corre-
sponding to the lifetime of the excited state. The photon emission causes the molecule 
to relax back to the ground state (fluorescence).  

 

 
 
Figure 2.2: Jablonski diagram. 
 

Raman spectroscopy on the other hand relies on the scattering of photons, which 
have a relatively short lifetime. When incident light, which can also be described as a 
propagating oscillating dipole, collides with a target molecule, it polarizes and distorts 
the electron cloud of the target molecule. The molecule is elevated to a temporary virtual 
energy state, characterized by a deformed electron cloud but no significant nuclear mo-
tion. The energy of this virtual state is only dependent on the energy of the incident light 
and, unlike adsorption, does not match the energy differences between vibrational states 
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(S0 – S1). Hence, monochromatic lasers are ideal light sources for Raman measure-
ments. The incident photon immediately scatters, either with the same (elastic Rayleigh 
scattering) or shifted (inelastic Raman scattering) energy. During Rayleigh scattering the 
electron cloud relaxes without generating nuclear motion, which translates into no energy 
difference between incident and scattered light. During Raman scattering nuclear motion 
is generated by the interaction of light with the electron cloud of a molecule leading to 
the previously mentioned energy shift between incident and scattered light. The scat-
tered photon is slightly red or blue shifted, i.e. can have a lower (excitation from ground 
state m, Stokes Raman scattering) or higher (excitation from higher vibrational state n, 
Anti-Stokes Raman scattering) energy than the incident photon. Both Stokes and Anti-
Stokes scattering of light contain spectroscopically rich information about vibrational 
modes of the target molecule, but Anti-Stokes scattering is much less intense, leading to 
the preferred recording of Stokes scattering.  

2.1.3 Interpretation of a Raman spectra 

In the field of spectroscopy, Raman spectra are centred around zero and represent 
the negative wavelength range (Stokes scattering). The intensity of the scattered light is 
represented in the recorded Raman “fingerprint” spectrum. Figure 2.3 shows a Raman 
spectrum of crystalline melamine, a Raman active compound, recorded utilizing a 780 
nm laser. The x-axis represents the wavelength of the Raman shift, typically given in   
cm-1, which describes the wavelength difference between incident laser wavelength    
(λLaser) and the wavelength of the scattered light (λ1), caused by the specific intermolec-
ular vibrational modes of melamine.  

 

𝑅𝑎𝑚𝑎𝑛 𝑠ℎ𝑖𝑓𝑡 =  
1

λ𝐿𝑎𝑠𝑒𝑟
−  

1
λ1

 

 
The Raman shift is plotted versus the Raman scattered light intensity on the ordi-

nate given in e.g. counts, counts per second or arbitrary units.  
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Figure 2.3: Raman fingerprint spectra of crystalline melamine powder after baseline correction. 
The spectra were obtained with a 780 nm laser at 5 mW power, a 10x objective and averaged 
over 3 exposures of 1 s each.  
 

Key parameters for the interpretation of a Raman spectra are position and intensity 
of vibrational peaks. The peak positions are molecule-specific and depend on the energy 
difference between vibrational states. Only significant polarization of the electron cloud 
will result in readable Raman peaks. Consequently, not all Raman active vibrational 
modes result in a readable Raman peak. Furthermore, detectable Raman peaks might 
also be caused by interaction of several vibrational modes of a complex molecule. Ra-
man signal intensity (IRaman) is directly proportional to the Raman cross-section (σR) of a 
target molecule, an important empirical parameter for the estimation of peak intensity 
[35], which can be described through the following relationship: 

 
𝐼𝑅𝑎𝑚𝑎𝑛  ∝  𝐼0𝜎𝑅 

 
The Raman cross-section is proportional to the occurrence probability of a Raman 

scattered incident photon at a certain Raman shift, which is directly related to the inten-
sity of the incident laser (I0). If a molecule has a low Raman cross-section, high incident 
laser power would be needed to achieve a measurable Raman signal. Too high laser 
powers however, can lead to destruction of target molecular structures through localized 
heating processes caused by the excitation laser.  

Raman spectra are commonly analysed by grouping atomic vibrations into features 
found in many molecules. This process is called peak assignment, as a specific Raman 
peak can be correlated to the vibration of a certain bond in the molecule. Organic mole-
cules usually express molecular specific peak patterns in the fingerprint region of a spec-
tra (500 – 1500 cm-1), formed through carbon-carbon and carbon-nitrogen bounds. The 
985 cm-1 peak in Figure 2.3 can be attributed to the aromatic ring of the Melamine mol-
ecule, while the 683 cm-1 correlates to the carbon-nitrogen bonds.  
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2.1.4 Applications of Raman spectroscopy 

As introduced, Raman spectroscopy is a non-destructive, label free analysis tech-
nique utilized to detect Raman active target molecules with high specificity. It can be 
used for a wide variety of samples, including harsh liquids and non-transparent solids. 
Therefore, Raman spectroscopy is a versatile tool in a wide range of disciplines, such as 
forensics [36], material science [37], environmental monitoring [38], archaeology [39], 
biology [40] and medicine [41]. 

Even though Raman spectroscopy is widely applicable, there are significant limita-
tions to the technology. Most of the disadvantages stem from the nature of the light-
matter interactions of Raman scattering. The Raman scattering effect is weak in nature, 
limiting its use for detection of low amounts of target molecules. Often high laser power, 
in the range of tenth to hundreds of mW and long acquisition times up to several minutes 
are necessary to enable detection of low amounts of analyte. However, the physical 
stress of such procedures can degrade or even destroy the sample. Additional chal-
lenges are posed by complex sample matrices containing several compounds with high 
Raman activity or when targeting the detection of an analyte with low Raman activity. 
Furthermore, the incident light can elevate target molecules to a higher vibrational state 
(S1) in addition to the Raman scattering events, resulting in fluorescence emission, 
which can overpower relatively weak Raman scattering effects. This is often the case in 
biological samples, such as cells and tissues, which are not fluorescent by themselves, 
but contain a large number of molecules providing a fluorescent background impeding 
reliable sample analysis.  

2.2 Surface enhanced Raman spectroscopy 

Surface enhanced Raman spectroscopy overcomes the weakness of Raman scat-
tering by enhancing Raman signals by several orders of magnitude via rough metallic 
nanoparticles or nanostructures as enhancement mediators for molecular vibrations.  

The SERS effect was first observed in 1974 by M. Fleischmann et al. [42] during 
studies of pyridine on roughened silver (Ag) electrodes. The Van Duyne group [43], [44] 
and Creighton group [45] confirmed and explained the earlier findings in 1977. The 
roughened Ag electrode enhanced Raman scattering signals by a factor of 105 – 106. 
This tremendous signal enhancement enabled detection with high sensitivity and even 
trace analysis of molecules. Additionally, SERS-based detection can be performed using 
low laser power (e.g. 0.1 – 10 mW) and short acquisition times (e.g. 0.05 s), avoiding 
destruction of target molecules. Another advantage of SERS is fluorescence quenching, 
i.e. if a target molecule is in contact with the nanostructured noble metal surface, the 
fluorescence effects can be negligible.   

Since its discovery, the field of SERS has grown tremendously, due to the ultra-
sensitive detection capabilities of Raman-active molecules interacting with noble metal 
nanostructures. A wide variety of studies, theoretical and experimental, on the working 
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principle of the SERS effect have been conducted [22], [46], [47]. Hereby, two effects 
causing the significant signal enhancement have been identified: (i) EM enhancement 
and (ii) chemical enhancement.  

EM enhancement is the major contributor in SERS. The enhancement originates 
from excitation of the so-called localized surface plasmon resonances (LSPR) in, typi-
cally, nanostructured surfaces made from conducting noble metals such as Ag or gold 
(Au) [48]. In conductive materials atoms are organized in a crystalline lattice structure 
surrounded by a “loose” cloud of unbound electrodes, which can be easily distorted 
through an external EM field. The incident field excites LSPRs in nanosized gaps, crev-
ices, sharp features or contact points of metal surfaces, leading to the enhancement of 
the local EM field close to the metal surface up to ~105 or higher. Areas where the EM 
enhancement is extremely high, including between two nearly touching nanoparticles, 
are called EM hotspots. The Raman scattering signal of molecules located in these EM 
hotspots is greatly enhanced, which allows for trace analyte detection. Figure 2.4 illus-
trates the LSPR excitation in a single noble metal nanoparticle. The model shows that a 
single particle can be treated as an oscillating point dipole under the influence of an 
oscillating EM wave, which causes oscillatory motion of localized charges on the particle. 
This LSPR effect is highly dependent on the particle size and shape, the complex die-
lectric function of a metal, inter-particle spacing, wavelength of incident EM wave and 
the refractive index of the surrounding medium. SERS enhancement factors (EF) of the 
order of 1010 – 1011 have been reported [49].  

 

 
 

Figure 2.4: Illustration of the LSPR effect in a single noble metal nanoparticle (a). Two interacting 
plasmonic particles can produce even higher field enhancement between the two particles (the 
incident field polarization is parallel to the dimer axis) (b). Adapted from [10]. 
 

Chemical enhancement on the other hand stems from the direct interaction of a 
target molecule with the nanostructured metal surface, via for example chemical adsorp-
tion. This results in an increase of Raman cross-section of the target molecule in relation 
to the solution phase [50], due to charge transfer of electronic states at the molecule-
metal boundary. These interactions are highly molecule specific and strongly depend on 
the orientation of a molecule on the metal-surface. Theoretical chemical EF of 103 have 
been reported [23], [50]. 
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In practical use, the enhancement capabilities of SERS detection systems are a 
combination of both enhancement theories and are highly dependent on molecule and 
metal surface properties. As a rule of thumb, SERS techniques work best for small mol-
ecules, which can fit in the nanocavities of the metal surface. The original Raman spec-
trum of a molecule can be distorted due to the interactions between metal surface and 
target molecule. Strength and nature of the interaction can influence peak width, position 
and intensity, as certain vibrational modes can appear or disappear due to the LSPR of 
the plasmonic surface.  

The experimental measure of the EF is commonly utilized in system descriptions 
to characterize vibrational modes obtained through EM and chemical enhancement of a 
SERS substrate. It is represented by the following equation [51]:  

 

𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆 𝑁𝑆𝑢𝑟𝑓⁄
𝐼𝑅𝑎𝑚𝑎𝑛 𝑁𝑉𝑜𝑙⁄  

 
, where ISERS is the intensity of the SERS signal depending on the number of molecules 
on the metal surface (NSurf) in the SERS experiment. IRaman is the intensity of the corre-
sponding Raman signal of the average number of molecules in the sample volume (NVol) 
for a corresponding Raman experiment. ISERS and IRaman should be measured inde-
pendently for a given target molecule and probe volume to determine the EF reliably. 
SERS enhancement is therefore proportional to the ratio between SERS and Raman 
signal. Practical EF of up to 1014-1015 for single molecules have been reported [52]. 

Since the target molecule needs to be located within a few nanometre from the 
noble metal surface, the success of SERS enhancement is highly dependent on mole-
cule-surface interactions on metallic nanostructures. Choice of the metal (e.g. Ag, Au) 
and geometric structure of a SERS substrate are key factors for the final signal enhance-
ment. The most common metals in the fabrication of SERS substrates are Au, Ag, and 
copper (Cu). Hereof, Au and Ag are most often used, as their LSPRs can be tuned in the 
visible near-infrared spectral region, while Cu is reactive on its own [53]. All three metals 
express slight differences in excitation wavelength behaviour, as shown in Figure 2.5. 
Other non-noble metallic materials have been explored as alternatives despite generally 
having worse LSPR properties in the visible-near infrared  region compared to Ag or Au 
[54], [55]. Material choices are furthermore largely dependent on the specific application. 
Throughout this PhD project on the development of SERS-based quantitative analytical 
platforms (Paper I – IV), SERS substrates based on Au were used in all applications 
(Paper I – IV).  
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Figure 2.5: Approximate excitation wavelength range for Ag, Au and Cu SERS substrates. 
Adapted with permission from [53]. Copyright 2012 Elsevier.  
 

There is a major interest in the development and characterization of SERS sub-
strates with excellent sensor reproducibility and sensitivity to achieve qualitative and 
quantitative analysis capabilities in sample suspensions. SERS substrates for reliable 
sensing require furthermore: (i) high and uniform substrate enhancement, (ii) cheap and 
reproducible fabrication approaches and (iii) SERS substrates applicable for a wide 
range of applications [30]. SERS substrate requirements and fabrication methods for the 
development of uniform sensors is discussed in detail in Chapter 3.  

Another technical challenge for SERS based detection in realistic samples is the 
detection of target analytes in complex media, such as blood [56], urine [57], milk [58], 
[59], juice [60] or environmental samples [61], [62]. SERS is a surface reliant technology, 
which requires relatively pure samples. Sample matrix compounds, such as fats and 
proteins, can bind more readily to hotspot enhancement sites and effectively block them 
for the target molecule. As highly sensitive, quantitative sensing capabilities result from 
the interactions of an ideal enhancement substrate with a known target analyte under 
controlled experimental conditions. It is of importance to excerpt high levels of control 
over experimental conditions, allowing even successful detection of molecules with low 
Raman cross-section by promoting targeted molecule-surface interactions despite influ-
encing matrix compounds. Chapter 4 of this thesis covers in detail strategies for treating 
of complex sample matrices and facilitating control over SERS substrate – target mole-
cule interactions. 
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SERS-detection platforms, allowing for integration of SERS substrates with fluidic 
handling and pre-treatment technologies, target these practical issues for SERS-based 
sensing in real samples. For example, SERS substrates can be integrated into microflu-
idic devices [63]–[65] or are used together with complex sample pre-treatment technol-
ogies, including liquid-liquid extraction [8] and filtration [66]. In Chapter 5, system inte-
gration strategies for SERS sensing platforms are discussed.  
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3. SERS Substrate based detection technologies 

 Routine SERS analysis would require uniform, well characterized SERS sub-
strates, which can provide reliable and reproducible (semi-)quantitative detection. As 
mentioned in Chapter 2, a variety of SERS substrates with increasing complexity for 
applications spanning nearly all scientific disciplines have been developed. In general, 
the development of SERS substrates has gone through the following stages: (i) rough-
ened electrodes manufactured by electrochemical oxidation and reduction, (ii) nanopar-
ticle suspensions with controlled morphology prepared by chemical synthesis or laser 
ablation, (iii) SERS active surfaces formed through immobilization of nanoparticles aided 
by casting, soaking or self-assembly and (iv) nanostructured surfaces with defined mor-
phology and hotspot localization manufactured via lithography or template-assisted 
methods.  

Electrochemically roughened Ag electrodes have been used by M. Fleischmann et 
al. [42] during the initial discovery of the SERS effect. They are relatively simple to fab-
ricate utilizing controlled reduction and oxidation reactions in an electrochemical cell. 
However, they have a low enhancement performance and are generally not widely used 
nowadays, as other SERS substrates with higher enhancement became readily available 
[67]. 

Nanoparticles are a popular choice as SERS substrates, as they can be easily 
fabricated, are tailorable and widely commercially available [68], [69]. Nanoparticles are 
mainly fabricated utilizing bottom-up approaches, which are often less-complex, faster 
and cheaper than top-down approaches. Typically applied bottom-up fabrication ap-
proaches are: (i) chemical synthesis, (ii) seed mediated growth and (iii) laser ablation. 
These processes are highly controlled and result in particles with a high size monodis-
persity as well as controllable morphology and aspect ratio. A large variety of particles 
has been designed and applied for SERS analysis, including: spherical nanoparticles, 
nanocubes [70], nanotriangles [70], nanowires [70]–[72], nanoplates [70], nanostars [73], 
[74] and nanorods [75], [76]. SERS enhancement is based on the EM coupling and sub-
sequent hotspot formation between adjacent nanoparticles. Therefore, traditionally, na-
noparticles are directly dispersed in a liquid sample and analysed in solution. The SERS 
enhancement using nanoparticles depends mainly on particle size, shape and the noble 
metal. Particles with higher roughness, such as nanostars, usually have a larger number 
of hotspots on a single particle than nanoparticles with lower surface roughness, such 
as spherical nanoparticles. However, rougher nanoparticles are also more difficult to fab-
ricate and tend to aggregate faster in solution [70], [73], [77]. Typically, EF of 104 – 106 
[17], [20] can be reached with colloidal suspensions. However, complex shaped colloids 
such as nanocubes and nanostars can even reach EF of 107 – 1010 [17]. Nanoparticles 
are a popular choice as SERS substrates, as they can be easily fabricated, are tailorable 
and widely commercially available [68], [69]. Nanoparticles are mainly fabricated utilizing 
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bottom-up approaches, which are often less-complex, faster and cheaper than top-down 
approaches. Typically applied bottom-up fabrication approaches are: (i) chemical syn-
thesis, (ii) seed mediated growth and (iii) laser ablation. These processes are highly con-
trolled and result in particles with a high size monodispersity as well as controllable mor-
phology and aspect ratio. A large variety of particles has been designed and applied for 
SERS analysis, including: spherical nanoparticles, nanocubes [70], nanotriangles [70], 
nanowires [70]–[72], nanoplates [70], nanostars [73], [74] and nanorods [75], [76]. SERS 
enhancement is based on the electromagnetic coupling and subsequent hotspot for-
mation between adjacent nanoparticles. Therefore, traditionally, nanoparticles are di-
rectly dispersed in a liquid sample and analysed in solution. The SERS enhancement 
using nanoparticles depends mainly on particle size, shape and the noble metal. Parti-
cles with higher roughness, such as nanostars, usually have a larger number of hotspots 
on a single particle than nanoparticles with lower surface roughness, such as spherical 
nanoparticles. However, rougher nanoparticles are also more difficult to fabricate and 
tend to aggregate faster in solution [70], [73], [77]. Typically, enhancement factors of 104 
– 106 [17], [20] can be reached with colloidal suspensions. However, complex shaped 
colloids such as nanocubes and nanostars can even reach EFs of 107 – 1010 [17].  

SERS enhancement of suspended nanoparticles has a low reproducibility, as it is 
achieved via random particle aggregation and trapping of target analytes between adja-
cent nanoparticles within the solution. The reproducibility of SERS enhancement in sus-
pended colloidal solution can be increased through increasing the probability of nano-
particle aggregation. Reduction of the sample volume, through centrifugation and fluid 
evaporation, increases cluster formation between particles. Aggregation enhancers, 
such as bromides, ionic species and nitrates can be added to a sample solution to further 
promote particle aggregation. However, formation of too large clusters can cause signal 
loss for SERS enhancement due to the increase in background signal and lower target 
analyte capture efficiency [69].  

Alternatively, nanoparticles can be immobilized on a solid substrate utilizing drop 
casting, soaking, screen printing, filtration, inkjet printing and self-assembly [69]. These 
techniques can be applied to a variety of surfaces, including silicon (Si), glass, and pol-
ymer sheets [68] enabling the fabrication of large area, flexible SERS substrates. Nano-
particle based planar SERS substrates allow for a controllable surface morphology and 
therefore hotspot localization, which increases the reproducibility of SERS enhance-
ment. However, casting-based nanoparticle immobilization still results in randomly dis-
tributed particles over the substrate surface. Alternatively, nanoparticles can be immobi-
lized on a solid substrate utilizing drop casting, soaking, screen printing, filtration, inkjet 
printing and self-assembly [69]. These techniques can be applied to a variety of surfaces, 
including silicon, glass, and polymer sheets [68] enabling the fabrication of large area, 
flexible SERS substrates. Nanoparticle based planar SERS substrates allow for a con-
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trollable surface morphology and therefore hotspot localization, which increases the re-
producibility of SERS enhancement. However, casting-based nanoparticle immobiliza-
tion still results in randomly distributed particles over the substrate surface.  

Other surface self-assembly [69] and Langmuir-Blodgett [78] techniques account 
for a more controlled fabrication of regular surface patterns with controllable hotspot dis-
tribution, through aggregation control via chemical bonding or physical interface assem-
bly. For chemical assisted self-assembly, glass surfaces can be treated, for example, 
with oxygen plasma, resulting in the displacement of –OH functional groups through –
Si-O-Si- bonds. Exposed terminal groups are utilized to covalently anchor Au or Ag par-
ticles dispersed in an aqueous solution on the surface forming a regularly spaced particle 
monolayer [79]. Tethered nanoparticles can reach EFs up to 108 [20]. When comparing 
free nanoparticles with surface deposited particles, the main advantage of the deposited 
structures is the controllability of aggregation. However, their fabrication process is rather 
complex and time consuming. Sophistication of fabrication procedures increases the 
complexity and reproducibility of the particle substrate, but depend on the availability of 
suitable facilities (e.g. cleanrooms) and go hand-in-hand with an increase in fabrication 
cost and time.  

Nanostructured SERS substrates attempt to increase reproducibility and uniformity 
compared to suspended colloidal system through the fabrication of complex, repetitive, 
surface bound nanostructures. Advances in micro- and nanofabrication technologies in 
the semiconductor industry over the last 20 years allow defined control over structure 
size, shape and spacing of nanostructures. SERS substrates fabricated with these tech-
nologies feature defined control over morphological hotspot localization. This geometric 
control, furthermore, enable the establishment of theoretical models to describe the mor-
phological effect of nanostructures on the plasmon resonance frequency and EF, allow-
ing qualitative assessment of the SERS substrate [80]. Additionally, generic measure-
ment approaches in the form of surface mapping [81] were developed, allowing for a 
reproducible surface averaging procedure over a known hotspot distribution area [81].  

In recent years, a vast number of planar SERS substrates with large EFs have 
been fabricated. An overview of fabrication strategies for planar, nanostructured SERS 
substrates is given in Section 3.2. Consequently, the issue of fabricating SERS sub-
strates with efficient morphological control and enhancement can be seen as solved [22] 
and several reviews on the nanofabrication of SERS substrates have been published 
[17], [20]–[23]. Despite the vast number of SERS substrates available only a few com-
mercially viable SERS substrates [82], [83] are on the market. 
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3.1 Application based features for SERS substrates   

In order to maximize the sensitivity and the reliability of SERS substrates for prac-
tical applications, SERS substrates need to fulfil a number of prerequisites as defined by 
Natan et.al. [35], which are summarized in Table 1. Additionally, to highly sensitive SERS 
enhancement, SERS substrates for sensing applications need to be manufactured in a 
uniform and reproducible fashion, resulting in spot-to-spot and batch-to-batch variations 
below 20 %. Surface averaging allows for quantitative measurements obtained from ho-
mogenous surfaces. After fabrication, SERS substrate performance should be retained 
over a sufficient amount of storage time to allow for substrate pre-fabrication and decou-
pled fabrication and application processes. Additionally, a substrate should be free from 
impurities causing increased background signals overlapping signals from target ana-
lytes, as well as chemically stable and able to withstand the envisioned application. Tar-
get analyte separation from the sample matrix through integrated sample pre-treatment 
or surface modification approaches (surface functionalization) enables more directed 
sensing approaches tailored for specific applications [20], [84]. 

 
Table 3.1: SERS substrate features for practical applications. Adapted from [20], [84]   
 

Feature Description 

Uniformity Homogenous SERS substrates for reproducible detection; 
Inter substrate reproducibility - variation less than 20 % over 10 mm2 

Reproducibility Intra substrate reproducibility - batch variation below 20 % 

Sensitivity SERS EF above 105 

Selectivity Specific target analyte – substrate interactions; direct detection 

Sensing Area Sensing area above 10 mm2, large data volume 

Stability SERS substrate shelf life – less than 20 % signal loss over duration of 1 
month 

Background Low sample background (material impurities, fluorescence) 

Complexity of 
Fabrication  Easy and low-cost preparation of substrate and sensing platform 

 
Ideally SERS substrates would meet all the requirements listed in Table 1, however 

in reality, mostly there needs to be a compromise between the above-mentioned features 
in accordance with their desired application, resulting in a trade-off between enhance-
ment and applicability of a SERS substrate [20]. For example, quantitative assays, such 
as the ones for biomedical diagnostics [85], [86] the difficulty in controlling, therapeutic 
drug monitoring [87] or food safety analysis [17], require uniform, stable substrates and 
specific, reproducible detection. Trace analysis of chemicals, required in bioterrorism 
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[87] and forensic applications [13], on the other hand, rely on highly sensitive and selec-
tive SERS substrates. Considering the requirement of the application, the type of SERS 
substrate to be used and the fabrication approach needs to be selected. In comparison 
with suspended colloid based substrates, planar SERS substrates were shown to be 
more robust, homogeneous and uniform [20]. Colloidal substrates, on the other hand, 
suffer from the difficulty in controlling aggregation [20]. 

3.2 Fabrication of nanostructured SERS substrates 

As already mentioned at the beginning of this chapter, nanostructured SERS sur-
faces with defined morphology and hotspot localization can be fabricated in a multitude 
of ways. Common fabrication strategies include bottom-up or top-down approaches or a 
combination of both (top-up [88]).  

Top-down approaches refer to the controlled reduction of bulk materials to 
nanostructures by a variety of micro- and nanofabrication technologies. These technol-
ogies allow for a wide morphological variety of solid SERS substrates, including nano-
spheres [89], [90], nanoislands [91], [92], nanoholes [93], nanomushrooms [94], nano-
cones [95], [96], nanopillars (NP) [97], [98], nanocylinders [99] and nanopyramids [100]. 
Si is the most commonly used base substrate for the fabrication of nanostructured SERS 
substrates due to its use in the microfabrication industry, but alternative substrates such 
as semiconductors and oxides [99], [101] have been proposed as well. Microfabrication-
based top-down technologies include electron beam lithography (EBL), metal deposition 
and reactive ion etching (RIE), which are used to create highly sensitive (EF above 109), 
uniform and reproducible SERS substrates with great precision [20], [50]. Popular top-
down fabrication approaches [84] are: 

 
• Photolithographic and nanolithographic patterning 

o template-assisted techniques  
o nanosphere lithography (NSL) 
o nanoimprinting (NIL) 
o colloidal lithography 

• dry and wet chemical etching 
o RIE 

• template-assisted techniques  
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Top-down fabrication can also be combined with prototyping and mass-fabrication 
friendly technologies, such as IM (Paper I, [102]), soft lithography [103] and roll-to-roll 
(R2R) embossing [104]. Au-capped nanopillar substrates fabricated using mask less RIE 
followed by a subsequent metal evaporation were used as basic substrates throughout 
this work. In Paper II - IV, they were directly applied for quantitative SERS sensing, while 
in Paper I mass-fabrication assisted SERS substrates in the form of Au-capped nano-
cones (AuNC) made from polymer through IM were fabricated based on the SiNP sub-
strates. Table 3.2 compares fabrication time, cost and difficulty level for several common 
microfabrication approaches for nanostructured SERS substrates. 
 
Table 3.2: Comparison of chosen fabrication techniques for nanostructured surfaces.  
 
 

Nanofabrica-
tion Approach 

Tech-
nique 

Fabrica-
tion Time Cost Diffi-

culty Nanostructure examples 

Si based mi-
crofabrication 

EBL ++++ +++++ +++++ 
nanogratings, nanoholes, 
nanoflowers, nanodimers, 
nanorings 

RIE ++ +++ ++ nanopillars, nanorings 

Templating 
Approaches 

NIL +++ +++ +++ Nanopillars, nanocresents, 
nanogratings 

NSL +++ ++ ++ nanopillars, nano-wells 

R2R, IM +++ +++ ++ nanopyramid pits, nano-
cones 

 
Bottom-up approaches on the other hand rely on the construction of materials with 

nanoscale features through chemical synthesis, seed mediated growth, molecular self-
assembly, laser ablation or vapour deposition [84]. They can be applied to a wide field 
of materials and are generally simpler, require shorter preparation times and allow fabri-
cation of large-scale areas with higher throughput at low cost than most top-down fabri-
cation methods.  

3.2.1 Metal-capped Si nanopillar substrates 

The SERS substrates used in this PhD project (Paper II – Paper IV) were previ-
ously used for a wide variety of different applications [9], [101], [105]–[107]. The sub-
strates were fabricated via a mask less RIE followed by a subsequent Au evaporation 
[108], [109]. The fabrication procedure is depicted in Figure 3.1. The RIE process relies 
on a combination of reactive gases (SF6 and O2), which are ionized in the reaction cham-
ber through a strong electric field and subsequently accelerated towards the Si substrate, 
etching the Si surface (see Figure 3.1 a, b). Careful tuning of the RIE process parameters 
allows a fine control over the density, shape and height of the SiNP [108]. Other param-
eters that can be tuned are the chamber pressure, etching time and composition of re-
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active gases [97], [110]. After etching, a short O2 plasma cleaning process can be per-
formed to remove lingering reactive species (sulphur, fluoride) from the Si surface [109] 
in order to reduce the background signal of the substrate. In a subsequent step, Au metal 
caps are formed on the pillar tips through deposition of a thin metal film (in this case 225 
nm) via electron beam evaporation (see Figure 3.1 c). The formed AuNP are 50 – 80 nm 
wide and 400 - 600 nm tall (see Figure 3.1 d) [108], [109].  

 

 
 
Figure 3.1: Fabrication process of AuNP and main analysis feature. Nanopillars are formed on a 
Si substrate (a) through a RIE utilizing the reactive gasses SF6/O2 (b). In a subsequent step Au-
caps are formed on the pillar tips and in-between pillars through electron beam deposition (c). 
SEM image of the formed AuNP structures (c).  
 

The original consideration when creating this substrate was that molecules are 
trapped by clustering of adjacent nanopillars (nanopillar “leaning”) and subsequent 
hotspot formation, which results in an increased SERS signal compared to random target 
analyte-hotspot interactions in non-leaning planar SERS substrates. The driving force of 
this clustering process is the capillary forces between adjacent AuNP, when a liquid sam-
ple is applied to the nanotextured surface and dried. AuNP height and density were op-
timized originally in order to promote the “leaning” effect [108]. However, these features 
make the surface sensitive to surface fouling through crystallization or blockage caused 
by the chosen sample matrix, which needs to be avoided with careful system design. 

The plasmonic properties of Ag-capped nanopillar structures (AgNP) have been 
theoretically and experimentally studied by K. Wu et al. [110]. AgNP expressed high EF 
of 108, good signal reproducibility and uniformity through 14 % inter substrate signal var-
iations over an area of 25 mm2. Using inert Au instead of oxidizing Ag as noble metal, 
prolonged the shelf-life of the nanostructures significantly. Hence, in respect to all quality 
features discussed, AuNP substrates are highly suitable substrates for qualitative and 
quantitative SERS sensing applications.  
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AuNP substrates utilized in this thesis were manufactured as described above on 
4-inch wafers and diced into single chips using a laser micromachining tool (3D-Mi-
cromac AG, D-09126 Chemnitz, Germany). The 525 µm thick Si wafers containing AuNP 
were cut from the backside, elevated on a custom-made holder to protect structure in-
tegrity, utilizing a 50 W time-bandwidth picosecond laser with a wavelength of 1064 nm 
and 255 mm focal length. The cutting process was optimized to not have a complete 
through-cut, thereby avoiding damage and contamination caused by the process of the 
AuNP structures. The laser beam has a Gaussian intensity distribution across the 40 µm 
wide beam, causing cut lines to have a v-profile. If cut-lines are aligned with the crystal 
plane of the Si wafer, the wafer can be easily separated into smaller chips along the cut 
lines. 

Throughout this thesis, a variety of chip sizes specifically chosen for the relevant 
application have been used. In Paper II, 4 x 8 mm (width x height) chips are utilized to 
allow for a maximal travel height of the fluidic front. Paper III relies on 4 x 4 mm chips for 
flexible sample handling and Paper IV utilizes 6 x 8 mm chips to accommodate system 
integration and large active surface area.  

3.2.2 Template-assisted manufacturing  

Template-assisted manufacturing approaches allow batch fabrication of identical 
substrates from a mask, mold or stamp. A mold of a desired, highly controlled nanostruc-
ture can be prepared and then either replicated directly or used for deposition of metals 
with controlled geometry. Molds for nanostructured SERS substrates can be fabricated 
with high precision microfabrication technologies, such as EBL, and replicated with flex-
ible, high-throughput manufacturing approaches. However, they are much easier, 
cheaper, faster and more flexible than, for example, EBL. Available template-assisted 
manufacturing approaches include NIL [111], NSL [112], [113], electrochemical deposi-
tion, soft lithography [113] as well as fabrication processes compatible with large scale 
manufacturing, such as R2R embossing [114] and injection molding [102]. Although soft 
lithography and NIL have successfully been used to fabricate plasmonic substrates in 
polymers [103], [115], [116], both techniques are at present time consuming and not ideal 
for production. 

Roll-to-roll embossing is promising for large-scale production of nanostructured 
surfaces [104], [114], [117]. It has been used to fabricate nanopyramid pit structures for 
SERS sensing by Uusitalo et al. [114] as illustrated in Figure 3.2. The fabricated pits by 
Uusitalo et al. have a base area of 1.0 x 0.8 µm and can be utilized as SERS substrates 
in combination with nanoparticles ( EF as high as 1010) for bacterial detection [104] or as 
metal coated SERS substrates (EF around 105 – 106) for detection of Rhodamine 6G 
[114]. The fabrication technology chosen allows low-cost, large scale manufacturing of 
reproducible SERS substrates, which are compatible with system integration.  
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Figure 3.2: Polymeric sheets fabricated through roll-to-roll manufacturing (a) containing nanopy-
ramidal pit structures (b) as basic nanostructures for SERS structures. Replicated with permission 
from [114]. Copyright 2015 SpringerOpen.   

 
IM has been scarcely used to fabricate SERS substrates, although it has been widely 
applied to create various nanostructures with high reproducibility, including antireflective 
and superhydrophobic surfaces [118], [119]. Reyer et al. have fabricated highly sensitive 
(EF of ≈ 6x106 ) homogenous silver (Ag) substrates for SERS sensing through a combi-
nation of injection molding (IM) nanostructured surfaces, silver coating and chemical 
etching process [120]. In Paper I, we fabricated a homogenous, low cost and mass-
reproducible fully polymeric LoC system with integrated AuNC for sensing applications. 
The system was based on the previously reported SiNP substrates, which were utilized 
in the fabrication of an aluminium negative as a mold for the IM process. The fabrication 
procedure and SERS performance are illustrated in Figure 3.3 a - f. The surface sensi-
tivity was characterized with the model analyte trans-1,2-bis-(4-pyridyl)-ethylene (BPE) 
and an EF of ∼5 × 106 with a relative standard deviation of 14 % over the sensor area (2 
× 2 mm2), and a 18 % signal variation among substrates was found, which makes AuNC 
a suitable substrate for qualitative and quantitative analytical sensing applications. Direct 
liquid detection of the integrated AuNC revealed that the substrates not only survive sys-
tem integration, but can be easily used for on-line measurements directly in liquid. The 
produced polymeric nanocone structures have a lower enhancement than than metal-
capped Si nanopillars, but are robust, which allows a wider range of applications in static 
and liquid condition compared to their Si counterparts. The polymeric nature of the sub-
strate allowed easy integration with a fluidic hard-plastic system (see Figure 3.3 e) via 
ultrasonic welding (USW), which will be highlighted in Chapter 5, and allows quantitative 
SERS sensing (see Figure 3.3 f).   
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Figure 3.3: Fabrication of a polymeric nanocone SERS substrates by replication of Si nanocones 
(a) into a Ni Shim (b) for IM. Resulting polymeric nanocones (c) were capped with Au through 
electron beam deposition (d). Polymeric nanocone structures could be easily integrated into a 
hard-plastic microfluidic system (e) and utilized for quantitative SERS detection (f). Adapted with 
permission from Paper I. Copyright 2018 American Chemical Society.  

  



SERS-based sensing with AuNP substrates  
 

25 
 

4. SERS-based sensing with AuNP substrates  

Sensitive, non-destructive detection and quantitative analysis in small sample vol-
umes is highly sought after in various fields, such as analytical chemistry [121], [122], 
biomedical diagnostics [11], [123], [124], food safety [125], environmental monitoring 
[126], [127] and pharmaceutical analysis [15], [128]. Chromatography-based platforms, 
such as gas chromatography (GC) and high-performance liquid chromatography (HPLC) 
coupled with mass spectroscopy (MS) are often the “golden standard” of analytical meth-
ods [128]. However, these approaches are often time consuming, require expensive lab 
equipment, highly trained laboratory staff and extensive process optimization. Microsen-
sors, especially electrochemical [129] and optical [26], [130] sensors, are attractive de-
tection alternatives for chemical target compounds, as they offer reliable detection at low 
cost [131].  

SERS-based detection platforms are strong contenders for targeted identification 
of analytes, due to their specificity, sensitivity, and non-destructive optical sensing capa-
bilities. SERS-based analysis has developed from a technique mostly used to study mol-
ecule-metal interactions [132] and dye molecules [133] in an ideal sampling environment, 
to a powerful tool for qualitative and quantitative detection from complex real samples. 
Real sample analysis using SERS has been demonstrated in various fields, including 
forensic science [13], [36], biomedical diagnostics [87], [134]–[138] environmental mon-
itoring [62], [126], [139]–[143] and food safety [9], [58], [125], [144]–[149]. Nevertheless, 
compared to the well-established analytical methods listed above, routine detection strat-
egies utilizing SERS are still in their infancy.  

SERS as a detection technology relies on the interaction of target molecules with 
plasmonic enhancement sites (hotspots) on a substrate. The effective use of SERS sub-
strates for quantitative analysis with real samples is challenging due to several issues; 
namely (i) the complex chemical environment (sample matrix) of a target sample [150], 
(ii) SERS substrate selectivity [151] and lastly, (iii) signal reproducibility [152]. In order to 
develop effective SERS-based detection platforms for quantitative analysis of real sam-
ples; highly sensitive and reproducible SERS substrates need to be combined with strat-
egies promoting target analyte-substrate interactions as well as efficient sample pre-
treatment strategies (see Figure 4.1).  
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Figure 4.1: Quantitative SERS detection platforms require a balance between the choice of SERS 
substrate, substrate-analyte interactions and the utilized sensing platform. 

 
Hence, it is important to know the application and consider the entire analytical 

procedure prior to testing the sensing performance and applicability of an analytical sys-
tem. Analytical procedures, in general, require the following steps: (i) sampling, (ii) sam-
ple pre-treatment (elimination of sample matrix, purification of analyte and analyte en-
richment), (iii) detection (identification and quantification of target analytes) and (iv) data 
analysis. Hence, when designing a SERS-based sensing platform it is important to con-
sider the following key features:  

 
• Properties of the target analyte – e.g. molecular size and structure, metal 

affinity, Raman cross-section, solubility etc.  

• Sample matrix components – e.g. liquid or solid, interfering compounds, 

need for separation and concentration of target analyte (pre-treatment) 

• Interaction mechanism between target analyte and SERS substrate – e.g. 

direct versus indirect sensing approaches, dry versus liquid measurements, 

sample application 

• Enhancement features of the SERS substrate – e.g. LSPR modes, EF, 

physical surface properties (structure morphology, material, wettability) 

It is of high importance to find a balance between optimal substrate enhancement, 
sensitivity, selectivity and signal reproducibility. This concept is referred to as the “SERS 
uncertainty principle” [20].  
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Ideal SERS substrates compatible with real-life applications need to provide high 
signal enhancement in a reliable and reproducible fashion in combination with a long-
shelf life and cost-effective, high-throughput manufacturing. Key properties and fabrica-
tion strategies of highly enhancing SERS substrates are extensively covered in Chapter 
3. Today, a wide variety of highly-ordered SERS substrates with good enhancement for 
sensing in real samples have been introduced and several reviews on the nanofabrica-
tion of SERS substrates have been published [17], [20]–[23]. Hence, the practical issue 
of fabricating SERS substrates with efficient morphological control and enhancement 
can be seen as solved [22].  

The EF of SERS substrates, an important quality factor when characterizing sub-
strate sensitivity, is often calculated under optimal conditions with the help of highly Ra-
man active molecules with good metal affinity, such as Rhodamine 6G or simple thiols 
[153], [154]. Reported EF values corresponding to these analytes are not a realistic rep-
resentation of the SERS substrate in combination with real samples containing target 
molecules with weak surface affinity and Raman cross-section competing with matrix 
compounds for signal enhancement sites.  

Molecular trapping between leaning or collapsing nanostructures [57], [97], [155], 
[156] and subsequent hotspot formation are capillary force-driven procedures aiming to 
increase reproducibility and homogeneity of SERS enhancement on a substrate. During 
sample drying, hotspots are formed directly at the contact point between analyte and 
surface; effectively trapping target analytes at enhancement sites (see Figure 4.2). 

  

 
 
Figure 4.2: Cluster formation and subsequent hotspot formation of AuNP mediated through ca-
pillary forces after standard sample exposure and drying.  
 

The capability of maintaining contact with a liquid sample is an important property 
of plasmonic substrates for analytical procedures. Nanostructured SERS substrates, 
such as AuNP substrates, are intrinsically hydrophobic [108]. Typically, small droplets of 
aqueous samples are directly pipetted onto the SERS substrate for sample analysis. 
During subsequent drying, which can be a long process, applied droplets shrink and 
analytes are effectively ‘forced’ into hotspots on the SERS surface, resulting in highly 
localized signal enhancement. However, these drying procedures result in an irregular 
molecular dispersion on the sample surface, the so-called ‘coffee ring’ effect [157]. This 
leads to an inhomogeneous analyte surface coverage and large signal variations at these 
areas, which renders quantitative analysis very challenging.  
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AuNP have been extensively applied for reliable SERS-based qualitative and 
quantitative sensing (see Appendix A). In most introduced sensing applications, target 
analytes were transferred to sample solutions containing organic solvents or solvents 
were added to an existing liquid sample prior to analysis with AuNP substrates. Solvents 
can easily wet the AuNP SERS substrate homogenously and dry fast, resulting in a uni-
form analyte distribution across the sample surface and fast analysis times. However, 
this sample application strategy is mainly suitable for analytes with high metal affinity, as 
these analytes bind readily to the metal-caps of the AuNP substrate. Analytes with low 
metal affinity and Raman cross-section, on the other hand, are not necessarily located 
within the high enhancement regions of the AuNP. Additionally, most analytes cannot be 
readily found in organic solvents and thus solvents need to be either added to the target 
sample matrix (Paper II, [9]) or the analytes need to be extracted into an organic solvent 
phase during sample pre-treatment [8], [158]. Hence, detection strategies for direct quan-
titative analysis of target molecules in real aqueous samples utilizing AuNP substrates 
are sought after. In the following sub-sections, strategies for detection of aqueous real 
samples based on AuNP substrates are introduced.  
 

4.1 Strategies for quantitative detection with SERS substrates  

Detection specificity and selectivity of SERS is limited to analytes localized within 
a few nanometres of hotspots on the SERS substrate. It is therefore of high importance 
to facilitate target analyte-surface interactions for reliable SERS enhancement. Adsorp-
tion of particular target analytes on the metallic SERS substrate is dependent on molec-
ular properties, such as size, charge, Raman cross-section, metal affinity and solubility. 
Target analytes, which interact directly with metal surfaces through covalent bonding of 
active side groups (e.g. thiol groups), heterocyclic structures (e.g. pyridine) or electro-
static interactions, show, in general, greater SERS enhancement [68], [153], [154]. Nev-
ertheless, not all SERS active target molecules have a strong affinity to metal nanostruc-
tures. In the case of analytes whose chemical structure does not allow metal-surface 
binding, two distinctly different detection approaches are distinguished: (i) indirect and 
(ii) direct detection. 

For indirect detection approaches, analyte adsorption is mediated through chemi-
cal linkers. The simplest version of which, are thiol groups [68]. This strategy has been 
used in immunoassays [159], [160], with molecular imprinted polymers [161] and other 
complex surface functionalization procedures [68]. In all cases, indirect approaches rely 
on detection of loss of signal from the reagent used for functionalization and not directly 
from the sample itself. Indirect detection approaches have a higher selectivity than direct 
interactions, as they utilize analyte specific surface functionalization procedures. On the 
other hand, the development of target specific functionalization procedures requires in-
depth knowledge of careful system optimization and introduces an additional level of 
complexity. Developed targeted functionalization procedures are highly specific for each 
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application, which makes indirect detection unsuitable for compound screening applica-
tions and ultimately limits sensor flexibility.  

Direct detection strategies, on the other hand, rely on obtaining SERS signals from 
a target analyte and its interaction with hotspots on the sample surface. SERS is a fin-
gerprint detection technique and spectra contain a multitude of molecular information, 
which is lost to a large extend during indirect detection (see chapter 2). Eliminating the 
“middle man” (functionalization) allows for straightforward screening of compounds and 
direct evaluation of binding properties. Direct interactions between analyte and substrate 
can be improved, for example,  through electrostatic, hydrophobic or physical interac-
tions [162]. In the following sub-chapters we focus on strategies to enhance target ana-
lyte-substrate interaction in liquid samples relevant for this work, namely (i) nanofiltration 
through centrifugal microfluidics (Paper II), (ii) direct liquid analysis in a practical multi-
well system mediated through UV-Ozone treatment (Paper III) and (iii) control of elec-
trostatic interactions between target analyte and SERS substrate enabled through a 
combination of electrochemistry and SERS (Paper IV). 

4.1.1 AuNP-assisted SERS chromatography  

Micro-total analysis systems are small microfluidic chip systems, which integrate 
analytical procedures, such as sample pre-processing and detection, into a single sys-
tem [163]. The LoC concept has found broad application in food analysis [164], environ-
mental monitoring [165], biomedical diagnostics [166]–[168] and chemical synthesis 
[169]–[171]. Microfluidic chips rely on the manipulation of small amounts of fluids in mi-
crochannel systems, which greatly simplifies liquid handling. In comparison to mac-
roscale analytical system, LoC approaches allow precise process control and detection 
on a small chip area, while requiring very low sample volumes. However, low sample 
volumes require highly sensitive detection techniques. Label-free, optical techniques are 
often preferred, as they can provide rapid non-destructive monitoring of samples. 

The technological potential is further supported in recent years by the availability 
of high quality commercial SERS substrates [83], [172], [173]. Integration in microfluidics 
can help to control molecule-surface interactions to a large degree and enables detection 
of small sample volumes in combination with pre- and post-treatment [6].  

In Paper II, AuNP substrates integrated into a LoD platform were used for sample 
pre-treatment and SERS detection of paracetamol and intrinsic compounds of human 
urine. The concept of utilizing AuNP substrates as nanofilters was introduced by O. Du-
rucan [9] and applied to milk and urine as complex samples. AuNP substrates are applied 
as stationary phase in separation procedure similar to thin layer chromatography on pa-
per substrates [174]. The working principle of the separation is illustrated in Figure 4.3. 
Complex samples, spiked with ethanol (ratio 1:5) to increase surface wettability, were 
applied to the bottom of an AuNP substrate (immersion area, roughly one quarter of the 
SERS chip) mounted in a LoD system. Large molecules, hindering sensitive SERS-
based detection are blocked by the morphological structure of AuNP advancing on the 
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substrate out of its immersion area. Small molecular analytes, on the other hand, travel 
through the SERS chip, due to surface wetting and centrifugal forces, resulting in a ho-
mogenous fluid travel front. Sample separation, as in most chromatographic platforms, 
relies on the interaction strength of compounds with the stationary phase. In case of 
SERS-based chromatography, compound separation relies on the noble metal affinity of 
target molecules. 

 

 
 

Figure 4.3: Working principle of AuNP-mediated chromatographic separation of complex sam-
ples. Adapted with permission from Paper II. Copyright 2018 American Chemical Society.  
 
Nevertheless, this makes the platform challenging to use for compounds with low metal 
affinity, as they would be dispersed to the edge of the sample due to the continuous 
sample flow facilitated by the centrifugal platform.  

4.1.2 UV-Ozone mediated detection of aqueous pollutants 

The increasing worldwide contamination of freshwater systems with industrial and 
natural chemical compounds is one of the key environmental problems [175] of modern 
times. Nearly 80% of the world’s population exposed to high levels of threat to water 
security [176]. Modern society relies heavily on the use of pharmaceuticals and artificial 
fertilizers, which after they have fulfilled their purpose, are excreted into the environment 
where they are a potential risk for local ecosystems and human health [177].  

Water analysis procedures commonly rely on direct on-site sampling from bodies 
of water, such as lakes, rivers, canals and waste water treatment plants [178].  On-site 
simple physical parameters, such as water pH and temperature are measured, but more 
complex analytical procedures require complex laboratory set-ups and are often a race 
against time. Sample pre-treatment and analysis need to be performed as quickly as 
possible (within the first 5 to 24 hours) to avoid degradation of target analytes [178]. 
Sensing solutions that are fast and reliable, and allow possible on-site detection, are 
highly sought after for environmental analysis. SERS enables fast, specific, sensitive and 
label-free detection of analytes and can be easily combined with miniaturized portable 
Raman systems [179], [180], which makes the technology an ideal candidate for cost-
efficient detection on-site.  
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However, SERS detection is commonly based on deposition of sample droplets on 
a SERS-substrate [181], as described earlier, even though more user friendly ap-
proaches have been developed [182]. In Paper III, we introduce a multi-well system for 
direct detection of the model analyte paracetamol in water samples. Paracetamol, an 
over-the-counter analgesic and antipyretic drug administered for the treatment of fever, 
headaches and other minor pain, is so widely used that it has been shown to be a good 
indicator of human activity [183].  It can be found in rivers, canals and waste water treat-
ment plant effluents, due to continuously high influxes of this drug in waste water 
[184], [185].  

Considering the hydrophobic nature of AuNP substrates [186], we applied a simple 
UV-Ozone surface treatment, which have been shown to render hydrophobic nanostruc-
tures  hydrophilic previously [187], [188]. UV-Ozone surface cleaning is a well-estab-
lished dry cleaning method for microfabricated surfaces and electronics that has been 
utilized since the 1970s [188]. It removes organic impurities (e.g. water, carbon dioxide 
and nitrogen) from sample surfaces utilizing decomposition by ultraviolet rays and oxi-
dation by O3 [188]. UV-Ozone treatment of 30 minutes rendered AuNP substrates com-
pletely hydrophilic (see Figure 4.4 a vs 4.4 b).   

 

 
 
Figure 4.4: AuNP wettability and SERS signal behaviour before (a) and after (b) UV-Ozone treat-
ment. SERS spectra of 350 µM paracetamol in ultrapure water (c) and ethanol (d) obtained 
through classical droplet application (V = 2 µl) are compared to direct liquid measurements (V = 
30 µl) on untreated (e) and UV-Ozone treated (f) substrates. Samples were measured in dupli-
cates. 
  



SERS-based sensing with AuNP substrates 

32 
 

When comparing Raman spectra of droplet-based measurements of 350 µM para-
cetamol in ultrapure water (see Figure 4.4 c) and ethanol (see Figure 4.4 d) several 
peaks of similar height can be observed between 1100 – 1400 cm-1. 30 % higher peak 
intensities of the significant 1160 cm-1 paracetamol peak can be observed when com-
paring ultrapure water and ethanol droplets. This is caused by the difference in analyte 
distribution over the sensor surface discussed previously. Liquid measurements on non-
treated (see Figure 4.4 e) and UV-Ozone treated (see Figure 4.4 f) substrates expressed 
five times lower signal intensities. However, while the general peak position distribution 
of peaks between 1100 – 1400 cm-1 stays comparable on untreated substrates, every 
peak except the characteristic 1160 cm-1 peak of paracetamol have been significantly 
reduced for UV-Ozone treated substrates.    

Direct detection of 50 µM paracetamol in bottled drinking water would have been 
nearly impossible utilizing water droplets on AuNP substrates due to the mineral content 
of the sample [189]. Crystallization of paracetamol and minerals during the drying pro-
cess would have led to highly inhomogeneous signal-enhancement and possible detec-
tion of false positives. Even liquid detection of 50 µM paracetamol in bottled water on 
non-treated substrates is a challenge (see Figure 4.5 a). The application of UV-Ozone 
treatment allows detection of paracetamol in bottled water, which is clearly visible when 
comparing the peak intensities at the 1160 cm-1 paracetamol peak and interfering back-
ground peaks (mainly between 1100 - 1400 cm-1) on non-treated (see Figure 4.5 a) and 
treated (Figure 4.5 b) AuNP SERS substrates. 
 

 
 

Figure 4.5: SERS spectra of bottled water without (baseline, grey) and spiked with 50 µM para-
cetamol (blue line) show a flattened baseline and clearer signal detection after 30 minutes UV-
Ozone treatment.  
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The developed multi-well detection approach (Paper III) has been successfully 
used for the detection of Ochratoxin A in wine by S. Rostami et al. [190]. Additionally, a 
qualitative study was conducted to evaluate the capability of the multiwall sensing plat-
form for direct pre-screening of novel antibiotics in sterile filtered bacterial cultures. The 
marine bacteria Pseudoalteromonas produces a wide range of antibiotics dependent on 
the available carbon source [191], [192]. Not all Pseudoalteromonas types are well de-
scribed and it is believed that novel antibiotic compounds can be synthetized. It needs 
to be considered that the development of complex analytical procedures for detection of 
bacterial compounds is a cost-intensive and complex process, requiring trained person-
nel. In this proof-of-concept study we measured directly from sterile filtered bacterial cul-
ture media and bacterial supernatant of Pseudoalteromonas strains grown on chitin and 
mannose, as can be seen in Figure 4.6. The bacterial supernatant show differences in 
relevant spectral bands depending on the applied carbon source, indicating a difference 
in produced compounds. Both mannose and chitin-based Raman spectra of bacterial 
supernatant show a significant peak at 580 cm-1 and 735 cm-1, indicating compounds 
produced on both carbon sources. Chitin-based bacteria furthermore express weaker 
Raman peaks at 665 cm-1 and 865 cm-1, indicating a chitin-specific compounds pro-
duced.   
  

 
 
Figure 4.6: SERS spectra of sterile filtered bacterial culture media and bacterial supernatant from 
a Pseudoalteromonas strain grown on chitin and mannose. 4 x 4 mm2 SERS maps were obtained 
at a laser power of 5 mW and 0.05 s exposure. Samples were measured in triplicates.  
  



SERS-based sensing with AuNP substrates 

34 
 

4.1.3 Combining electrochemistry and SERS 

Another approach for direct detection and improved analyte - substrate interaction 
directly in liquid samples utilizing AuNP substrates is the combination of electrochemistry 
with SERS. EcSERS based sensing has been shown to improve detection limits of SERS 
sensors (Paper IV, [193]–[202]) and enables direct monitoring of electrochemical pro-
cesses. The improved sensitivity is attributed to the effect of the applied potential to the 
SERS substrate, resulting in controlled surface charges leading to improved affinity of 
the analyte to the surface and increased number of molecules in the EM hotspots.  

A basic electrochemical cell consists of two electrodes immersed in an ionic con-
ductor (electrolyte solution). When an electric current is applied, a charge transfer occurs 
inside the electrolyte via motion of positively or negatively charged ions and in the elec-
trodes via electrons. The degree of chemical interactions and mass transport is meas-
ured as current, potential or capacitance [203].  

 

 
 

Figure 4.7: Three-electrode system utilized in Paper IV. The excitation potential is applied to the 
working electrode (WE, AuNP substrate) and adjusted with respect to the reference electrode 
(RE, Ag/AgCl wire). The current of the system flows between the counter electrode (CE, Pt wire) 
and WE.  
 

In Paper IV an electrochemical cell with three-electrode system is used (see Figure 
4.7) to control surface potential of a SERS substrate. The current flows between the 
working electrode (WE) and counter electrode (CE), while the reference electrode (RE) 
is kept stable and utilized for measuring the potential. When an electrical potential is 
applied between WE and CE, the immediate electrostatic surrounding of the electrodes 
change, allowing charged molecules and ions to migrate through electro-osmosis [204] 
to the surface of the SERS substrate used as WE. Depending on the charge of the target 
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molecule and applied substrate potential on the WE, target analyte– surface interactions 
can be controlled resulting in Raman signal variances, as shown in Figure 4.8.  

By adjusting the WE potential, the density and polarity of the surface charge 
changes. This furthermore changes the interactions of the target analyte with the surface. 
Depending on the charge sensitivity of the analyte, molecular surface coverage or ad-
sorption orientation of the analyte changes. To further improve electrostatic interactions 
between the sensor surface and target analyte, the charge of the molecule can also be 
adjusted. It therefore helpful to know, the pKa value of the molecule of interest, in order 
to tailor the charge of the target analyte. The pKa value describes the strength of an acid 
and therefore defines the pH value of a molecule in which it has the ability to accept (> 
pKa) or donate (< pKa) a proton. For example, melamine has a pKa value of 5, which 
translates to a positive molecular net charge at pH values below 5.  

As can be seen in Figure 4.8, the fingerprint spectra of melamine changes with the 
applied surface potential on the SERS substrate and the pH value of the electrolyte so-
lution. At a neutral pH (see Figure 4.8 a), the governing peak of melamine at no applied 
potential (black) is located at 710 cm-1; however, when a strong negative surface poten-
tial (- 0.8 V) is applied, the peak shifts to 683 cm-1. A similar, albeit more pronounced 
effect could be observed for positively charged melamine solutions (pH 3.6, see Figure 
4.8 b). However, peak intensities only doubled for neutral pH with the negative applied 
surface charge, while a dynamic SERS detection of melamine with a more than 10-fold 
signal increase can be seen in an acidic environment. As previously mentioned, analyte 
adsorption, coverage and orientation changes in accordance to the applied surface po-
tential. Melamine signal intensities do not only increase with stronger negative surface 
potentials, but a clear peak shift from 710 cm-1 to 683 cm-1 with intermediate state occurs, 
as can be seen in Figure 4.8 c. Optimal SERS signal enhancement for positively charged 
melamine is achieved at an applied surface potential of – 0.8 V vs RE. 
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Figure 4.8: Applied potential dependency of characteristic  683 cm-1 Raman peak in a 1 ppm 
melamine in acidified PBS measured against RE (a). SERS spectra applied potential for 2.5 ppm 
Melamine in PBS at pH 7.4 (b) and pH 3.6 (c) measured at no applied potential (black) and against 
- 0.8 V vs. RE applied potential (green). Adapted from Paper IV. 
 

We furthermore tested the electrochemically assisted SERS detection concept on 
the more complex drug methotrexate. Methotrexate is an anti-cancer drug with a very 
small therapeutic window [87]. Reported pKa values for methotrexate are at 4.7 and 9. 
Hence, the drug can have multiple charge interactions with the sensor substrate. We 
therefore tested a range of electrolyte pH values to access the efficiency of ecSERS 
working principles on the analyte. As can be seen in Figure 4.9, signal enhancement is 
insignificant at pH 12, but significant differences can be seen at pH 2.7 and pH 7.4.  

The clear presence of the characteristic SERS peak of methotrexate at 682 cm-1 
at an acidic pH, suggests that the molecule can be easily detected when a positive mo-
lecular charge and negative surface charge is applied.  
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Figure 4.9: SERS spectra of methotrexate in PBS at pH 2.7, pH 7.4 and pH 12. 10 µM metho-
trexate (blue line) was spiked into PBS and compared to non-spiked baselines (grey spectra). 
SERS spectra are represented at no applied potential (lower pair) and a negative potential of – 
0.4 V vs Ag/AgCl (upper pair).   
 

Sensitivity and selectivity of a SERS substrate are directly correlated, as strong 
target analyte-SERS substrate interaction enable highly sensitive detection. Hence, most 
highly enhancing SERS substrates are single-use, as target analytes bind irreversible on 
a substrate blocking active enhancement sites. Most Si-based SERS platforms require 
complex and slow manufacturing procedures (see Chapter 3) and contain noble metals.  
Cheap, disposable, single-use substrates, such as the AuNC substrate introduced in 
Paper I, can lower the sampling costs for single-use substrates significantly.  

However, single-use substrates are not environmentally friendly and still have the 
user face batch-to-batch variations. Reusable SERS substrate could greatly decrease 
the cost of analysis and allowing a decrease in signal variation using just a single sub-
strate. Common strategies for reusability include (i) replacement of metal structured 
components [205], (ii) heavy washing steps [206] (iii) thermal [207] and (iv) photocata-
lytic degradation [208].  Most of these processes rely on harsh treatments (e.g. temper-
atures over 400 ˚C [209] and high voltages at 100 V [210]), specialized equipment and 
time consuming reversion processes. 

In Paper IV, the charge control of the SERS substrate facilitated by the previously 
described ecSERS principle was used to reverse molecule binding on the substrate. For 
reversible detection, the negative applied potential (- 0.8 V) responsible for electrostatic 
attraction of positively charged Melamine to the sensor surface, was directly followed by 
the application of a strong opposing potential (+ 0.8 V) to detach melamine from the 
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substrate after sensing (see Figure 4.10a). This allowed for the reuse of a substrate for 
up to 80 times without significant loss of performance. Figure 4.10 b illustrates the sta-
bility of signal enhancement through repletion cycles. After the third cycle, a signal vari-
ation of 11.4 % could be observed, which corresponds to previously reported inter-sam-
ple variations of 11 % for AuNP substrates [105]. For the first three repetition cycles, 
noticeable higher signal enhancement (see Figure 4.10 b and c) can be observed. During 
the initial potential application, the wettability of the AuNP increases gradually. Signal 
enhancement stabilizes one’s optimal wettability of the substrate is achieved.  For one-
chip sensing, a preconditioning step was utilized to stabilize the substrate prior to SERS 
detection in order to minimize signal variations. Despite multiple repetitions, SERS spec-
tra of melamine at no applied potential (black) and – 0.8 V applied potential (red) show 
repeatable spectral properties. The governing peak at no applied potential is 710 cm-1, 
while it switches to the 683 cm-1 characteristic peak at applied potential. This strongly 
indicates that surface charges could be reverted successfully and melamine interactions 
with the system were successfully reversed.    

  

  
 
Figure 4.10: Illustration of reversible SERS-detection based on potential variations over the sen-
sor substrate (a). Regeneration study of 1 ppm melamine in acidified PBS over 10 repetitions (b). 
Average area under the curve for characteristic 683 cm-1 melamine peak measured at no applied 
potential (black) and -0.8 V applied potential (red). Characteristic SERS spectra for melamine in 
acidified PBS (b) for at no applied potential (black) and -0.8 V applied potential (red). Adapted 
from Paper IV. 



SERS-based sensing with AuNP substrates  
 

39 
 

4.2 Data analysis and quantitative calibration approaches  

For any quantitative analytical method, it is of high importance to correlate the ar-
bitrary sensor response signal to a unit describing the target analyte concentration. Cal-
ibration curves are constructed by plotting the arbitrary sensor response against the con-
centration of a target analyte. SERS-based quantitative data analysis relies commonly 
on studying the correlation of peak positions to peak intensities or peak areas of well-
defined Raman peaks, as highlighted in Chapter 2. Studying the peak position of a Ra-
man fingerprint spectra can provide specific information about the molecular structure of 
a target analyte. Hence, the peak positions are utilized for qualitative and quantitative 
analyses of samples. Peak intensity or area under the peak often correspond to the con-
centration of a target molecule in the solution and are dependent on the sample baseline. 
Both peak height (Paper I – III) and area under the peak (Paper IV) were utilized through-
out this thesis. Calibration curves for planar SERS substrates commonly follow a satu-
ration curve profile, as over a certain threshold all available hotspots are occupied with 
target analytes. This threshold is highly dependent on the metal-affinity of the target an-
alyte and the procedure utilized to increase target-substrate interactions [86].  

Originally, quantitative SERS data was obtained by averaging SERS signals of 
random points chosen across the substrate. However, this procedure did not represent 
a realistic account of the analyte distribution over the sample leading to high signal vari-
ations even on reliable samples. Mapping analysis [81], scanning of macroscale sample 
surface areas with a defined step-size, of SERS samples on the other hand allows to 
evaluate analyte distribution over a sample surface more accurately and allows correct 
statistical evaluation of SERS signals. Advancement in SERS system design furthermore 
allows for SERS maps to be obtained in an automated fashion increasing the throughput 
of the technology significantly [81]. Throughout this work, macroscale SERS maps (2 
mm2 to 10 mm2) spanning areas covering the majority of the accessible sample surface 
were obtained to guarantee significant statistical analysis.  

Potential sources of signal variation for quantitative SERS measurements are: la-
ser power, optical alignment, positioning of the sample, self-absorption within coloured 
samples and scattering effects of turbid or opaque samples. Drifts in laser power and 
drifts in the focal point caused by sample positioning can be corrected easily by auto-
mated focus control. However, variations caused by the SERS substrate, such as local 
variations in enhancement, as well as variations caused by the sample distribution are 
nearly impossible to correct. Hence, reliable quantitative sample analysis utilizing planar 
SERS substrates requires a consistent spectral signal response correspondent to a uni-
form analyte distribution over the sample surface 

Enhancing target molecule-surface interactions can aid in achieving well-resolved, 
single peaks for data analysis allowing for reliable univariate analysis. The UV-Ozone 
procedure introduced in Paper III effectively resulted in a background signal reduction 
allowing for the characteristic paracetamol peak to be detected clearly, enabling peak 
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intensity analysis of ultrapure water as well as environmental samples. The resulting 
calibration curve (see Figure 4.11 a) shows a typical saturation profile. The liner detection 
range for paracetamol measured in liquid on a multiwall platform was between 5 to 100 
µM, with 4 µM being the limit of detection. Liquid measurements of paracetamol in ul-
trapure water showed average sample-to-sample variations of only 6 % on UV-Ozone 
treated substrates. Calibration curves for droplet-sampling of paracetamol in ethanol 
(see Figure 4.11 b), the presumably standard sample application procedure for AuNP 
substrates, on the other hand, had a linear detection range of 35 – 100 µM and a limit of 
detection of 10 µM. Sample-to-sample variations were at 21 %. This strongly indicates, 
that paracetamol is not located at the optimal SERS-enhancement sites (between pillar 
caps), but rather dispersed on the bottom of the substrate with this sampling method.    

 

 
 
Figure 4.11: Calibration curve of paracetamol measured on UV-Ozone treated AuNP substrates 
directly in liquid (V = 30 µL) with inset showing the linear part of the calibration curve in ultrapure 
water (a). Calibration curve of paracetamol in ethanol applied as droplets (V = 2 µl) to non-treated 
AuNP substrates (b). The inset shows the relevant peak response of the 1160 cm-1 characteristic 
paracetamol peak according to concentration. Samples measured in duplicates for (a) and tripli-
cates for (b). 
    

Potential-dependent SERS enhancement and subsequent adsorption of target 
molecules allows highly sensitive, reversible detection on a single chip (see Paper IV). 
Due to the shifting peaks of melamine, area under the curve analysis was utilized rather 
that peak intensity analysis, in order to detect all possible states of melamine in solution. 
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Figure 4.12: Calibration curve obtained with individual chips for each concentration (pH = 7.4) 
(a).Calibration curve of melamine in PBS performed on a single chip using the electrochemically 
assisted SERS-platform (pH = 3.6) (b);  
 

Classic calibration procedures require a multitude of chips (Figure 4.12 a), as only 
a single concentration point per chip is measured. If measurements are performed in 
multiples (2 – 4), as required for good statistical analysis, more than 60 chips are neces-
sary for construction of a reliable calibration curve. On the other hand, when utilizing the 
ecSERS principle, a complete calibration curve can be obtained with high sensitivity and 
reproducibility on a single chip (Figure 4.12 b) utilizing the previously surface potential 
variations. In each measurement round, melamine was repeatedly attracted and subse-
quently repelled by applying a negative or positive potential to the SERS WE. The re-
sulting calibration curve resembles an affinity binding curve, rather than a saturation 
curve, as melamine is attracted to the substrate due to its charge and not intrinsic binding 
properties. There is a clear trend of superior sensitivity in the case of ecSERS with a 
linear range between 0.05 and 0.5 ppm as well as a detection limit of 0.01 ppm. Based 
on the calibration curve it can be seen that with non-charged melamine and at no applied 
potential, the detection limit is 0.5 ppm, which is already 20 times lower than previously 
reported detection limits of 10 ppm on Au-capped nanopillars [211] . 

Univariate quantification of separate peak height or area described above works 
reliably on well-resolved SERS peaks. However, multiple compounds are present, which 
is often the case for complex samples, it can be challenging to obtain well resolved SERS 
peaks, as multiple molecules compete for the available enhancement sites. In this case 
the peaks might have overlapping spectral features.  Mathematical algorithms need to 
be applied in order to resolve spectral features and often exploratory techniques, such 
as principle component and multivariate analysis procedures, are used [212]. Multivari-
ate component analysis [213] has been used in Paper II in order to distinguish binding 
areas of main components of human urine and the model drug paracetamol, as depicted 
in Figure 4.13.  
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Figure 4.13: MCR analysis of human urine spiked with 300 ppm of the model compound parace-
tamol. One-dimensional (a) and two-dimensional (b) averaged spectral contribution profiles of 
sample components dependent on their spreading distance. Corresponding SERS library spectra 
of urine components and paracetamol (c). Adapted with permission from Paper II. Copyright 2018 
American Chemical Society.  

4.3 Quantitative detection in real samples 

SERS has been successfully used for the detection of water-based real samples, 
such as biofluids, including urine [76], [213], [214], saliva [138], [215], [216], tears [217], 
[218] and blood [219], [220]; food, such as milk [9], [58], [59], [145], [221], [222], sweet 
drinks [60], [223]  and tea [224]; as well as for environmental samples, such as water 
[139], [225][226] and soil [142]. SERS as an analytical tool is quite suitable for the de-
tection of water-based samples, as water has a high adsorption in the infrared range and 
a low Raman scattering cross-section [226] resulting in a low Raman background signal. 
Nevertheless, the complex chemical make-up of sample matrices hinders effective quan-
titative analysis in real samples. Most water-based real samples contain, next to the tar-
get analyte, a variety of other macromolecular structures, such as fats, proteins and cells, 
which can effectively block electromagnetic hotspots and significantly, limit SERS-based 
detection capabilities for target compounds. Milk, for example, contains mainly lipids and 
proteins as well as a variety of salts, minerals and vitamins [227], which, if not removed, 
render direct SERS analysis impossible (Paper IV).  
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Often, real sample matrices contain even Raman-active components with high af-
finity towards noble metals. Human urine, a common model matrix in SERS-detection 
(Paper II) [66], [76], [136], [213], [214], [217], [228]–[230], for example, contains urea, 
creatinine, albumin and uric acid. All of which are Raman active molecules with high 
affinity for well as possibilities for miniaturization and automation of the process should 
be considered. 

In this this work a variety of sample pre-treatment technologies have been com-
bined with quantitative SERS-based detection of real-samples, including (i) SERS-based 
chromatography in combination with automated sample handling on a LoD system, (ii) fil-
tration of environmental and bacterial sample solutions as well as (iii) solid phase extrac-
tion of milk on a gel filtration column. As an extensive review of available sample pre-
treatment technologies would exceed the scope of this thesis, only the applied pre-treat-
ment procedures are highlighted below.  

In this PhD project, quantitative SERS detection has been used for the measure-
ment of paracetamol directly from urine (Paper II) on a LoD platform utilizing SERS-
based chromatography. LoC and LoD concepts, introduced in chapter 4.1.1, enable in-
tegration of  analytical procedures, such as sample pre-processing and detection, into a 
single system [163] and are used for a broad range of applications [164]–[171]. Microflu-
idic chips, in general, rely on the manipulation of small sample volumes, which greatly 
simplifies liquid handling. SERS-based chromatography was first introduced by O. Du-
rucan et al [9]. It utilizes the intrinsic structure of the nanopillar substrate to introduce a 
thin-layer chromatographic filtration effect for effective separation of urine components.  

Environmental samples spiked with the model drug paracetamol were sterile-fil-
tered utilizing a 0.2 µm cellulose acetate syringe filter (VWR international, US) to remove 
environmental residues, such as microplastics, algae and bacteria (Paper III), prior to 
direct detection. As demonstrated in Paper III, successful detection of paracetamol in 
environmental waters (bottled water, urban water samples and open sea samples) is 
achieved through this simple, straight forward pre-treatment step.   

In Paper IV, the target analyte melamine, a nitrogen rich food contaminant found 
in milk products, was successfully isolated from whole milk samples utilizing a previously 
reported solid phase extraction method based on a commercial gel filtration column 
(NAP-25, GE Healthcare, Pittsburgh, PA, USA) [231], as illustrated in Figure 4.14. 
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Figure 4.14: SERS spectra for 1 ppm melamine dispersed in 0.5 % milk and extracted milk uti-
lizing solid phase extraction through gel filtration columns (a). Comparison of acidified eluted 0.5 
% milk with spiked PBS solutions at four different melamine concentrations Peak areas for 683 
cm-1 melamine peak at - 0.8V applied potential are shown. Adapted from Paper IV. 
 

Gel filtration allowed removal of proteins and fats in milk, responsible for disturbing 
SERS-based sensing (see Figure 4.14 a). The majority of melamine was obtained in 
elution fraction here and four, which were subsequently combines for effective sensing. 
When comparing a concentration range of acidified PBS spiked with melamine and 
eluted melamine concentrations, more than 90 % of melamine got eluted on average 
(see Figure 4.14 b), rendering the sample pre-treatment highly effective. 
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5. SERS detection platforms - fabrication and in-
tegration  

Designing an analytical platform or test system is a complex process, where sev-
eral key specifications need to be considered as described earlier in Chapter 4. SERS-
based sensing platforms must support: (i) SERS substrate integration while retaining its 
functionality, (ii) facilitate target analyte-substrate interactions through, for example, tar-
geted sample handling and integrated pre-treatment technologies and (iii) account for 
material choices and fabrication technologies relevant for the desired application.  

5.1 System design 

Two platform design approaches can be differentiated for SERS-based sensing 
platforms. First, static platforms feature an open system and allow direct interaction be-
tween the SERS substrate and a target analyte. These platforms typically feature a 
SERS substrate either separately or immobilized in a well structure (Paper III, Paper IV) 
[232]. Static platforms are easy to design and fabricate, and can be used with a variety 
of analytes, allowing a high analysis throughput. They also offer a high flexibility for fast 
screening of multiple analytes and usually simple fabrication approaches. On the other 
hand, open systems require higher sample volumes to operate, eventual sample pre-
treatment methods need to be performed separately from the analysis platform and the 
open design causes liquid evaporation and convection.  

Alternatively, SERS sensors can be combined with miniaturized laboratory con-
cepts, such as LoC or LoD (Paper I, Paper II) [24]. They greatly simplify liquid handling, 
as they require only small amounts of fluid and forgo sample evaporation. Furthermore, 
they allow precise process control and detection on a small chip area. Analytical proce-
dures, such as sample pre-processing and detection, can be integrated into a single 
system for automated analysis [163]. However, a microfluidic platform relies on separate 
optimization of all functional components of the desired system. This makes them highly 
specific detection platform, which can be easily used after an analytical procedure is 
established, but show low flexibility in sampling approaches. Furthermore, they often rely 
on additional equipment, such as fluidic pumps or centrifugal spinning stands and can 
be challenging to handle.  

5.1.1 Static platforms  

Direct target analyte exposure to the SERS substrate or well-based detection plat-
forms, including reaction tubes, cuvettes and microtiter plates [232]–[234], are still the 
simplest version of system integration utilizing SERS substrates. These approaches al-
low a general utilization of automated analysis on a SERS substrate with high flexibility 
[233].  
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Static platforms are more universally applicable, when simpler single- or multi-well 
systems are used. Such systems allow a flexible approach to quantitative detection and 
easy interfacing with other systems, such as potentiostats and simple pre-treatment tech-
nologies.  

For Paper III, a simple multi-well system design for detection of paracetamol in 
environmental water samples was designed, as depicted in Figure 5.1. The system de-
sign takes its inspiration from microtiter plates and was aimed to enable fast, automated 
SERS detection of a large number of samples (Figure 5.1 a). The system contains a 
minimal number of components for ease of fabrication (Figure 5.2 b). The microscope 
slide design allows direct interfacing of the system with the Raman microscope.  

 

 
 

Figure 5.1: Multi-well designed for automated sensing in liquids. Assembled system containing 
Si AuNP chips (a) and system components for manufacturing via rapid prototyping (b). Repro-
duced from Paper III.  

 
Additionally, a static single-well system was utilized for electrochemically sup-

ported SERS analysis to enable interfacing of the SERS chip (WE) with CE and RE in 
the electrolyte solution (Paper IV). The electrochemical-SERS platform, depicted in Fig-
ure 5.2, consists of a holder base, a SERS chip used as working electrode (WE), a sam-
ple chamber and a removable electrode adapter (Figure 5.2 a). The elastomeric elec-
trode adapter contains a bend platinum wire as CE and an Ag/AgCl RE (Ø 0.5 mm). The 
LEGO-inspired system design was initially fabricated by fomer PhD student K. Sanger 
and allows easy interfacing with the sample chamber. The sample chamber has a vol-
ume of 30 mm3 and facilitates electrode – electrolyte interactions.  

The bottom of the sample chamber acts as passivation layer and defines the sens-
ing area of the WE (4 x 4 mm). The SERS chip is interfaced with the potentiostat through 
an adhesive Cu strip. The holder base stabilizes the system and defines the localization 
of the WE. All system components (Figure 5.2 b), except the electrode adapter, are de-
signed for single use.  
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Figure 5.2: Static detection system for electrochemical supported SERS analysis. The detection 
platform consists of multiple layers fabricated from polymer, glass, Si and metal. Three major 
component groups can be identified (a). Photo of the assembled system and separate functional 
component groups (b). Reproduced from Paper IV. 
 

5.1.2 SERS-based microfluidic systems 

SERS as a highly sensitive, label-free, non-destructive detection technology is a 
logical candidate for integration into microfluidic systems. The integration in LoC or LoD 
systems however can get quite complex and their specific design relies on the chosen 
application, limiting often a more generic approach to SERS sensing. 

SERS active metal colloids in suspension are straightforward to combine with LoC 
systems, as a colloidal suspension can be directly injected into a LoC system. These 
SERS microfluidic systems provide controllable flow conditions enabled through careful 
system design, such as the introduction of microfluidic mixers, to increase contact times 
with the sample and particle traps to control hotspot formation between the particle ag-
gregates [64]. Purposefully designed microfluidic systems can therefore improve the de-
tection limit of colloidal SERS substrates, through particle localization enabling higher 
signal reproducibility. In the group of J. Popp, a reliable and reproducible SERS detection 
strategy based on a straightforward microfluidic design (see Figure 5.3) has been used 
for several applications.  SERS-active suspended colloids are either directly [235] or 
through droplet-based separation (digital microfluidics) [236] dispered in the system al-
lowing for reliable quantitative analysis of target compounds.  
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However, utilizing SERS colloidal systems in a microfluidic chip introduces a vari-
ety of other challenges, including increased complexity in system design, increased mix-
ing times, difficulties in sample preparation and enhanced risk of channel clogging, as 
the colloidal suspensions flows through the microfluidic system with the sample.  

  

 
 

Figure 5.3: Droplet based microfluidic chip for repetitive SERS-based detection of Levofloxacin 
on suspended Ag colloids in a LoC. Reproduced with permission from [236]. Copyright 2015 
American Chemical Society.  
  

Planar SERS substrates on the other hand would not flow through the system with 
the analyte, as they can be directly integrated into a fluidic system. This allows integration 
of separate functional units for sample handling, pre-treatment and detection, allowing 
for simpler system design and increased sample handling capabilities. Integration of pla-
nar SERS substrates into microfluidic channels can be realized in two ways: (i) in-situ 
fabrication of SERS-active metallic nanostructures inside a microfluidic channel [237], 
[238] or (ii) direct integration of the substrates into a microfluidic system (Paper I - II). In-
situ fabrication of substrates  are approaches which allow the synthesis of new SERS 
active substrates on site of detection directly in a microchannel facilitated through wet 
chemical reduction, galvanic replacement or femtosecond laser writing [24]. However, 
the synthesis processes are slow, require a more complex chip design and rely on the 
presence of syntheses reagents, which may interact with target analytes.  

Direct integration of SERS substrates into a microfluidic system is the more com-
mon approach. Pre-fabricated SERS substrates and microfluidic system components 
can be prepared in bulk well in advance, allowing for a faster system assembly, lower 
costs and higher system-to-system reproducibility. These integration approaches are 
compatible with a multitude of channel designs and do not rely on additional reagents, 
which lowers the risk of analyte contamination and allows for more direct pre- and post-
processing of samples. Separate fabrication of SERS substrates and microfluidic com-
ponents allow furthermore more tailored and controlled fabrication processes of separate 
system components (e.g. SERS substrates and microfluidic channels).  
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On the other hand, systems need to be designed in order to allow efficient analyte-
substrate interactions. Figure 5.4 shows an example of direct SERS substrate integration 
into a microfluidic LoD system developed by L. Morelli et al. [8]. The assay module of the 
LoD allows extraction and quantification of p-Coumeric acid in bacterial supernatant. The 
module supports pre-filtration of bacterial supernatant, liquid-liquid extraction of p-Cou-
maric acid and subsequent SERS-based quantitative detection.  

 

 
 
Figure 5.4: AuNP substrates integrated into a LoD microfluidic design (a) including a functional 
liquid-liquid extraction assay module (b) and calibration module (c) for detection of p-Coumeric 
acid in bacterial supernatant. Reproduced with permission from [8]. Copyright 2018 Royal Society 
of Chemistry.  
 

In this work, we utilized direct integration of planar SERS substrates with microflu-
idic systems in Paper I and II. In Paper I, we designed the polymeric SERS substrates 
as an intrinsic component of the simple LoC device, allowing for flexibility in channel 
design. Specific detection regions were defined through geometrically defined evapora-
tion of Au. Such a system design made the platform universally applicable for a variety 
of channel designs and applications, while microfluidic integration through USW re-
mained straightforward. The nanofiltration set-up proposed in Paper II utilized a more 
complex LoD design introduced by the main author O. Durucan, as shown in Figure 5.5 

 
 
.   
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Figure 5.5: Photo of the integrated LoD microfluidic system (a) including 10 separate analysis 
units. Each analysis unit consists of two functional sub-units (b). A sedimentation unit (left) for 
centrifugation of sample liquids is coupled through a capillary metering system to the chromato-
graphic separation and SERS detection unit (left). Reproduced with permission from Paper II. 
Copyright 2018 American Chemical Society.  
 

The LoD platform contains 10 separate analysis units, allowing for simultaneous 
sample treatment and analysis of multiple samples. Each analysis units consists of two 
main sub-units, (i) a functional units for sample pre-treatment through sedimentation as 
well as (ii) a AuNP substrate unit allowing for combined sample separation through SERS 
chromatography and SERS detection. The units are connected via a capillary valving 
and metering system, which ensures that constant sample volumes are delivered to the 
substrate.  

5.2 Polymer based Fabrication 

Early analytical devices were fabricated from glass, quartz or Si [239][239], which 
are costly materials that rely on complex fabrication procedures and are sensitive to me-
chanical shocks (substrate shattering). In order to develop cheap analysis platforms, 
materials and processing technologies allowing fast design, fabrication and optimization 
cycles are needed. Polymer-based systems and manufacturing techniques represent a 
solution for this problem. Modern analytical laboratories rely on standardized disposable 
laboratory consumables made from hard plastics, such as reaction tubes or titer plates, 
in order to avoid sample contamination. Similarly, disposable analytical sensing plat-
forms can be designed utilizing fast design, optimization and fabrication processes of 
polymers through rapid prototyping.  

Poly(dimethylsiloxane) (PDMS) soft-lithography, introduced by Duffy et al. [240], 
first allowed fabrication of elastomeric microfluidic devices with high resolution (< 20 µm) 
and [167]. However, PDMS has several disadvantages, including incompatibility with 
nonpolar solvents and surface biofouling with macromolecules [241]. Soft-lithographic 
PDMS fabrication is furthermore great for rapid prototyping, but not comparable with ma-
terials used for mass-fabrication in industrial settings [242]. An alternative to PDMS are 
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rigid thermoplastic polymers (hard plastics), which are chemical resistant and optically 
transparent [8], [243]. Through advances in polymer chemistry, a wide variety of hard 
plastic types as well as fabrication and joining technologies became readily available, 
which enabled high volume production at low costs through rapid prototyping or industrial 
sized production [244].  

Based on the desired application, SERS-based analysis platforms need to express 
a variety of properties, including heat resistance, optical transparency, chemical re-
sistance and biocompatibility. In order to meet these application requirements, as well 
as compatibility with common manufacturing and joining methods, platform materials 
need to be chosen carefully. Popular polymers for fabrication of microfluidic devices and 
other platforms are: poly (methyl methacrylate) (PMMA), cyclic olefin copolymer (COC), 
poly(styrene) (PS) and poly(carbonate) (PC). Inherent characteristic material properties 
of different polymers govern their possible applications as well as compatibility with var-
ious manufacturing techniques, as summarized in Table 5.1.  
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Table 5.1: Physical properties of various polymer types and their compatibility with manufactur-
ing techniques. Adapted from [242], [245].  
 
Polymer Characteristic Manufacturing technique 

PMMA 

Transparent thermoplastic; 
optical compatibility; 
low water adsorption; 
relative heat resistant; 
Resistant: acid, bases, oil,petrol; 
Not Resistant: alcohol, acetone, organic 
solvents 

Injection molding;  
hot embossing;  
laser ablation 

COC 

Thermoplastic; 
high stiffness and strength; 
low water adsorption; 
heat resistant; 
Resistant: acid, bases; 
Not Resistant: some aromatic and or-
ganic solvents 

Injection molding;  
hot embossing 

PS 

Thermoplastic; 
excellent electrical properties; 
wide chemical resistance; 
Resistant: alcohols, bases; 
Not Resistant: concentrated acids, hy-
drocarbons 

Injection molding;  
hot embossing; 
 laser ablation 

PDMS 

Transparent elastomer; 
high gas permeability; 
high thermal stability; 
chemically inert;  
Resistant: weak acids and bases; 
Not Resistant: concentrated acids, hy-
drocarbons 

Soft lithography;  
direct laser writing 

PC 

Thermoplastic; 
high stiffness and strength; 
high thermal stability; 
Resistant: alcohol, acids; 
Not Resistant: hydrocarbons, ketones  

Injection molding;  
hot embossing;  
laser ablation 
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TOPAS 5013L-10 (TPAS Advanced Polymers GmbH) was the thermoplastic of 
choice for Paper I, as it has a high thermal stability and low material shrinkage enabling 
replication of nanostructures through molding [246]. PMMA was chosen as core material 
for platform manufacturing through industrial mass-fabrication (Paper II) and rapid pro-
totyping (Paper III, IV) for other applications presented in this thesis work (paracetamol 
detection in urine and water, melamine detection in milk). PMMAs high optical transpar-
ency, low cost, biocompatibility and flexible manufacturing capabilities makes it the ideal 
choice for practical applications involving no harsh organic solvents or acids.  

As mentioned previously, material choice and fabrication method are interdepend-
ent and need to be selected in accordance with the desired application purpose. For 
selecting a suitable fabrication method, a wide range of parameters need to be taken 
into consideration, including material compatibility, fabrication time, fabrication cost, 
mass fabrication capabilities, complexity of optimization procedures, system failure rates 
etc. As a rule of thumb, manual rapid prototyping approaches, such as 3D printing and 
laser ablation, allow rapid alterations of manufacturing parameters through hand-on op-
eration and low complexity of optimization procedures. However, they have longer fabri-
cation times and higher system failure rates due to the manual manipulation of every 
single sample. High-throughput fabrication technologies utilized in the industry, such as 
injection molding and hot embossing, allow low cost fabrication of high sample volumes, 
but require complex optimization procedures and are not flexible to alterations in the 
fabrication procedure once established (see Table 5.2). 
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Table 5.2: Polymer-based fabrication techniques and their advantages and disad-
vantages. Adapted from [247][245].  

Type Advantages Drawbacks 

Laser ablation 

Compatible with rapid prototyp-
ing; 
Highly flexible; 
production of large formats; 
automation capabilities; 
cost-effective manufacturing 

Limited material selection;  
limited size resolution;  
multiple sessions required 

Injection molding 

Precise replication of nanostruc-
tures; 
mass production capabilities; 
low cycle time and large batch 
size; 
highly level of automation 

Limited to thermoplastics;  
high mold costs; 
complex optimization process; 
complex instrumentation 

Hot embossing 

Precise replication of nanostruc-
tures; 
mass production (R2R) capabili-
ties 

Limited to thermoplastics;  
structure height limitations 

Photolithography Ideal for controlled fabrication of 
microscale features 

Complex, multi-step fabrication pro-
cess; 
structure height limitations 

Direct laser writ-
ing 

High resolution achievable; 
Highly flexible; 
no mask material required; 
 

Slow manufacturing process; 
structure height limitations; 
costly 

Soft-lithography  

Compatible with rapid prototyp-
ing; 
high resolution; 
high flexibility;  
cost effective 

Vulnerable to manufacturing defects; 
reliant on elastomers which are 
rarely usable in mass fabrication;  
low throughput 

3D-printing 

Compatible with rapid prototyp-
ing; 
Highly flexible; 
Fabrication of complex 3D 
structures; 

Limited size resolution; 
Challenging for mass fabrication; 
Long cycle times 
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Laser ablation is a photothermal process [248], relying on melting and immediately 
vaporizing a polymer in its monomer form to avoid contamination by degradation prod-
ucts. For prototype manufacturing in Paper III and Paper IV, a tabletop CO2 laser cutter 
(Epilog Mini 18, 30 W from Epilog, USA) was used to cut PMMA layers for manufacturing 
of static fluidic structures. The laser emits an infrared radiation at 10.6 µm, which is ef-
fectively absorbed by the PMMA causing a localized temperature increase and vapori-
zation of the polymer. Laser ablation can be utilized for engraving and cutting through 
polymers with high precision. However, laser frequency, laser power, number of itera-
tions and writing speed of the laser need to be optimized in order to achieve clean cuts 
and to avoid contamination of fabricated structured through redepositing of molten poly-
mer. For prototype manufacturing, cutting parameters were optimized according to 
PMMA thickness. In general, clean cuts with straight sidewalls were achieved when uti-
lizing a low laser power (20%), high speed (80%) and several alterations (3 for 0.5 mm 
PMMA sheet). Laser ablation cutting is a simple, easy-to-use polymer manufacturing 
technology for rapid prototyping, which requires a minimal amount of manufacturing op-
timization. However, sample volumes and capabilities for automation are limited.  

IM on the other hand, is an industrial manufacturing technology, that allows high-
throughput fabrication of microfluidic devices from a variety of thermoplastics at low-
costs and large sample volumes [249]. IM is the process of heating polymer pellets above 
their glass transition temperature and subsequently injecting the liquid polymers under 
constant pressure into a closed mold structure containing a shim with the desired struc-
tural feature. After injection, the mold is cooled to allow the polymer to solidify and the 
finished piece is ejected.  

Mold structures, so called shims, can be fabricated for larger structures (mm size) 
in Aluminium (Al) through milling or for nanometre sized structures through electroplating 
of nickel. Milling is a subtractive manufacturing process used to remove bulk material 
from a workpiece utilizing a cutting tool (endmill) [250]. For a milling process, a three-
dimensional model of the desired structure is designed utilizing 3D modelling software 
(Autodesk AutoCAD) and translated into a numerical code containing information about 
the structure, endmills and milling paths. Milling can be used to directly manufacture 
usable fluidic structures or mold structures for other manufacturing technologies, such 
as hot embossing, soft-lithography or IM. The multi-well design presented in Paper III 
was additionally to PMMA fabricated from Al and poly(tetrafluoroethylene) to manufac-
ture reusable, chemical resistant sample holders. Mold structures for microfluidic chan-
nels utilized for IM in Paper I and Paper II were manufactured through milling as well.   
As discussed in Chapter 3, IM has been sparsely used for fabrication of SERS substrates 
([120], Paper I), but has been routinely used for reproducible high-throughput fabrication 
of nanostructured surfaces with high aspect ratios (height-to-width >1) [118], [119], 
[251]–[253]. Capabilities of IM for the fabrication of nanostructured surfaces are highly 
dependent on the dimensions of the target nanostructures [252], [254], [255]. Target 
structures highly govern polymer-filling patterns of mold cavities and polymer contraction 
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at the cooling stage. Optimization of the IM procedure according to material choice and 
process parameters, such as mold temperature, holding pressure, injection velocity, in-
jection pressure and holding time, offer a level of control over replication of nanostruc-
tures. TOPAS, the thermoplastic of choice for Paper I, has high thermal stability and low 
material shrinkage [246]. 
 

  
 

Figure 5.6: SEM images of polymeric nanocone substrates fabricated at the optimized process 
mold temperature of 155 ˚C and holding pressure of 450 kN (A). Variation of either holding pres-
sure (350 kN) or mold temperature (145 ˚C) highly impact the resolution of resulting nanostruc-
tures, as shown via SEM images (B). 
 

Figure 5.6 illustrates the influence of IM process parameter optimization on result-
ing nanostructures. Already slight variations of a single parameter from the optimized IM 
settings reported in Paper I results in significantly less defined nanostructures. The opti-
mization of molding parameters allows for an automated production of large sample vol-
umes with short fabrication cycles. However, it hinders rapid prototyping and is mainly 
valuable when the design of the structure has been optimized, as process optimization 
is a laborious and costly process.  

Typically, open system and microfluidic systems are composed of at least two sub-
units made of identical or different materials. Bonding of sub-units to a functional fluidic 
device is a critical step in manufacturing. Bonding methods need to be compatible with 
the material selection and lead to leak-free joining of sub-units without diminishing their 
intrinsic morphology or function. A variety of joining methods for polymers, which are 
summarized in Table 5.3, were developed in order to accommodate a variety of material 
properties. Indirect bonding methods, such as mechanical fastening or adhesive bond-
ing, rely on additional components (fasteners) and materials (adhesives) to promote 
bonding not only between thermoplastics, but also to bond together sub-units from dif-
ferent materials. Polymer welding methods, on the other hand, are used to directly bond 
thermoplastic components by exploiting their material properties [256]. They provide fast 
bonding methods in a fast and secure manner, which is especially interesting for indus-
trial application [256], [257].   
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Table 5.3: Overview of plastic joining methods covering the applied bonding principle and listing 
advantages as well as disadvantages of the technique. Adapted from [256].  
 

Type Sub-cate-
gories Bonding Principle Advantages Drawbacks 

Mechanical 
fastening  

Mechanical assem-
bly using fasteners 
(e. g. screws, rivets, 
ropes) 

Applicable to 
multi-material 
systems; 
allows 
disassembly of 
system 

Stress concentra-
tion at fasteners; 
Material corrosion 
and wear through 
varying material 
properties 

Adhesive 
bonding  

Material bonding 
with chemical adhe-
sive at controlled 
temperature and 
pressure 

Applicable to 
multi-material 
systems; 
fast bonding; 
compatible with 
rapid prototyping; 

Extensive surface 
preparation; 
Presence of bond-
ing agent (additional 
material) 

Polymer 
Welding 

Ultrasonic 
welding; 
Heat 
sealing 

Localized bonding 
through localized 
material softening 
by heat or solvents 

stable bonding; 
low failure rate af-
ter established; 
scalable 

Limited to thermo-
plastics; 
complex procedure; 
requires careful 
optimization 

 
The integration of brittle materials, such as glass or Si-based SERS chip within a 

rigid thermoplastic microfluidic system can be challenging [258]. For bonding of such 
systems and integration of sensors in a fluidic platform, adhesive bonding is a commonly 
applied technique in rapid prototyping. Adhesive bonding relies on joining of sub-units 
by adding a chemical adhesive between the layers and subsequently applying appropri-
ate heat and pressure to increase the mating contact force. The process is straightfor-
ward and can be easily adjusted, as it allows bonding of a variety of material types and 
multiple layers, which allows a very flexible approach to system design and optimization. 
Pressure sensitive adhesives (PSA) are commonly utilized for adhesive bonding for flu-
idic systems [259] as they can be cut according to the desired system design and do not 
necessarily require additional equipment for system integration. Double-sided PSA (AR-
care_90106 Adhesive Research Ireland Ltd.) was used in Paper II to integrate Si chips 
into the microfluidic channel. The system designs of Paper III and IV utilized PSA based 
system integration as well to integrate PMMA layers, Si SERS chips and microscope 
glass slides into compact open systems for static analysis, as described in section 5.1.1 
of this chapter. The utilized PSA is a transparent, thin polyester film coated on both sides 
with a MA-69 acrylic hybrid medical adhesive protected by liners for easy handling. A 
computer-controlled tabletop plotter (Silhouette Cameo Plotter, Silhouette America Inc., 
Utah, US) was used to cut system features through the PSA utilizing a needle blade. 
Blade depth and cutting spread were adjusted to the desired features. After cutting the 
desired PSA design, excess material was removed with a sharp blade before manual 
system assembly. PSA layer design corresponded to the desired PMMA layer design 
with a margin of 0.5 mm in order to avoid directly exposed PSA edges at the sides of the 
system design and allow room for irregularities in system alignment.  
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However, when the system is to be used with harsh solvents [8] or biological as-
says, direct polymer welding methods, such as thermal bonding and USW [256], [260], 
are more beneficial. Direct polymer welding technologies can be applied to various ther-
moplastic materials and are well-established fusion processes in the automotive, aircraft, 
packaging and medical industry [256]. Polymer welding procedures include bonding 
methods facilitated by thermal processes, friction and EM forces, as summarized in Fig-
ure 5.7 [261]. 

 

 
 

Figure 5.7: Overview of direct polymer welding techniques for joining of thermoplastics. Adapted 
with permission from [261]. Copyright 2010 Elsevier.  
 

In Paper II, the injection molded PMMA microfluidic disc containing SERS chips 
integrated with PSA and a flat PMMA disc lid were joined through thermal self-bonding. 
In thermal self-bonding, the substrates are heated to a temperature near their glass tran-
sition temperature and pressure is applied to promote chain interdiffusion. To apply equal 
pressure and ensure proper disc alignment, the microfluidic disc components were sand-
wiched between a custom-made alignment tool covering both system sides with disc-
sized smooth aluminium plates (t = 1 cm). For the bonding procedure, the sandwiched 
disc was placed into a bonding press heated to 100 ˚C at a pressure of 5 kN Bond 
strength achieved through thermal bonding can be significantly higher than other direct 
bonding procedures, but can practically fail easily when system components have vari-
able heating properties [247], [261]. The disc design in Paper II contains not only a SERS 
chip, but furthermore features microchannels resulting in varying air gaps and material 
thicknesses across the disc. To avoid uneven material heating and eventual material 
sacking and subsequent channel closure, the bonding press heater system was 
switched-off after one minute of initial bonding time and the entire system cooled down 
to room temperature under the applied pressure. Each disc bonding cycle required there-
fore 45 minutes, which limits he throughput of disc assembly significantly.  

USW is a friction bonding technology relying on transmitting ultrasonic vibrations 
(frequency: 20–40 kHz) through the material and sub-unit joining through localized melt-
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ing at irregularities on the contact surfaces. It is the most commonly used welding tech-
nology for thermoplastics in industry, as it allow fast joining of sub-units without heating 
or soldering materials and it is easy to automate [247]. Engineered contact surfaces, 
called energy directors, can be designed to direct the vibrational energy into predeter-
mined spots across the surface. Energy directors can be fabricated through injection 
molding by laser micromachining regular spaced triangular grooves along the outside of 
microfluidic features on a milled aluminium shim [248], [257], as depicted in Figure 5.8. 
For joining, a flat and a micro structured surface is welded together through localized 
melting of energy directors after applying a short ultrasonic vibration pulse through a 
sonotrode of an ultrasonic welder (Telsonic USP4700 20kHz ultrasonic welder, Telsonic, 
Erlangen, Germany). For efficient welding, both pieces should be placed parallel to the 
sonotrode in order to facilitate proper distribution of the vibrational energy.  

Due to the high vibrational energy, USW welding is not compatible with brittle sub-
strates, such as Si chips. AuNP substrates integrated into a microfluidic disc design shat-
ter upon USW [258]. Alternatively, the AuNC substrates introduced in Paper I are mor-
phological sturdy and easily survive high energy burst during USW. Hence, straightfor-
ward fluidic integration of high-quality SERS substrates through USW is possible for 
these substrates.  

 

 

 
Figure 5.8: USW integration principle of thermoplastic components of a simple microfluidic chan-
nel. Adapted with permission from Paper I. Copyright 2018 American Chemical Society.  
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6. Conclusion and future perspectives 

The main objective of the PhD project was to develop SERS sensing platforms that 
enable reliable analysis of real-life liquid samples. Routine quantitative SERS requires a 
uniform SERS-enhancing substrate, providing a reliable and reproducible spectral fin-
gerprint (Chapter 3). The state-of-the-art gold-capped nanopillar substrates utilized in 
this thesis fulfil these requirements. However, they are fabricated utilizing Si based clean-
room manufacturing, which makes them challenging to integrate with microfluidic sys-
tems. Fully-polymeric gold-capped nanocone (AuNC) SERS substrates inspired by 
AuNP structures were fabricated through injection molding, an industrial mass-fabrica-
tion technology, as a cost-effective alternative to classical clean room fabrication. AuNC 
substrates exhibited high SERS signal enhancement (5 x 106) with good macroscale 
uniformity and mechanical stability. The full polymeric system design enabled straight-
forward system integration into a microfluidic device through USW, eliminating the need 
for additional Si chip integration procedures. The modular design of polymer SERS-sub-
strate base and microfluidic lid enables integration of a variety of channel designs suita-
ble for a wide range of envisioned applications for static and liquid sensing (Paper I).  

SERS-sensing applications are furthermore limited by localization of target mole-
cules on plasmonic enhancement sites (hotspots). Target analyte-surface interactions, 
especially for molecules with low Raman cross-section and weak metal affinity, need to 
be facilitated to enable quantitative detection. AuNP substrates do not enable liquid sens-
ing intrinsically as they are hydrophobic in nature and rely on organic solvents to enable 
homogenous analyte substrate distribution, which is an important factor for reliable quan-
titative SERS detection. This makes them challenging to use with aqueous samples. We 
demonstrate that a simple surface treatment based on a combination of UV-Ozone is 
able to reduce organic contaminations on the sample surface and render AuNP surfaces 
hydrophilic after only 30 minutes of treatment (Paper III). UV-Ozone treatment of SERS 
chips enables direct detection of molecules in water-based samples with good signal 
enhancement. UV-Ozone treated SERS substrates were utilized for analysis directly in 
liquid, facilitated through a simple multi-well static detection platform, which allows free-
dom over the envisioned target application. Alternatively, substrates could be dipped di-
rectly into liquid samples and subsequently dried in order to achieve higher signal en-
hancement. The platform was demonstrated on direct sensing of sterile filtered environ-
mental water samples and bacterial supernatants. Albeit the surface treatment technique 
allows for more flexibility of sampling, the substrate remains vulnerable to surface fouling 
through complex sample matrices. Furthermore, target analyte-surface interactions are 
only indirectly affected, not leading to significant control over magnitude of signal en-
hancement.  
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Target analyte-SERS substrate interactions were more directly controlled through 
combination of electrochemical charge control. We demonstrate that by controlling the 
surface charge of the SERS substrate and molecular charge of the target analyte, SERS 
signal sensitivity can be greatly enhanced. Additionally, the charge dependent regener-
ation of the SERS substrate allowes for reliable and repetitive measurements on a single 
chip, overcoming variations between single chips. The compact static platform design is 
easy to use and allows direct interfacing with a Raman microscope and potentiostat. 
Quantitative detection capabilities have been demonstrated utilizing the model analyte 
melamine in milk. Milk was treated with a simple solid phase-separation step to remove 
fats and proteins from the sample. The in-situ reversibility of the technology opens up 
potential application for on-site detection, as the system can be interfaced with other 
structures. The system, however, remains vulnerable to surface fouling effects of com-
plex sample matrices and requires a high level of knowledge about the desired analyte, 
as molecular charges need to be controlled. The electrochemical-assisted SERS en-
hancement works reliable on AuNP substrates, but development of designated sub-
strates with continuous metal layers would be beneficial for the system performance.  

Practical applications of SERS sensing with real-life analytical samples, such as 
biological fluids and food matrices, are hindered by the complexity of such samples and 
requirements for costly pre-treatment and purification technologies. AuNP substrates in-
tegrated in a LoD platform designed by O. Durucan allow for (i) precise and fully auto-
mated sample manipulation and (ii) spatial separation of sample matrix components 
through nanopillar-assisted SERS chromatography (Paper II). The system enables sim-
ultaneous qualitative separation of human urine components (urea, uric acid and creati-
nine) and quantitative analysis of the model drug paracetamol. The designed platform is 
highly suitable for separation, identification and quantitation of analytes dispersed in 
complex biological fluids. However, separation of multiple small analytes with low metal 
affinity remains a challenge with this system. The separation principle could be combined 
with UV-Ozone surface treatment to enable nanopillar-based filtration without centrifugal 
aid in static systems, similar to classic thin layer chromatography approaches. 
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ABSTRACT: To enable affordable detection and diagnostic,
there is a need for low-cost and mass producible miniaturized
sensing platforms. We present a fully polymeric microfluidic
lab-on-a-chip device with integrated gold (Au)-capped
nanocones for sensing applications based on surface-enhanced
Raman spectroscopy (SERS). All base components of the
device were fabricated via injection molding (IM) and can be
easily integrated using ultrasonic welding. The SERS sensor
array, embedded in the bottom of a fluidic channel, was
created by evaporating Au onto IM nanocone structures,
resulting in densely packed Au-capped SERS active nanostructures. Using a Raman active model analyte, trans-1,2-bis-(4-
pyridyl)-ethylene, we found a surface-averaged SERS enhancement factor of ∼5 × 106 with a relative standard deviation of 14%
over the sensor area (2 × 2 mm2), and a 18% signal variation among substrates. This reproducible fabrication method is cost-
effective, less time consuming, and allows mass production of fully integrated polymeric, microfluidic systems with embedded
high-density and high-aspect ratio SERS sensor.
KEYWORDS: microfluidics, polymer injection molding, SERS, SERS substrates, plasmonic, lab-on-a-chip, chemical sensing

■ INTRODUCTION
In biomedical diagnostics, food safety, and environmental
monitoring, there is a need for fast but accurate analysis with
high sensitivity and selectivity at a relatively low cost.1,2

Detection in microfluidics allows short detection time and
handling of low (few microliters) sample and reagent volumes,
thus reducing the time and cost per analysis.3 It has been
shown that in combination with fast, highly sensitive, and
highly specific detection method, such as Raman spectroscopy,
analysis in microfluidics can be a powerful detection tool.4

Surface-enhanced Raman spectroscopy (SERS) is an ultra-
sensitive analytical technique to identify molecules at low
concentrations using the vibrational fingerprints of analytes.
SERS utilizes plasmonic nanostructures, e.g., silver or gold
nanoparticles, that greatly amplify the nearby electromagnetic
fields, i.e., in the so-called hot spots, generated by localized
surface plasmon resonance.5 If a target molecule is situated in a
hot spot or in its close proximity (within a few nanometers),
the Raman scattering signal can be increased by more than a
million times.6 This dramatic signal increase allows detection
of low concentrations of analyte, even single molecules.7 A
great variety of plasmonic nanostructures can be utilized as
SERS substrates, including bowtie antennas,8 nanohoodoos,9

and nanopillars.10,11

Due to the growing availability of highly sensitive
homogeneous SERS substrates12−14 and miniaturized spec-

trometer systems,15 SERS applications are gaining more and
more interest.16,17 Besides maximizing the SERS enhancement
factor (EF), recent research has focused on producing SERS-
active surfaces exhibiting high reproducibility with simplified
fabrication methods.14,18,19 Developments in micro- and
nanofabrication techniques have resulted in increasingly
sophisticated, high-performance SERS substrates manufactured
using both bottom-up techniques20,21 and top-down ap-
proaches, including electron beam22 and nanosphere lithog-
raphy.23 Now, there are also examples of SERS substrates made
from glass,24 plastic,25−27 and paper,28,29 suggesting cost-
efficient, easy-to-fabricate sensors.
To reduce the complexity and cost of fabrication, maskless

reactive ion etching and subsequent Au evaporation onto
silicon (Si) wafers have been developed.14 This process
produces dense Au-coated Si nanopillars, which, after
evaporation of a deposited solvent, resulted in self-assembled
plasmonic nanogaps as SERS hot spots.14,19 These nanopillars
fabricated via a lithography-free method constitute highly
sensitive and reproducible large-area plasmonic surfaces in a
scalable and cost-effective fashion. Using these substrates, we
have recently demonstrated the potential of quantitative SERS
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in fluidics for the detection of secondary metabolite produced
and secreted by Escherichia coli,12 as well as trace analysis of
melamine in adulterer milk30 and cloxacillin in food samples.31

Integration of SERS sensing with microfluidics is advanta-
geous due to ease of liquid handling and automation of
assays.30,32,33 The most common approach is to use nano-
particles,34,35 either immobilized36 or in solution.35 Because
nanoparticle-based SERS detection systems were often hard to
control and reproduce,36 research has moved toward surface-
templating approaches37,38 and incorporating immobilized
metallic nanostructures, often made from Si wafers, with
microfluidics for SERS sensing.30,32,33,35,39−41

Integration of Si SERS substrates with microfluidics has
been already achieved using poly(dimethylsiloxane)
(PDMS).33 However, PDMS has several disadvantages,
including incompatibility with nonpolar solvents and surface
biofouling with biomacromolecules.42 Alternatives to PDMS
include rigid thermoplastic polymers, which are chemical
resistant and optically transparent.32,43 These materials are
compatible with micromachining and can be produced in large
quantities at low cost through thermomolding.44

Nevertheless, the integration of a Si-based SERS chip within
a rigid thermoplastic microfluidic system can be challenging.45

For bonding of such systems and integration of sensors in a
fluidic platform, adhesive- and pressure-sensitive tapes are
widely used.46 However, when the system is to be used with
harsh solvents32 or for biological assays, it would be beneficial
to apply other bonding methods, such as thermal or UV-
assisted bonding and ultrasonic welding (USW).30,47,48

Considering the fragility of Si substrates,32,43,45 thermal or
UV-assisted bonding is not always suitable. The optimal
approach would be to have the sensor natively embedded as a
structural part of the fluidic system. This has been proposed in
the case of integrating thin-film electrodes into polymeric
devices for electrochemical sensing, fabricated by a combina-
tion of injection molding (IM) and USW.47

High-throughput fabrication techniques, such as polymer
molding, are promising for manufacturing integrated micro-
nanosystems with high reproducibility.49 Typical molding
techniques include soft lithography, nanoimprint lithography,
roll-to-roll embossing, and injection molding (IM). Soft and
nanoimprint lithography have been successfully used to create
plasmonic nanostructures in soft polymers50,51 and thermopol-
ymers.52 However, these techniques are usually time and
resource consuming. Roll-to-roll embossing is promising for
large-scale production of nanostructured surfaces.27,53,54 For

example, it has been used to fabricate nanopyramid structures
for SERS sensing by Uusitalo et al.53 They have further
integrated the SERS sensors with microfluidics using adhesive-
laminated films to producing a cheap, disposable, and single-
use sensing system.27,54

IM has been scarcely used to fabricate SERS substrates,
although it has been widely applied to create various
nanostructures with high reproducibility.55,56 By tuning the
process parameters of IM, well-defined micro- and nanostruc-
tures with high aspect ratios (height-to-width >1) can be
obtained.57,58 Reyer et al. have fabricated SERS substrates
using an IM process that renders microhole structures,
followed by silver deposition, and chemical etching.59 Micro-
fluidic integration has not been implemented.
In this paper, we report a novel process for the large-scale

fabrication of polymeric microfluidic devices with natively
embedded uniform polymer nanocone structures for SERS
sensing using nanoscale IM, Au evaporation, and USW. To the
best of our knowledge, we present for the first time, by USW,
the integration of SERS substrates made using IM in a
microfluidic system. Notably, the IM process directly renders
large-area polymeric nanocone structures. After metallization, a
surface-averaged SERS enhancement factor of ∼5 × 106 with a
relative standard deviation of 14% over 2 × 2 mm2 areas and
an 18% signal variation across substrates are achieved.
Moreover, the demonstrated fabrication method enables easy
and straightforward fluidic integration of high-quality SERS
substrates while eliminating unavoidable wet chemistry
nanostructuring steps in the fabrication of previously reported
polymeric SERS substrates.54,59

■ EXPERIMENTAL SECTION
Fabrication of Injection-Molded Polymer SERS Substrate.

For the injection-molded nanocones, a nickel (Ni) shim was
fabricated using a Si-based nanocone structure obtained by maskless
dry etching (Advanced Si Etcher, STS MESC Multiplex ICP). The
nanocone shape was obtained by increasing the oxygen content (5%)
in the protocol previously used for nanopillar fabrication by Schmidt
et al.14 Nickel vanadium (NiV, t = 100 nm) was then sputtered
(Wordentec) on the Si nanocones and used as seed layer for
electroplating. Subsequently, 340 μm of Ni was electroplated
(Electroplater Techno Trans) and, finally, the Si master was etched
away in a standard potassium hydroxide (KOH) wet etching, leaving
behind the Ni shim patterned with conical holes.

Replicas of the nanocone shim in TOPAS 5013L-10 cyclic olefin
copolymer (TOPAS, TOPAS Advanced Polymers GmbH) were
achieved using an industrial injection molder (Engel Victory 80/45

Figure 1. Components of the injection-molded fluidic SERS chip (a). The lid with luer fittings and fluidic channels were ultrasonically welded with
the polymeric unit containing the Au-capped nanocone SERS structures. All parts were fabricated by IM and joined by USW utilizing 50 μm tall
energy directors (b).
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Tech with an ERC 13/1-F robot) and a microscope slide (25 × 75
mm2) tool. The optimized IM parameters utilized are described in the
Results and Discussion Section.
The Au caps at the tips of the nanocones were formed by a 190 nm

e-beam Au evaporation (Alcatel SCM 600 E-beam and sputtering
deposition system). To define separate SERS sensor areas, a laser-
milled aluminum (Al) shadow mask with five openings, each
measuring 2 × 8 mm2, was used. The nanostructures were
characterized after each fabrication step using a scanning electron
microscope (Zeiss Supra VP 40 SEM).
Microfluidic Integration by Ultrasonic Welding. The SERS

structures were combined with an IM microfluidic lid, fabricated also
from TOPAS 5013L-10. The lid consists of a main channel (1 × 30 ×
1 mm3 (w × l × h)) and y-shaped inlet and outlet (see Figure 1a).
Inlet and outlet are connected to standard fluidic luer fittings via holes
drilled on top of the microfluidic lid. To enable a fully IM system, the
shims for the microfluidic channels and luer fittings were mechanically
milled in Al. To enable USW, the grooves were engraved around the
microfluidic structure on the Al shim (see Figure 1b) by laser
micromachining (microSTRUCT vario, 3D-Micromac AG). The
grooves had width and depth of 50 μm each and a pyramidical
morphology, which served as energy directors (see Figure 1b) for the
chip assembly with USW.
The luer fittings and the microfluidic lid were also fabricated via IM

by utilizing TOPAS with the same IM parameters. Subsequently, 2
mm holes were drilled manually at the ends of the inlet and outlet
structures. The USW, for bonding the three components (luer fittings,
microfluidic lid, and nanostructured SERS substrate), was carried out
with a 350 N trigger force (P), 90 J energy (EUSW), transducer
amplitude of 50%, and a 2 s holding time using an Ultrasonic welding
system (USP 4700, Telsonic AG), as shown in Figure 1b.
Dark Field Scattering Measurements. An inverted microscope

(Nikon Ti-U) was used with a 50× objective (CF LU Plan Fluor Epi),
a working distance of 1 mm, and a numerical aperture of 0.8. The
incident angle was ∼50°. The scattered light was collected from the
center of the objective and subsequently guided into a spectrometer
(Shamrock Spectrograph SR-303I-A).
SERS Measurements. SERS measurements were carried out

using a Raman microscope (Thermo Scientific DXRxi) equipped with
an electron multiplying charge coupled device and a 780 nm laser.
The measurements were recorded with 5 mW laser power, exposure
time of 0.05 s, a 10× objective, a 50 μm slit, and a step size of 100 μm.
The experiments were performed using the model analyte trans-1,2-
bis-(4-pyridyl)-ethylene (BPE, Sigma-Aldrich) dissolved in 99%
ethanol (EtOH).
In static condition, maps were obtained for five drops of 1 μL BPE

deposited along each SERS sensor and dried. Calibration curves were
constructed using a range of BPE concentration from 0.1 μM to 10

mM. In fluidics, experiments were performed using a syringe pump
(PH 2000 Programmable, Harvard Apparatus) connected to a
microfluidic system through luer fittings. Before taking the measure-
ment, the system was rinsed with EtOH and purified water (MQ) to
remove impurities left in the channels from the fabrication process.
The measurements were performed using 1 mM BPE in EtOH, which
was mixed in 1:1 with MQ in the channel at 100 μL min−1. At the end
of the experiment, the channel was thoroughly rinsed with MQ and
EtOH at 50 μL min−1 for 15 min. The SERS maps were collected at 5
and 40 min after introducing BPE in the fluidic system in a liquid.
Additional maps were taken in dry condition afterward on the same
sensor.

■ RESULTS AND DISCUSSION
Fabrication of Polymer Nanocones. The fabrication of

IM polymer nanocone SERS substrates is a three-step process.
A nickel (Ni) shim is obtained from Si-based nanocones.
Subsequently, polymer nanocones are created by replication of
the IM. Finally, Au caps are formed at the top of the
nanocones by e-beam evaporation. The procedures are further
illustrated in Figure 2, showing a Si wafer (a), on which dense
Si nanocones were formed after maskless reactive ion etch (b).
For the IM shim fabrication, a seed layer of NiV was sputtered
and Ni was electroplated onto the Si structures (c). Si was
subsequently removed by a KOH wet etching procedure,
leaving behind the Ni shim with conical holes (d). The
obtained Ni shim was used to manufacture polymer nanocones
with IM (e). Finally, Au was evaporated onto the polymer
nanocones, resulting in the formation of Au nanocaps at the
tips of the nanocones (f).
Figure 3a−d presents the scanning electron microscopy

(SEM) images taken in between major steps during the
fabrication process. The obtained Au-capped polymer nano-
cones show structural uniformity over large areas, as shown in
Figure 3e.
During the shim fabrication, the Si nanocones were realized

by increasing the oxygen flow by 5% compared to previously
reported value used for fabrication of Si nanopillars (Figure
3a).14 The conical structures facilitate the filling of cavities
during injection and, more importantly, minimize damage
during demolding.
When evaluating the SEM images of the nanocones (Figure

3c), we found that the polymer structures have a larger radius
of curvature than the initial Si nanocones used for the mold

Figure 2. Illustration of the fabrication process of polymer-injected nanocones for SERS. A blank Si wafer (a) after maskless reactive ion etching
(b) was used to fabricate Si nanocones. NiV sputtering and electroplating (c) followed by KOH etching (d) were used for the fabrication of an IM
shim. Nanocones replicated in polymer using IM (e) and Au evaporation (f) were used to create Au-capped SERS sensors.
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(see Figure 3a). This effect could be ascribed to the fact that
during cooling, the TOPAS cools unevenly in the mold
structures. As a result, the tip and surface of the nanocone
structures cool first, whereas the inner base of each nanocone
remains warmer and therefore more viscous. During
demolding, the polymer stretches due to friction between
polymer and mold walls. Whereas the tip area has the highest
friction, the middle of each nanocone stretches slightly due to
higher polymer viscosity.60 Subsequent deposition of 190 nm
Au resulted in closely spaced metal caps with an average
diameter of 116.6 ± 10 nm and height of 225.5 ± 36.4 nm (n
= 20, see Figure S1b, Supporting Information). The formation
of Au caps was therefore not affected by the high polymer tip
curvature.
Achieving high aspect ratios (height-to-width >1) in IM

processes is highly dependent on the size and density of the
target nanostructure.57,61,62 The dimension of the target
nanostructure also dictates the polymer filling patterns of the
mold cavities and the polymer contraction during cooling, all
of which play a major role in the success of the IM process.62

Hence, it is crucial to use polymers with a low thermal
contraction coefficient to minimize (i) shrinkage during the
cooling of the polymer and (ii) subsequent polymer
contraction out of the mold cavity that can lead to poorly
defined nanostructures. The temperature difference is typically
between 100 and 150 °C, resulting in a material shrinkage of
about 10%.
With TOPAS, we successfully fabricated polymer nanocone

replicas from a nanostructured shim (Figure 3) because it has
comparable low material contraction63 and thermal stability.
During the IM process, TOPAS was heated to a melting
temperature of 250 °C and injected into a heated (155 °C)
mold at the injection pressure of 1150 bar, with the injection
velocity decreasing from 15 to 4.5 cm3 s−1. The polymer was
held inside the mold with holding pressure of 450 kN, followed
by a demolding step, which occurred when the mold was
cooled down to 105 °C. Examples of demolded, homogeneous
large surfaces of polymer nanocones are shown in Figure 3e.

For each IM cycle (injection, holding, and demolding) of 240
s, one microscope slide (25 × 75 mm2) was fabricated.
The resulting polymer structures have a height of

approximately 175 nm, a width of 55 nm, and an aspect
ratio of 3.25. To reduce friction effects between the mold insert
and polymer, thus facilitating demolding and avoiding fracture
and uneven cooling, an antistiction layer is usually applied to
the mold.58 However, this adds another processing step into
the shim fabrication procedure. Notably, through structural
adjustment and optimization of the IM process, we achieved
tall nanostructures (h = 175 nm) with a high aspect ratio
(3.25) over large areas without using an antistiction layer.

Characterization of Polymer Nanocone SERS Sub-
strate. Dark-field scattering measurement was performed to
reveal the plasmonic response of the substrate and to find their
optimal SERS excitation wavelength.64 As shown in Figure 4a,
the scattering intensity displays a maximum around 820 nm,
near which strong localized surface plasmon resonances are
revealed.19 Therefore, a laser excitation at 780 nm was chosen
for the SERS measurements to achieve optimal signals. In
addition, Figure 4a shows that the dark-field spectra obtained
on a fresh and a used substrate were very similar, indicating
that there was scarcely any difference in their surface
morphology. Indeed, as shown by Figure 4b,c, the nanostruc-
tures look very much alike before and after usage. Their
structural robustness can be ascribed to their conical shapes,
which prevented them from clustering during wetting and
drying.
The surface-averaged SERS enhancement factor (EF) of the

substrate was estimated using the following equation

I N
I N

EF
/
/

SERS SERS

RS RS
=

where ISERS and IRS describe the SERS and the Raman
intensity, respectively. NSERS and NRS denote the number of
analyte molecules probed in the SERS and the Raman
measurements. To establish IRS, a 0.1 M BPE solution was
deposited onto a glass microscope slide. With a 50× objective

Figure 3. SEM images of Si nanocones (a) and the resulting nanoholes in the Ni shim (b). IM polymer nanostructures before (c) and after Au
deposition (d). SEM images (a)−(d) were taken at a 30° tilt. Top-down SEM images (e) showing large areas of Au-capped polymer nanostructures
at different magnifications.
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and an excitation laser of 780 nm at a power of 1 mW, 1.4
counts mW−1 s−1 were measured at the 1200 cm−1 peak. With
an interaction volume of 60 μm3, NRS was estimated to be 3.6
× 109. To establish the values for ISERS and NSERS, 1 μL of 1
mM BPE solution was pipetted onto the nanocone SERS
substrate. The droplet spread fast on the surface and dried
within a few seconds. The introduced BPE solution formed a
quasi-circular pattern with a radius of ∼5000 μm. This leads to
BPE with a surface density of 7.67 × 106 μm−2 on the
substrate. Using identical conditions as for IRS, an average value
of ∼9000 counts mW−1 s−1 (ISERS) was measured for the 1200
cm−1 peak. Assuming uniform adsorption of BPE on Au and
taking the topography of the Au surfaces into consideration,
NSERS was estimated to be 5 × 106 at the density of ∼18
nanocones μm−2 and a laser spot size 0.8 μm in radius. Hence,
the calculated surface-averaged EF becomes 5 × 106. Note that
this EF is an averaged value obtained by assuming that all the
adsorbed analytes contribute equally to the integrated SERS
signal.9 It is thus not the maximum enhancement, which others
have attempted to calculate by estimating the number of
analytes in the hot spot(s).

SERS Sensing in Static Conditions. First, the fabricated
Au-capped nanocone SERS substrates were characterized and
applied for sensing under static conditions. It was possible to
achieve a clear SERS signal from the frontside of the substrate,
as shown in Figure 5a. Highest SERS intensities were obtained
for polymer nanocone substrates with a 190 nm thick Au layer
deposited (see Figure S1, Supporting Information). We
furthermore observed that the SERS signal recorded from
the backside of the substrate was 82.5% lower than that taken
from the front and the TOPAS peaks dominated the spectrum.
Characteristic peaks from TOPAS65 were observed at 883,

Figure 4. Dark-field scattering spectra (a) of plasmonic polymer
nanocones before (new) and after (used) depositing and drying of 1
μL of 100 μM BPE solution. Top-view SEM images of the
nanostructures before (b) and after (c) BPE deposition.

Figure 5. SERS spectra of 5 × 1 μL of 100 μM BPE solution deposited on the Au-capped polymer nanocones (a) with illustration showing how the
measurement was performed for various measurement conformations. The spectra have been shifted for clear representation. Shaded areas
represent signal variations. Representative SERS maps of 10 μM BPE obtained on the first sensor on three samples (different microscope slides)
(b). Concentration-dependent spectra (c) and calibration curve (d) for BPE. Inserts in (c) and (d) aid visualization near lower BPE concentrations.
Each data point in (d) was obtained on the first sensor of a sample and was averaged over three samples (n = 3).
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930, and 1475 cm−1, whereas typical BPE peaks were hardly
detectable.
To investigate the SERS response in the assembled system,

we furthermore conducted frontside measurements performed
through a TOPAS microfluidic lid. The lid caused the loss of
SERS intensity of around 93% and the appearance of
additional peaks in the BPE spectra (see Figure S4, Supporting
Information). These peaks are at the same positions as those
observed in the backside measurements and can be affiliated
with TOPAS. Similar spectral changes and signal intensity
losses can therefore be expected in the microfluidic experi-
ments. Nevertheless, the decrease in signal intensity can simply
be compensated by increasing the laser power and extending
the signal collection time.
Next, the SERS uniformity was investigated. One micro-

scope slide contained an array of five SERS sensors, as can be
seen from Figure 1a. The intrasensor signal variation (over an
area of 2 × 2 mm2) is 14% (see Figure 5b, substrate 1). The
signal variation among equivalent SERS sensors on various
substrate duplicates (microscope slides) was 18% (Figure 5b,
substrates 1 to 3). On the other hand, the signal variation
across the five SERS sensors on a single microscope slide was
24%. This is due to uneven filling of the mold and can be
decreased by further optimization of the tool design.

It is worth mentioning that after producing three batches,
each containing 50−100 substrates, we observed that the SERS
performance decreased to 40% of its original peak value (see
Figure S4, Supporting Information). This was caused by the
natural aging of the applied nanocone shim, as a result of the
high holding pressure and time utilized in the IM process, and
by the residual polymer filling the nanocavities.
A calibration curve was constructed using concentration

series of BPE from 0.1 μM to 10 mM. The spectra near the
1198 cm−1 peak after baseline correction were plotted in
Figure 5c. The intensities of the 1198 cm−1 peak were plotted
as a function of concentration in Figure 5d. Characteristic BPE
peaks were still visible at 0.1 μM despite the previously
reported background signal originating from TOPAS. The
detection limit for BPE was 0.1 μM. The dynamic linear range
was between 1 and 10 μM (see inset Figure 5d).

SERS Detection in Microfluidics Using the Integrated
System. The IM process enabled direct fabrication of SERS
substrates on TOPAS that were successfully integrated in the
bottom of a microfluidic channel through USW. Figure 6a
shows the main components of the fluidic system, including
the IM nanocone layer with and without Au on top, as well as
the lid with a microchannel structure. Au was deposited
through a shadow mask. The fully assembled fluidic system
with luer fittings, used for the experiments, is shown by Figure

Figure 6. Photograph of the fluidic system before integration by USW, showing the nanostructured bottom layer with and without Au coating and
the microfluidic lid (a). The assembled fluidic system with embedded SERS sensor array (b). SERS maps recorded from the sensor array (c) with
the typical SERS spectra of BPE for each sensor (d). Average signal of the five sensors at the 1198 cm−1 peak in microfluidic during incubation and
dry state (e), n = 5.
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6b. A continuous flow was achieved by connecting the system
to a syringe pump. To assess the performance of the SERS
sensor, we introduced 1 mM BPE solution in the microchannel
at 100 μL min−1 flow rate. The corresponding SERS maps are
shown in Figure 6c. The SERS maps represent the intensity of
the 1198 cm−1 BPE peak. The measurements were done in
liquid on the five SERS sensors through the microfluidic lid.
The variation across the sensor array is shown in Figure 6c,d.
In addition, we performed SERS measurements in micro-

fluidics, in stop flow condition at two time points, and
subsequently in dry condition. We found that after 5 min, the
signal intensity is 3 times lower than that measured after 40
min of incubation (see Figure 6e), indicating that it takes time
for the BPE molecules to reach the SERS-active surface. A peak
intensity of 1.5 × 104 was obtained after 40 min of incubation.
After the substrate was rinsed and dried, the signal intensity
dropped to around 0.5 × 104, slightly below the average
intensity output at 5 min.
In comparison, the signal intensities obtained during

measurements through a microfluidic lid in static conditions
(see Figure S2b) are comparable to those obtained during
detection in flowing liquid. Any decrease in signal intensity is
probably caused by scattering loss in the liquid and at the
interfaces and absorption loss in the media. To compensate the
signal decrease, higher laser power and longer signal collection
time can be used. Due to variations in analyte administrations,
quantitative comparison of signal intensities obtained under
static conditions and during liquid experiments is not
applicable. However, previously mentioned similarities in
signal intensity suggest that the SERS substrate can be utilized
for SERS sensing under both dry and wet conditions.
Last but not least, the SEM images obtained on the sensing

areas before and after system assembly did not exhibit
morphological changes (see Figure S4a,b). This indicates
that the microfluidic integration process utilizing USW was
conducted successfully. Indeed, the SERS performance of the
substrate remained identical before and after microfluidic
integration, and was not at all affected by USW, see Figure S4c.

■ CONCLUSIONS
The developed injection molding procedure combined with
USW enabled the easy and reliable integration of the Au-
capped polymer nanocone SERS sensor array in microfluidics.
Using nanoscale injection molding, high-performance SERS
substrates exhibiting good uniformity over 2 × 2 mm2 areas
with a surface-averaged SERS EF of 5 × 106 were successfully
fabricated. Furthermore, the polymer substrate enabled
straightforward integration with microfluidics using USW,
without damaging the SERS sensor and degrading its
performance. This fabrication process can be considered to
have high throughput and low cost, as it only utilizes polymer
injection, Au evaporation, and USW to achieve a fluidic device
with embedded SERS sensor array. The high durability of
TOPAS against physical and chemical influences allows the use
of many polar solvents. The produced nanostructures are also
robust, which allows a wider range of applications in static and
liquid condition compared to their Si counterparts.14 The
microfluidic system has a great potential for application in
cancer therapy (detection of methotrexate in blood), food
safety (e.g., toxins), or environmental monitoring (e.g.,
hormones in water). When dealing with complex sample
matrixes, such as full blood or food samples, sample
pretreatment approaches could be combined with the

system.12,31,66 The modular, polymeric design of the system
allows further integration of varying fluidic lid structures with
the SERS sensing substrate through USW. This makes the
platform very flexible and thus ideal for a wide range of
potential applications that require biochemical analysis through
the use of established microfluidic manipulation techniques
combined with SERS.
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Emneús, J.; Zoŕ, K.; Boisen, A. Quantification of a Bacterial Secondary
Metabolite by SERS Combined with SLM Extraction for Bioprocess
Monitoring. Analyst 2017 , 142, 4553−4559.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b13424
ACS Appl. Mater. Interfaces 2018, 10, 37417−37425

37425

http://dx.doi.org/10.1021/acsami.8b13424




S-1 

 

 

Supporting Information 

Injection molded microfluidic device for SERS sensing 

using embedded Au-capped polymer nanocones 

Marlitt Viehrig*, Anil H. Thilsted, Marco Matteucci, Kaiyu Wu*, Darmin Catak, Michael S. Schmidt, 

Kinga Zór* and Anja Boisen 

DNRF and Villum Fonden Center for Intelligent Drug Delivery and Sensing Using Microcontainers 

and Nanomechanics, IDUN, Department of Micro- and Nanotechnology, Technical University of  

Denmark, Ørsted Plads, 2800 Kongens Lyngby, Denmark.  

 

E-mail: mvie@nanotech.dtu.dk,   phone: +45 45255745; 

E-mail: kaiwu@nanotech.dtu.dk, phone: +45 45255787; 

E-mail: kinzo@nanotech.dtu.dk,  phone: +45 45255751 

  



S-2 

 

 

S1 – Influence of Au thickness on the intensity of the SERS signal 

To find the optimal Au deposition thickness for the SERS nanocone substrate, measurements in static 

conditions were performed by varying the deposited Au thickness using the same experimental setting 

stated in the main text.  

As shown in Fig. S1a, a 190 nm thick Au deposition resulted in the strongest SERS enhancement, 

due to the close proximity between adjacent Au nanocone caps (see Fig. S1b). In contrast, lower 

deposited Au thickness resulted in larger gaps between Au capped nanocones and more separate 

structures (see Fig. S1c versus S1b).  Higher deposited Au thickness caused some of the Au capped 

nanocones to fuse with their neighboring structures (see Fig. S1d versus S1b). 
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Figure S1: SERS intensities of 5 x 1 µL of 100 µM BPE solution measured under static conditions on 

nanocone substrates with deposited Au thicknesses from 170 nm to 210 nm (a). SEM images of Au-

capped polymer nanocone substrates with 190 nm (b), 160 nm (c) and 210 nm (d) Au deposition 

thicknesses. n = 2 
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S2 – Influence of microfluidic lid on the intensity of the SERS signal 

After USW the SERS measurement needs to be performed through the microfluidic lid. To evaluate 

the effect of the TOPAS lid, measurements in static conditions were performed on the same SERS 

sensor in the presence and absence of the microfluidic lid in unassembled state using the same setting 

(780 nm wavelength, 5 mW laser power, 0.05 s exposure time, 10X objective and 50 µm slit). 

Additionally, material dependent lid effects on the SERS signal were evaluated using a variety of 1 mm 

thick transparent hard-plastic sheets. SERS signal dependency on lid material thickness was studied 

using 0.6 and 1.5 mm polymethyl methacrylate (PMMA) sheets. Measurements in static conditions 

were performed on the same SERS sensor in the presence and absence of a plastic sheets.  

We found that when the measurement was performed through the TOPAS lid additional peaks were 

recorded at 883, 930 and 1475 cm-1 (see Fig. S2a). Similar peaks can be observed in the backside 

measurements of the TOPAS SERS substrate (see Fig. 5a) and they can therefore be attributed to the 

microfluidic lid, which is fabricated with the same polymer. In Fig. S2b, intensities at the 1198 cm-1 

peak with and without the lid structure are compared, showing a signal intensity decrease by a factor of 

about 10 in microfluidics.  

In Fig. S2c, intensities at the 1198 cm-1 were compared to study the material dependency of the lid 

effect. SERS signal intensity decreases in similar fashion for different hard plastic types. Moreover, the 

SERS signal intensity for 0.6 mm thick PMMA is three times higher than when using 1.5 mm PMMA. 

These lid effects could be compensated by adjusting the SERS acquisition settings to higher laser 

power and longer exposure time. To further reduce the signal loss, advanced Raman spectroscopic 
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techniques such as spatially offset Raman spectroscopy (SORS),1 and see-through Raman spectroscopy 

(STRaman),2 could be employed.  

 

Figure S2: SERS spectra of 5 x 1 µL of 100 µM BPE solution measured under static conditions 

without and with the microfluidic lid (a). The spectra have been shifted for clear representation. The 

signal intensity for the case with microfluidic lid has been multiplied by 10 times for easier 

visualization. Average signals of the sensor at the 1198 cm-1 peak without and with microfluidic lid 

coverage (b). A variety of bulk materials influence the SERS signal intensity (c). n = 2 
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S3 – Substrate aging; signal intensities from different batches of SERS substrate 

After shim fabrication, multiple batches of polymer nanocone substrates were injection molded from 

the same shim over time. They were fabricated at 0, 3 and 8 months after shim fabrication. 

SERS measurements of 100 µM BPE solution show a decrease in signal intensity among batches (see 

Fig. S3a). In Figure S3b, intensities at the 1198 cm-1 peak for different batches are depicted. Batch #1 

was injection molded directly after shim fabrication (0 month), while batch #2 was manufactured three 

month and batch #3 eight months after shim fabrication. Separate batches had a batch volume of 50 to 

100 separate substrates. In comparison, batch #1 and batch #2 show a small variation of 5 % in signal 

intensity, while batch #3, compared to the previous two batches, shows a signal decrease of 60 %, 

which is caused by the aging of the Ni Shim. As no anti-stiction layer is present on the Shim, cavities 

can be filled with residues of Polymer overtime leading to less defined molded structures.  

 

 Figure S3: SERS spectra of 5 x 1 µL of 100 µM BPE solution measured under static conditions for 

three substrate batches (a). The SERS spectra have been shifted for clear representation. Average signal 

of the sensors at the 1198 cm-1 peak for all batches (b). n = 3  
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S4 – Effects of USW on the nanostructured surface and its SERS performance  

During ultrasonic welding high-frequency ultrasonic vibrations are applied to the substrate to bond 

the microfluidic lid to the Au-capped polymer nanocone substrate. Integrity of the nanostructures needs 

to be retained after assembly, even though the required energy directors overlap partially with the 

SERS sensor sides.  

SEM images obtained before and after system assembly through USW do not exhibit observable 

morphological changes in the Au-capped nanocone structures in the sensor areas (see Fig. S4a 

compared to Fig. S4b). SERS performance before and after USW is almost identical (see Fig. S4c).  

 

Figure S4: SEM images of Au-capped polymer nanocone substrates before (a) and after (b) ultra-

sonic welding integration to the microfluidic lid.  SERS spectra of 1 µL of 100 µM BPE solution 

measured under static conditions on the same sensor before and after the USW process (c).   
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ABSTRACT: Practical implementation of surfaced enhanced
Raman spectroscopy (SERS) sensing is hindered by complex-
ity of real-life samples, which often requires long and costly
pretreatment and purification. Here, we present a novel
nanopillar-assisted SERS chromatography (NPC-SERS)
method for simultaneous quantitation of target molecules
and analysis of complex, multicomponent fluids, e.g., human
urine spiked with a model drug paracetamol (PAR). Gold-
coated silicon nanopillar (AuNP) SERS substrates and a
centrifugal microfluidic platform are tactfully combined, which
allows (i) a precise and fully automated sample manipulation
and (ii) spatial separation of different molecular species on the
AuNP substrate. The NPC-SERS technique provides a novel
approach for wetting the stationary phase (AuNP) using the “wicking effect”, and thus minimizes dilution of analytes.
Separation of PAR and the main human urine components (urea, uric acid, and creatinine) has been demonstrated.
Quantitative detection of PAR with ultrawide linear dynamic range (0−500 ppm) is achieved by analyzing the spreading profiles
of PAR on the AuNP surface. NPC-SERS transforms SERS into a sensing technique with general applicability, facilitating rapid
and quantitative detection of analytes in complex biofluids, such as saliva, blood, and urine.
KEYWORDS: multicomponent analysis, real-life samples, quantitative SERS, nanopillar-assisted chromatography, full automation

In order to accurately and reproducibly quantify multiple
trace analytes in complex biofluids, analytical techniques

and sample pretreatment methods are equally important.1

Modern analyte extraction and purification methods such as
high-performance liquid chromatography (HPLC) and capil-
lary electrophoresis can be used to effectively isolate and
segregate components from complex fluid samples.2,3 These
methods are usually linked to well-established analytical
techniques, e.g., mass spectroscopy (MS), for screening of
disease biomarkers,4 human metabolites, and drug components
in complex biofluids such as blood, urine, and saliva.5,6

In a clinical setting, however, where a large number of
samples need to be routinely processed and analyzed, e.g.,
quantitation of drugs and its metabolites in urine or blood,
analytical techniques such as liquid chromatography−mass
spectroscopy (LC-MS) lack sample throughput and are too
expensive.7 What is needed is a simple, automated technique
with an integrated sample pretreatment, e.g., some type of
chromatographic separation, suitable for personalized medicine
applications and at home testing, and of course one that is
highly quantitative and potentially portable.8

Among the frontier analytical techniques, surface-enhanced
Raman spectroscopy (SERS) is known for its extremely high
sensitivity and molecular specificity,9,10 and even the single-
molecule detection limit has been demonstrated.11,12 SERS
probes the dramatically amplified structural information on
analytes near the surface of noble metal nanostructures, where

the so-called electromagnetic (EM) “hot spots” are gener-
ated.13 SERS is also a nondestructive technique compatible
with inexpensive, hand-held Raman spectrometers for on-site
and point-of-care applications.14,15 To facilitate the practical
use of SERS, numerous SERS-based assays that target a variety
of analytes, ranging from cancer biomarkers16,17 to chemical
warfare agents18,19 and food toxins,20,21 have been developed.
In some cases SERS-based immunoassays can outperform
ELISA and RIA assays, e.g., in detection of the mucin protein
MUC4 in human serum for early stage diagnosis of pancreatic
cancer.22

The use of label-free SERS detection in real-world
applications is extremely limited since reliable performance
requires a relatively pure sample environment. Detecting a
specific analyte in a complex, multicomponent sample matrix
usually leads to simultaneous nonspecific binding of macro-
molecular contaminants and competitive adsorption of target
analytes onto SERS-active regions. This significantly reduces
the sensitivity and highly complicates molecular quantifica-
tion.23 One of the key challenges is the lack of simple, efficient,
and reliable sample pretreatment methods that are compatible
with SERS.
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Prior to performing SERS analysis of a complex real-life
sample, it is advantageous to carry out the following: (i) filter
out all particles and/or macromolecules (contaminants) so
that they do not block or attenuate SERS signals from analytes
and (ii) separate different analyte species for obtaining
multiplex sensing. It is also important that the SERS diagnosis
platform (iii) is fully automated, (iv) yields reproducible and
rapid results (several minutes), and (v) is inexpensive, i.e., both
the SERS platform and running costs are significantly lower
compared to, e.g., LC-MS costs.
Well-established, conventional sample preparation methods

such as liquid−liquid extraction24 and solid-phase extraction25

have been successfully combined with SERS analysis. However,
these methods are time-consuming, labor-intensive, and
limited by poor selectivity. More advanced sample pretreat-
ment techniques in conjunction with SERS involve surface
functionalization,26,27 Raman labeling,28 supported liquid
membrane extraction,29 and extraction by molecularly
imprinted polymers.30 Although these techniques provide
very good specificity, they lack general applicability and
potential for multiplex analysis.
Recently, SERS has been used in conjunction with high-

performance liquid chromatography (HPLC-SERS) for multi-
plex sensing of analytes separated from complex biological
media.31,32 Even though HPLC provides precise and efficient
multicomponent separation, it requires expensive instrumenta-
tion and involves long and complicated sample preparation
procedures. As an alternative, thin-layer chromatography has

been used in combination with SERS (TLC-SERS), achieved
by (i) depositing SERS-active nanoparticles onto a conven-
tional TLC plate, usually composed of micro fibers, after
separation of analytes,33 or (ii) using a SERS substrate as a
TLC plate.34,35 Compared with HPLC-SERS, TLC-SERS is
cheaper and more convenient. However, quantitative analysis
is challenging due to (i) unstable and irreproducible wetting
and evaporation processes, (ii) low SERS signals caused by
dilution of analytes by the mobile phase during the separation
stage, and (iii) errors due to manual operations, such as
pipetting and handling of samples.
We present a new nanopillar-assisted SERS chromatography

(NPC-SERS) concept based on wicking effect of fluids on
gold-coated silicon nanopillar (AuNP) surfaces using a fully
automated centrifugal microfluidics platform36 for rapid
sample handling and integrated SERS detection of human
urine components. To the best of our knowledge, this is the
first report which describes segregation of complex media
components without traditional utilization of mobile and
stationary phases.
The centrifugal microfluidics platform is shown in Figure 1a.

A disc consists of 10 identical microfluidic units for
simultaneous processing of samples and is manufactured
using injection molding of poly(methyl methacrylate)
(PMMA). The microfluidics patterns are obtained using a
custom-made aluminum mold; see Figure S1a in the
Supporting Information (SI). The complete assembly of a
microfluidic disc (Figure S1b) and fabrication and integration

Figure 1. Centrifugal microfluidics platform for sample handling and NPC-SERS concept on AuNP structures. (a) Photograph of a centrifugal
microfluidic disc integrated with AuNP SERS substrates. (b−g) Step by step schematic illustration of sample handling procedures in a microfluidic
unit of the disc: (b) First, 41 μL of urine sample is injected into a loading chamber through an inlet hole while the disc is stationary. (c) Second, the
disc is brought to rotation at 75 Hz for an optional sedimentation step in the loading chamber. (d) Third, the sample is transferred to a sensing
chamber via capillary channel by stopping and subsequently accelerating the disc to 63 Hz. (e) Liquid configuration in the sensing chamber during
the separation stage. The sample is partially immersing the SERS chip and the wicking effect of the fluid takes place toward the dry region of the
substrate. (f, g) Finally, upon completion of the separation step, the disc is deaccelerated to 25 Hz. With the help of pressurized air in the sensing
chamber, the sample fluid is gradually removed and transferred to a waste chamber through the capillary valve. (h) Visual representation of the
wicking effect and local segregation of molecular species which occurs at the separation step of the microfluidic procedure.
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of the AuNP substrates (∼4 × 8 mm2) are described in the SI,
section S1. The characterization and optimization of fully
automated liquid handling processes in a centrifugal platform
(Figure S2) and the corresponding rotational frequency profile
(Figure S3) are described in SI sections S1 and S2,
respectively.
The microfluidic procedure involves four steps. (1) A

sample is injected into the loading chamber of the microfluidic
disc (Figure 1b) and (2) centrifuged by rotating the disc at 75
Hz; see Figure 1c. The centrifugation in the loading chamber is
an optional filtration process step designed to remove major
precipitates from a liquid prior to transferring the sample to the
sensing chamber; see experimental details in section S2 in the
SI. (3) By stopping the disc and accelerating to 63 Hz, the
centrifuged (purified) liquid is moved to a sensing chamber;
see Figure 1d, e. The design of the sensing chamber involves a
well structure, which allows the sample fluid to only partially
immerse (∼25% in radial direction) the integrated AuNP
SERS substrate. The liquid then spreads into the dry region of
the substrate (wicking effect), see Figure 1e. Along the liquid
diffusion path, the sample matrix components are separated
based on their affinities toward the gold metal surface of the
AuNP structures. In all experiments the incubation time was
fixed to 5 min. In the final step, (4) the rotational frequency of
the disc is set to 25 Hz. This allows one to utilize the
pressurized air in the sensing chamber for transferring the
sample to the waste chamber; see Figure 1f, g. The AuNP
substrates were left to dry for 1 min prior to performing SERS
measurements.
A schematic illustration of wicking on the AuNP surface

during the separation phase and the NPC-SERS concept is
shown in Figure 1h. The effect is based on formation of a thin,
diffusing liquid layer which penetrates into the AuNP
structures. The progression of a fluid front and coverage of
the SERS substrate during the wicking process is dominated by
wetting properties of the AuNP surface. In order to improve
the wetting, a surfactant (ethanol, CH3CH2OH) is added to
the human urine solutions (dilution factor is 1:5). The
solubility of metabolites and paracetamol (acetaminophen)
was carefully considered before selecting a suitable surfactant.
The surfactant also facilitates the sample transfer process on
the microfluidic disc via capillary valving37 and nanofiltration
of urine samples through the wicking effect.36 Nanofiltration of
urine samples was characterized using scanning electron
microscopy (SEM); see Figure S4 in the SI. SEM images of
clogged (Figure S4a) and soaked (Figure S4b) regions of the
AuNP surface indicate the presence of macromolecular clusters
only at the AuNP immersion boundary.
The wicking effect induces a gradual sample coverage on the

AuNP surface. As the sample fluid progresses, the distribution
of molecules is determined by their affinities toward the gold
surface. Since the EM “hot spots” are concentrated in small
volumes around the metal caps of the AuNP structures,38 the
enhanced Raman signal is collected from molecules that are
locally segregated (closely packed on the Au metal surface).
Therefore, the characteristic separation mechanism of the
NPC-SERS technique is obtained via surface sensitive SERS.39

To demonstrate unique properties of the NPC-SERS
technique, separation and detection of multiple human urine
metabolites and simultaneous quantitation of artificially doped
paracetamol (PAR) are shown in Figures 2 and 4, respectively;
see experimental details in section S1 in the SI. In Figure 2, the
SERS chromatographic pattern of human urine doped with

300 ppm PAR was achieved by spectral decomposition of
background corrected SERS maps with a spectral range of
540−1260 cm−1. SERS signals from the AuNP substrates
employed for separation of human urine/PAR samples were
mapped over a large area (including immersed and soaked
regions). The contribution profiles and library spectra of pure
components were extracted from SERS maps using the
multivariate curve resolution-alternative least-squares (MCR-
ALS)40 spectral decomposition technique. The experimental
measurement details, data treatment procedures, and MCR
analysis performed on SERS maps (Figure S6) are described in
sections S1 and S3 in the SI. In Figure 2, the two-dimensional
(2D) normalized spectral response of components (Figure 2b)
and corresponding SERS library spectra (Figure 2c) are shown.
In Figure 2a, 1D contribution profiles of the same compounds
are illustrated. The 1D profiles were achieved through MCR
analysis of spatially averaged SERS maps. In line with previous
human urine SERS studies,41,42 the extracted spectra indicate
the presence of uric acid, creatinine, urea and PAR in all
analyzed samples.43

To accommodate multitude of different analyte species, a
viable SERS chromatography platform should exhibit uni-

Figure 2. MCR analysis of SERS map obtained on SHD AuNP
structures after the chromatographic separation of human urine
(spiked with 300 ppm PAR). (a, b) 1D and 2D normalized
contribution profiles of components extracted via spectral decom-
position. (c) Component’s normalized library spectra.
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formity and spatially localized chromatography bands, and the
latter can be tuned by increasing the AuNP density. Since the
AuNP surface wetting properties rely on intermolecular forces
between a liquid and a solid surface, a change in the AuNP
density affects wettability of a sample toward the substrate. For
the same incubation time, this leads to different radial
spreading distances of the liquid sample on the AuNP
structures. In this regard, the NPC-SERS performance using
different AuNP densities44 was examined. In Figure 3e−g,
SEM images of a standard density (SD, ∼18 pillars/μm2), high
density (HD, ∼30 pillars/μm2) and super high density (SHD,
∼48 pillars/μm2) AuNP structures are shown; see also section
S1 and Figure S1d−f for a cross-sectional view. In order to
compare separation efficiencies of the AuNP structures with
different densities, the spatial dimensions were normalized
with respect to the total wicking distance.45

In Figure 3, we focus on creatinine and uric acid
components from the same human urine samples doped with
300 ppm PAR. In order to increase the signal-to-noise ratio of
the spectra and simplify the MCR analysis by omitting one of
the spatial dimensions (see discussion in section S3 and Figure
S6), the SERS spectra were averaged in the direction
perpendicular to liquid spreading (Figure S5). This yields

1D contribution profiles similar to the ones shown in Figure
2a. First, 2D normalized contribution profiles of creatinine for
SHD and HD AuNP structures are presented in Figure 3a and
b, respectively. The results show that the increased AuNP
densities improve the SERS signal uniformity across the
mapped region. This can be attributed to an increased SERS
enhancement factor reproducibility over macroscopic areas
which was demonstrated in a recent study.44 Second, we
examine the profile width of 1D normalized spectral responses
of uric acid and creatinine using SD, HD ,and SHD AuNP
structures (see Figure 3c and d). The results show that the
segregation is more localized for dense AuNPs, i.e., the width
of a chromatographic band is reduced. This is in agreement
with the Langmuir model,46 which describes kinetics of
adsorption processes on active surfaces where the probability
of adsorbents to bind on active sites is proportional to its
surface area. An increase in the AuNP density facilitates
accumulation of adsorbents (urine metabolites) and shrinkage
of a profile width. Based on the results in Figure 3, the SHD
AuNP structures were selected for quantitation of PAR; see
Figure 4.
Another important variable that affects the size of a

chromatographic band is analyte concentration in the sample

Figure 3. Optimization of AuNP density and its influence on chromatographic effect studied using human urine samples spiked with 300 ppm
PAR. (a, b) 2D normalized contribution profiles of creatinine obtained on SHD and HD AuNP structures. (c, d) 1D normalized contribution
profile of uric acid and creatinine achieved on SHD, HD, and SD NP arrays. (e−g) Top view SEM images of untreated SD, HD, and SHD NP
substrates.
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medium. High analyte concentrations might lead to difficulties
in the separation of component profiles. For example, a
relatively high concentration of urea in human urine samples47

produces a broad 1D profile which can be misinterpreted as a
background signal; see Figure 2a. However, the width of a
chromatographic band can also be used for estimating analyte
concentrations. Since in a “standard” SERS detection scheme
analyte concentrations are estimated by following an intensity
of a specific vibrational mode, at high analyte concentrations
(>100 ppm) the mode intensity is saturated and displays no
change even if a concentration is further increased. This is
because the EM “hot spots” are highly localized, i.e., the EM
fields decay exponentially away from plasmonic nanostructures,
which is a limitation for peak intensity-based SERS detection.
The NPC-SERS technique can be used to circumvent the
limitation. We verified this by doping human urine samples
with PAR concentrations up to 500 ppm (section S1) and
extracted 1D PAR contribution profiles using the MCR
analysis of SERS maps; see results in Figure 4a. The area
under the PAR 1D contribution profiles was calculated and
plotted vs the PAR concentration in Figure 4b. The result
shows that the analyte profile area scales linearly with respect
to the concentration without any indication of the signal
saturation. Therefore, the NPC-SERS method can be used to
probe and quantify target molecules in a wide (0−500 ppm)
concentration range.

In conclusion, the work presents a new, nanopillar-assisted
SERS chromatography concept in a fully integrated centrifugal
microfluidic platform for quantitative detection of analytes in
complex, multicomponent fluids. The AuNP SERS substrates
are utilized as a stationary phase for (1) obtaining a
chromatographic effect through wicking which promotes
sample transport on the AuNP surface, and for (2) subsequent
SERS detection. The performance of the NPC-SERS method
was demonstrated by segregating and detecting PAR drug and
human urine metabolites. Namely, creatinine, urea, and uric
acid from human urine samples spiked with 300 ppm PAR
were simultaneously identified. By utilizing dense AuNPs (∼48
pillars/μm2), the width of chromatographic bands can be
reduced, which yields a more efficient separation of
components. The applicability of the platform for quantitative
detection of a typical drug analyte PAR which was artificially
doped into human urine was illustrated. The results showed a
linear correlation between the drug concentration ranging from
0 to 500 ppm and spectral contribution profiles retrieved from
the MCR analysis of SERS maps. The NPC-SERS platform is
highly suitable for separation, and identification and
quantitation of analytes in complex fluid samples such as
blood, saliva, and food products.
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Section S1. Experimental Methods

Materials
All chemicals and reagents were used as received. The normal human urine sample without 

any preservatives was obtained from UTAK Labs. HPLC grade wetting agent ethanol (CH3CH2OH) 
and acetaminophen\paracetamol (CH3CONHC6H4OH) in powder form were purchased from Sigma-
Aldrich. Flat 0.6 mm thick DVD poly (methyl methacrylate) (PMMA) discs were acquired from 
Axxicon. PMMA granules for injection molding were obtained from LG Chem (IG840).

AuNP Fabrication
A well-established maskless reactive ion etching (RIE) process was utilized in order to 

fabricate dense array of gold coated silicon nanopillar (AuNP) substrates.1 According to previously 
reported study,2 we altered the pressure value in RIE chamber to achieve different AuNP densities. 
In this way, using above mentioned RIE procedure, 4-inch, p-type, single side polished silicon wafers 
were etched for 4 min 30 sec and then cleaned for 1 min via O2 plasma. In order to obtain 3 different 
AuNP densities, ~36, 26 and 18 mTorr chamber pressure values were used. The RIE process was 
followed by metallization step where optimized thickness of gold (160 nm) was deposited on etched 
wafers using electron-beam evaporation technique. To obtain ~4x8 mm2 SERS chips, unetched side 
of silicon wafers were scribed via laser micro-machining tool microSTRUCT (3D-Micromac AG) 
operated at 1064 nm time-bandwidth regime.

Microfluidic Disc Fabrication
The SERS integrated centrifugal microfluidic discs consisted of 3 main components. Namely, 

injection molded bottom PMMA layer, SERS substrates (see AuNP Fabrication subsection) and top 
PMMA lid. The top PMMA lid served as a sealing layer for the microfluidic structures and flat surface 
with high optical transparency properties suitable for SERS measurements (see Materials 
subsection, commercially available flat layers were employed). Further, bottom PMMA layers were 
mass-produced via commercial injection mold Arburg 470C. In order to achieve microfluidic patterns 
(chambers and channels), a custom-design aluminum mold was utilized for the mass-production of 
bottom discs. The aluminum mold was fabricated by mechanical milling of the surface (see Fig. S1a). 
Thus, in conformance with specifications provided by the manufacturer of PMMA granules, the 
polymer discs with microfluidic structures were obtained using injection pressure of 80 MPa, 230 °C 
cylinder and 80 °C mold temperatures. Prior to assembly, top and bottom PMMA layers were 
processed with a CO2 laser engraving machine (Epilog Laser) to cut inlet\outlet holes on top layer 
and alignment holes on both of the layers. To exclude any contamination arising from cutting step, 
disc layers were first sonicated for 5 min and then cleaned with water-ethanol solution. For the 
assembly of microfluidic discs, AuNP SERS chips were integrated in the sensing chambers of bottom 
PMMA layer (see Fig. S1c) via 0.14 mm thick pressure sensitive adhesive (PSA) layer acquired from 
ARcare. Lastly, top and bottom disc layers were bond together in an enclosed 4 pin alignment system 
through thermal bonding method (see Fig. S1b). Accordingly, at 100 °C the enclosed system was 
pressed under 4 kN bonding force and immediately set to cooling under the room temperature (~30-
40 min). The final form of the assembly is shown in Fig. S1c. Thus, disc platform with diameter ~105 
mm and containing 10 identical microfluidic units (individual unit is shown in Fig 1a-g) for 
simultaneous sample handling and processing was achieved.

Sample Processing and Microfluidics
Primary, before executing the sample pretreatment procedure in centrifugal microfluidics 

platform, paracetamol in powder form was added to human urine sample to obtain 500 weight parts 
per million (ppm) batch solution. This followed by dilution steps of batch solution with pure human 
urine. In this way, solutions with various paracetamol concentrations (0, 30, 50, 80, 100 and 300 
ppm) in human urine were prepared. Lastly, ethanol which serves as wetting agent was added to all 
urine samples (dilution factor was 5:1 vol.). 

The detailed visual representation of fluid manipulation steps in centrifugal platform is shown 
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in Fig 1b-g and S3. Firstly, adhering to the standard recipe retrieved from the optimization step (see 
Section S2), 41 µl of urine sample was injected to loading chamber of the microfluidic disc unit. Next, 
the disc was accelerated (10 Hz\s) to 75 Hz rotational frequency and sample was centrifuged for 3 
min. After the centrifugation step, the disc was stopped with a deacceleration value of 10 Hz\s. This 
allowed capillary soaking of sample liquid (siphon valving3) towards the channel connecting loading 
and sensing chambers. Subsequently, the disc was brought to 63 Hz rotation frequency (acceleration 
5 Hz\s). At this stage, chromatographic separation of sample components through capillary wicking 
effect takes place. Thus, a part of the sample (liquid above the capillary level in loading chamber, 
see Fig. S2a) was transferred and kept at sensing chamber for 5 min immersing ~25% (in radial 
direction) of the SERS chip. Upon completion of chromatographic separation step, the rotational 
frequency of the disc was set to 25 Hz (deacceleration value was 5 Hz\s). During the deacceleration 
of the disc, due to pressurized air in the pneumatic sensing chamber,4 the liquid is gradually pushed 
towards second capillary channel which connects sensing and waste chambers. Likewise, the 
sample was removed from the sensing chamber and allocated to the waste chamber. Lastly, the disc 
was set to stationary condition and SERS chips were left for drying.

SERS Measurements
The SERS measurements were performed on dried AuNP substrates using a Thermo 

Scientific DXRxi Raman microscope equipped with a 10x focusing objective and 780 nm laser 
source. Each SERS measurement was carried out using identical set of parameters; 0.25 s exposure 
time, 10 mW incident laser power and 50 µm mapping step size. For further analysis of acquired 
SERS maps, Raman intensities were normalized with respect to exposure time and laser power. 
Additionally, SERS spectra were baseline corrected using non-parametric regression model 
(multivariate adaptive regression splines) in a commercially available software (MATLAB), see 
Section S3 for more details.

MCR Analysis
Contribution profiles and pure component spectral libraries were extracted from background 

corrected SERS maps by implementing multivariate curve resolution alternative least squares (MCR-
ALS) technique. The MCR algorithm was obtained from an open source software.5 For the detailed 
description of MCR analysis and data treatment steps of SERS maps, see Section S3.

Characterization Techniques
Sample handling performance of the centrifugal microfluidics platform was evaluated through 

the real-time imaging of the disc.6 In this manner, images acquired from high-speed camera 
pixelfly.PCO (PCO AG) integrated with the triggering system of the spin-stand setup (DC motor RE-
35, Maxon Motors) were examined. Furthermore, the surface morphology of AuNP structures (before 
and after the SERS chromatography) was investigated using a scanning electron microscope (SEM) 
(Zeiss Supra 40 VP).

Section S2. Optimization of microfluidic system

The microfluidic design from our previously developed wicking based nanofiltration 
technique6 was adopted for this study. On top of that, additional features were implemented for the 
new microfluidics design. Specifically, possible centrifugation step in the loading chamber (see Fig. 
1c), modified sensing chamber allowing integration of elongated SERS chips (Fig. 1 and S1c) which 
provides additional spreading distance (for wicking effect) and simplified mass-production technique 
of microfluidic structures. Nevertheless, due to partial modifications in microfluidic design and 
fabrication process, the fluidic manipulation steps were re-optimized. 

Both analytical and experimental methods are required for proper adjustments of fluidic 
structures. Analytical evaluation of microfluidic system can provide an approximate geometrical 
design of channels and chambers. Following that, a fine tuning of design after the analytical 
approach can be done experimentally. The desired fluidic procedure for this study involves 2 fluid 
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handling steps at equilibrium condition. Those are, centrifugation and chromatographic separation 
steps. In this way, we first formulated analytical expressions for each step. For simplicity, the 
analytical interpretations were restricted by only taking into account effect of the Young-Laplace 
force for capillary rise in narrow channels,7 the inertial forces8 and the air pressure. The idealized 
liquid arrangement during the centrifugation stage in the loading chamber with a capillary valving 
system is depicted in Fig S2a. Using dimensions indicated in Fig. S2, the equilibrium condition is 
described as:

where  is the atmospheric pressure,  is the liquid density,  is the angular rotation frequency of 𝐏𝟎 𝛒  𝛚
the disc,  is the surface tension and  is the contact angle of the fluid on PMMA surface. The left 𝛂 𝜽
side of the equation defines the total pressure caused by liquid in the chamber. At a stable 
configuration, this pressure value should balance the total pressure in the capillary channel. To 
prevent liquid overflow due to capillary rise , injected sample volume, centrifugation frequency, 𝚫𝐡
concentration of surfactant (ethanol) and height of the channel should be regulated. Thus, the 
capillary rise from Eq. (1) was taken account for further adjustments. Following optimization step 
was implemented for chromatographic separation step (see Fig. S2b). The essential criteria for this 
stage is to obtain precise immersion of the SERS substrate (25% in radial direction) by the sample. 
In addition to that, liquid level in capillary valve (to avoid sample overflow towards the waste 
chamber) should be considered as well. For this extend, we utilized a commonly used pneumatic 
pumping technique4 in the sensing chamber. Moreover, the sensing chamber involved a well 
structure which allows to maintain liquid level by removing the excess fluid (see Fig. S2b). In this 
way, equilibrium configuration is defined as:

where  is the pressure value in the pneumatic sensing chamber and the geometrical parameters 𝐏𝟏
in Eq. (2) are summarized in Fig. 2b. Lastly, a standardized process flow (see Section S1, Fig 1 and 
S3) was developed by succeeding empirical testing of microfluidics via real-time imaging of the disc 
(see Section S1).

Section S3. Data treatment and MCR analysis

A commonly encountered obstacle for SERS based sensing applications, emerges from 
background signal which interferes with spectral response of the analyte molecules. This can be 
addressed to the fact that SERS is a highly surface sensitive phenomenon. Thus, contaminants on 
the substrate and/or impurities in the sample solution are resulting in background radiation. In order 
to eliminate the background contribution, the acquired SERS spectra were baseline corrected using 
a non-parametric regression model (see Section S1). According to that, we utilized 80 cm-1 window 
size and 70 cm-1 step size parameters for prediction and subsequent subtraction of the baseline. 
Further improvement for practical applications relies on spectral quality which can be expressed as 
signal-to-noise ratio (SNR). A general way to improve SNR for a SERS/Raman spectrum is achieved 
by modifying the acquisition parameters of the measurement (increasing the exposure time and/or 
averaging over the multiple exposures). This is impractical, since the required time for the SERS 
mapping with the same spatial resolution would substantially increase. Alternatively, in this study we 
propose spatial spectra averaging methodology which improves the spectral quality of the SERS 
data. In the current study, we demonstrated that under the ideal wicking conditions (gradual and 
uniform spreading) the analyte molecules of the sample are deposited onto the AuNP structures in 
an anisotropic fashion. Contrary, in perpendicular orientation to the spreading direction distinct 

𝑷𝟎 +
𝝆𝝎𝟐

𝟐 𝒉𝟏(𝟐𝒓𝟏 ― 𝒉𝟏) = 𝑷𝟎 +
𝝆𝝎𝟐

𝟐 (𝒉𝟏 + 𝜟𝒉)(𝟐𝒓𝟏 ― 𝒉𝟏 ― 𝜟𝒉) +
𝟒𝜶 𝒄𝒐𝒔𝜽
𝒅𝟏

,
(1)

𝑷𝟏 +
𝝆𝝎𝟐

𝟐 𝒉𝟏(𝟐𝒓𝟐 ― 𝒉𝟐) = 𝑷𝟎 +
𝝆𝝎𝟐

𝟐 (𝒉𝟑)(𝟐𝒓𝟐 ― 𝒉𝟑) +
𝟒𝜶 𝒄𝒐𝒔𝜽
𝒅𝟐

,
(2)
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analyte types are homogeneously distributed. This is presented in Fig. 2 and Fig. 3 where it is shown 
that SHD AuNP structures exhibit better uniformity as compared to SD and HD substrates. Likewise, 
prior to proceed with the MCR analysis, 1D SERS profiles were extracted from the 2D SERS maps 
by spectral averaging in perpendicular direction (see Fig. S5). 

Averaged in perpendicular direction spectra in the range 540-1260 cm-1 were analyzed using 
MCR-ALS technique (see Fig. S6). Illustratively the MCR analysis technique can be represented via 
bilinear model9:

where  represents the actual experimental data which contains measured spectra,  and  are 𝑿 𝑪 𝑺𝑻
the concentration and spectral profiles of distinct molecular species which are estimated through 
iterations,  represents the matrix of residuals. For the initial estimation of component profiles, we 𝑬
preloaded experimentally obtained spectral responses of pure components on SERS chips. Lastly, 
using the normalized spectral profiles and non-negativity constrain, the concentration profiles of 
compounds were determined.

𝑿= 𝑪𝑺𝑻 + 𝑬    , (3)



6

Figure S1: Fabrication process of microfluidic discs. (a) Custom design aluminum injection mold for production of bottom PMMA part with 
microfluidic structures. The patterns on aluminum surface were achieved through mechanical milling. (b) Graphical illustration of disc assembly 
through the thermal bonding technique. Firstly, each sensing chamber of the injection molded disc was integrated with a SERS substrate. 
Following that, bottom and top PMMA parts were pressed between two plates at 100 °C and the bonding force was 4 kN. (c) Photograph of a 
microfluidic disc after the assembly step. (d-f) Cross-sectional SEM images of SD, HD and SHD AuNP structures. 



7

Figure S2: Schematic interpretation of fluid configurations at the equilibrium conditions. (a) Centrifugation step. (b) Chromatographic 
separation step. Corresponding pressure values of the environment and liquid heights in microfluidic system are indicated. 



8

Figure S3: The rotational frequency profile of the disc for microfluidic processing of the sample. Corresponding fluidic manipulation steps 
throughout the procedure are labeled.



9

Figure S4: Characterization of nanofiltration effect through surface morphology study of SHD AuNP structures. (a) SEM image acquired at the 
immersion boundary of urine sample on the SERS substrate. Across the immersion boundary, macromolecular clusters of urine sample blocked 
by dense array of AuNP structures were observed (see dashed region). (b) SEM image obtained from soaked region of the substrate. The 
soaked region represents the wetted region of AuNP substrate through capillary wicking effect. Along the soaked region, macromolecular 
clusters were not observed.



10

Figure S5: Transformation of 2D SERS map into 1D SERS profile. (a) Spatial distribution of Raman intensity at 684 cm-1. The represented 
data was obtained on SHD AuNP substrate after the chromatographic separation of urine sample containing 300 ppm paracetamol. (b) 1D 
SERS profile achieved through spectral averaging of 2D SERS map in horizontal direction (perpendicular to spreading/wicking direction). 



11

Figure S6: The principle of MCR technique. Spectral responses and contribution profiles were extracted from 1D SERS profile. The SERS 
data was obtained on SHD AuNP substrate after the chromatographic separation step of urine sample containing 300 ppm paracetamol. 



12
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ABSTRACT Pharmaceutical residues in water, caused by the widespread use of modern medicine 

for veterinary and human treatment, has become an increasing threat to our ecosystems. Sensor 

solutions that allow direct analysis of environmental samples in a fast and reliable way, possibly on 

site, are highly sought after, as classical methods rely on costly laboratory set-ups. Surface-enhanced 

Raman spectroscopy (SERS) is a label-free, highly specific optical detection technology compatible 

with on-site analysis. We present a user-friendly multiwell plate setup in a microscope slide format 

with incorporated UV-Ozone treated gold-capped nanopillar SERS substrates for direct detection of 

paracetamol in water samples. The surface treatment proved to improve both detection as well as the 

reproducibility of the detection in liquid.  We found that we were able to measure the target analyte 

in a concentration range between 5 and 50 µM in bottled water. Additionally, we performed 

measurement using real environmental samples and propose a dipstick-based sampling and detection 

unit for on-site application, which has been shown promising results for improving the detection limit.  

Keywords: SERS, environment analysis, paracetamol, sensing, multiwell, dipstick  
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Introduction 
The increasing worldwide contamination of freshwater systems with industrial and natural 

chemical compounds is one of the key environmental problems1 with nearly 80% of the world’s 

population exposed to high levels of threat to water security.2 Modern society relies strongly on the 

use of effective pharmaceuticals to cure diseases, however after they have fulfilled their therapeutic 

purpose, drugs and their metabolites are excreted into the environment. A WHO study raises 

awareness to the presence of pharmaceutical residues found in water, which can have a potential risk 

to the human health and to our ecosystems.3  

A common procedure for water analysis, is direct sampling from large bodies of water (lakes, rivers, 

sea, effluent of waste water treatment plants),4 followed by a simple on-site analysis of physical 

parameters, such as water pH and temperature. Additional sample pre-treatment and analysis need to 

be performed as quickly as possible (within the first 24 hours) to avoid degradation of target analytes.4 

Commonly applied technologies for environmental pollutant detection involve sample pre-treatment 

techniques, such as liquid-liquid extraction and solid-phase separation, and analysis methods (e.g. 

such as mass spectrometry, gas chromatography, high pressure liquid chromatography).4 These robust 

and reliable approached, optimized for a specific group of target analytes, are often time and resource 

consuming, limiting analysis flexibility and often require highly trained personal to operate expensive 

lab equipment. Hence, sensing solutions that are fast and reliable, possibly on site, are highly though 

after for environmental analysis.  

Surface-enhanced Raman spectroscopy (SERS) enables fast, specific, sensitive and label-free 

detection of analytes, based on their molecular specific spectroscopic fingerprint and has been shown 

to be suitable for detection in water based samples.5 In SERS, noble metal nanostructures are utilized 

to create nanogaps, between adjacent nanostructures, where localized surface plasmon resonance are 

greatly increased in the so called hotspots.6 When a molecule is in close proximity (within a few nm) 



 

 

of the hotspots the Raman scattering signal can be tremendously enhanced and even single molecule 

detection is attainable.7 The potential of this technology has been demonstrated when applied in 

various fields including analytical chemistry,8 biomedical diagnostics,9,10 forensics science,11,12 drug 

discovery,13 food safety14 and in environmental monitoring.15 Besides the capability of detecting 

molecules directly, when combined with miniaturized portable Raman systems,16,17 this technique 

has a great potential for the development of cost efficient, fast detection approaches for on-site 

applications. There are several methods for the fabrication of reliable, robust SERS sensors5,18–21 and 

there also exist commercial high quality substrates.22–24 Despite of the available sensors and Raman 

detectors, SERS-based detection did not yet become a standard analytical tool. Although there are 

various approaches for user friendly and practical applications25 of SERS, the most common method 

for sensing is based still on deposition of a droplet of analyte on a substrate surface prior to 

detection.26           

To enable the technology to be used in routine laboratory settings it is important to provide a tool 

to the end users, which is both user friendly and reliable. Since microtiter plates are widely used for 

various assays in chemistry and biology, this platform is a rational choice for integration of SERS 

sensors. There are examples for the combination for SERS sensing with a microtiter plate format,27–

30 mostly using colloidal nanoparticles. Our motivation for using SERS substrates in this work is the 

reports showing that substrates have certain advantages over colloidal nanoparticle in terms of 

reproducibility and homogeneity18 and the potential for large-scale production.31,32 Considering that 

one of the limitations in SERS-based sensing is the challenges related to accurate and robust 

quantification,33–36 we used gold-capped silicon nanopillar (AuNP) based SERS substrates, which 

have proved to be reliable and reproducible for quantitative analysis.37–41 

Paracetamol, an over-the-counter analgesic and antipyretic drug administered for the treatment of 

fever, headaches and other minor pain, is so widely used that it has been shown to be a good indicator 



 

 

of human activity.42  Paracetamol can be found in rivers and waste water treatment plant effluents, 

due to continuously high influxes of this drug in waste water.43,44 SERS has been shown to be suitable 

for detection of pollutants and pathogens in environmental samples45 including detection of  

paracetamol  from aqueous samples.46–49 

In this work, we incorporated the AuNP based SERS substrate in a multiwell system, to enable a 

more user-friendly application of the SERS sensor and detection of paracetamol from water samples. 

We apply paracetamol as a model analyte and substitute for similar Raman active therapeutic drugs 

to evaluate the proposed sampling method. To overcome the hydrophobicity of the SERS substrate 

the sensor was treated with a combination of ultraviolet light (UV) and ozone. In addition, we show 

the application of the SERS substrate as a dipstick probe, which is suitable for sampling and detection 

on site. 

  



 

 

Materials and Methods 
Chemicals and real samples  

Chemicals were purchased from Merck KGaA (Darmstadt, Germany). Paracetamol stock solutions 

of 100 µM and 350 µM were prepared in ultrapure water (MQ, Milli-Q purification system, Millipore 

Corporation, Billerica, MA, USA) and commercial bottled water. Bottled water Aqua d`Or (Aqua 

d`Or Mineral Water a/s, Allerød, Denmark) was purchased from a local supermarket. Environmental 

water samples were taken on site on May 13, 2019 from Copenhagen harbour and in front the offshore 

windfarm Middelgrunden located in the Øresund (The Sound) region. Environmental samples were 

aliquoted and stored at -18 ˚C on the day of sampling. Prior to use samples were thawed and sterile 

filtered utilizing a 0.2 µm cellulose acetate syringe filter (VWR international, USA). 

 

Fabrication of the multiwell plate and dipstick detection units 

The multiwell system consists of 24 wells, with incorporated SERS substrates in the bottom of each 

well on a glass microscope slide (75 x 26 mm), which enables easy handling of the substrates and 

robust interfacing with the Raman microscope. SERS substrates (4 x 4 mm) were placed directly into 

system wells prior to the addition of 20 µl of liquid samples. The 24-well system is composed of a 3 

mm thick Poly (methyl methacrylate) (PMMA, Axxicon Moulds, Eindhoven, Netherlands) top sheet 

bonded to the flat glass microscope slide through double-sided pressure sensitive adhesive (PSA) 

(0.15 mm thick, ARcare 90106, Adhesive Research, Limerick, Ireland).  Well structures were cut into 

PMMA by laser ablation (Epilog Mini 18 30 W, Epilog, USA) and PSA was cut to shape with a 

plotter (Silhouette Cameo Plotter, Silhouette America, Inc., Utah, US). For dipstick sampling unit, 

the SERS substrate (4 x 4 mm) was attached to the tip of a 6 mm wide, 50 mm long and 2 mm thick 

PMMA strip through PSA. PMMA and PSA were patterned as described previously.      



 

 

SERS measurements 

AuNP substrates were fabricated on a 4-inch wafer utilizing a simple two-step fabrication procedure 

as described previously. [36],50 The wafer was diced into 4 x 4 mm chips using a laser micromachining 

tool (3D-Micromac AG, D-09126 Chemnitz, Germany). 

SERS spectra were measured utilizing a Raman microscope (DXRxi, Thermo Fisher Scientific Inc., 

Waltham, MA, USA) equipped with a 780 nm laser and capable of automated Raman mapping. SERS 

maps were recorded directly from liquid and dry samples on the sensor surface over an area of 1 x 1 

mm at a laser power of 5 mW, exposure time of 1 s, a 10X objective, a 50 µm slit and a disabled 

electromagnetic gain.  For liquid measurements the samples volume was 20 µL, to fully cover the 

SERS substrate in the well. Dry droplet measurements were obtained by applying 2 µl of sample in 

the middle of the SERS substrate. SERS maps were recorded three times for each sample and each 

measurement was performed, at least, in duplicates. SERS maps were subsequently averaged to 

obtain a single representative SERS spectrum for each sample, which was background corrected 

applying a simple linear baseline correction process. For quantification of paracetamol, the intensities 

of the 1160 cm-1 Raman peak were taken into consideration. Reported SERS standard deviations 

represent a combination of sample-to-sample and point-to-point variations.  

 
UV-Ozone treatment of SERS substrates  

SERS chips were directly placed into a UV-Ozone photoreactor (PR-100, UVP, Analytik Jena, 

Jena, Germany) for surface treatment. The system was stabilized for 10 min prior to sample exposure. 

For the treatment of substrates, a maximum of 12 chips were centred at a distance of roughly 3 cm 

below the UV radiation source. The exposure times were controlled via an in-built system timer. The 

nanostructures were characterized before and after treatment with scanning electron microscope 

(Zeiss Supra VP 40 SEM, Jena, Germany) and via SERS measurements. 



 

 

Results and Discussion  
SERS detection in the 24-well plate 

The assembled microscope slide based multiwell platform with incorporated SERS substrates is 

presented in Figure 1A. As the multiwall platform consists of a PMMA 24-well structure attached to 

a glass microscope slide (see Figure 1B), it can easily interface with the Raman detection system (see 

Figure 1C).  Considering the inherent hydrophobicity of the nanostructured surfaces 51, the SERS 

substrates were treated with UV-Ozone, since it has been shown that this treatment is a viable method 

for rendering them hydrophilic 52,53.  After surface treatment, we observed an increased hydrophilicity 

and improved SERS signal, as depicted in Figure 1C.  

 

Figure 1: Photo of the custom-made 24-well system for direct SERS sensing in aqueous samples (A). Exploded view of 

the multiwell platform (B). Increased wettability and improved SERS signal after UV-Ozone treatment (C).  

This microscope slide-based multiwell system offers higher degree of flexibility for the end user in 

comparison with the multiwell platforms, where NP were directly immobilized in the bottom of the 

well 27, considering that various types of SERS substrates can be integrated in the here proposed 

platform.  



 

 

Although performing measurements on a dried-out droplet is still a common way to perform SERS-

based sensing  26, we have shown that this approach is not always feasible, since SERS sensors are 

prone to surface fouling  and even salt crystals from aqueous samples can interfere with detection 54. 

In Figure 2A we show a comparison between paracetamol measured on AuNP substrate in a dry 

droplet of ultrapure water, in comparison with direct liquid measurement performed in the multiwell 

platform. It can be observed that the SERS spectra recorded from dry droplet of paracetamol contains 

several peaks of similar height between 1100 – 1400 cm-1.  

 

Figure 2: Raman spectra of 350 µM paracetamol in ultrapure water on non-treated AuNP substrate measured in dry 

droplet and directly in liquid on UV-Ozone treated and non-treated surface (A). Spectra recorded in liquid, using non-

treated (B) and UV-Ozone treated surfaces (C). The red line represents the spectra of 350 µM paracetamol in ultrapure 

water, while the grey line is the signal recorded from control (ultrapure water without paracetamol).  

In the case of liquid measurements, on both treated and non-treated substrates, lower signal intensities 

were obtained compared to dry droplet measurements. The lower signal intensity could be explained 

by the lower amount of AuNP clustering (leaning), and hotspot formation. The signal intensities 

measured from non-treated substrates in liquid (see Figure 2B), were reduced by a factor of ten, when 

compared with measurements performed in dried droplet, with similar peak distribution. Although 



 

 

the signal intensity in the droplet measurement is four times higher than on the UV-Ozone treated 

substrate in liquid, it can be observed that the 1160 cm-1 peak is more pronounced, while the other 

peaks observed between 1000 – 1400 cm-1 have been significantly reduced (see Figure 2C).  

Optimization of the UV-Ozone treatment 

The efficiency of the surface treatment has been reported to depend on the distance between sample 

and radiation source as well as the exposure time 53.  Since the used chamber did not allow the 

variation of treatment distance, we evaluated the effect of the exposure time, while keeping minimal 

distance between substrate and radiation source. 

 

Figure 3: Scanning electron microscope and optical images of SERS chips before and after 30 min UV-Ozone treatment 

(A). Effect of length of the treatment time on the SERS signals intensity (B). Stability of the UV-Ozone treatment (C).  

Data recorded directly from 350 µM paracetamol in ultrapure water, n=6. 

We found that the UV-Ozone treatment significantly increases the wettability of the AuNP substrate 

without affecting the morphology of the nanostructured surface (see Figure 3A). The SERS signal 

intensity is highest after 30 min treatment (see Figure 3B) and we observed that the treatment was 

stable at an ambient environment for up to three hours (see Figure 3C). For all the presented 

experiments, the UV-Ozone treatment time was kept to 30 minutes and substrates were used in less 

than three hours after exposure. SERS chips can be stored in a protective environment (packaging) 

after treatment to increase storage times (see Figure S1, supporting information).  



 

 

Quantification of paracetamol in aqueous samples 

Using the UV-Ozone treated surfaces, paracetamol was measured in a concentration range between 

0.5 and 350 µM, both in ultrapure and commercial bottled water. Figure 4A shows representative 

spectra recorded from increasing concentration of paracetamol. Figure 4B depicts a characteristic 

calibration curve for PAR in ultrapure water, where it can be seen that the sensor surface saturates 

above 100 µM, possibly due to the saturations of all hotspots. We found that the liner range for 

paracetamol was between 5 to 100 µM, with 4 µM being the limit of detection (Figure 4B). Intra-

sample variations of 11 % and sample-to-sample variations of 22 % have been reported previously 

for dry droplet measurements on AuNP substrates 55. Liquid measurements of paracetamol in 

ultrapure water showed average sample-to-sample variations of 15 % for non-treated substrates and 

only 6 % on UV-Ozone treated substrates.   

 

Figure 4: Representative Raman spectra of paracetamol in ultrapure water (A). Calibration curve of 

paracetamol with inset showing the linear part of the calibration curve in ultrapure water (B). 

Correlation of concentration dependent (0.5 – 50 µM) Raman signal of paracetamol in ultrapure and 

bottled water (C).     



 

 

After we established the detection possibilities of paracetamol in ultrapure water, we evaluated the 

sensor performance using bottled water spiked with paracetamol as a model for real sample. Based 

on our previous observations, measurements in dry droplet from samples containing salts would be 

challenging 54. Although, bottled drinking water has significant mineral content (see S2, supporting 

information), when measuring directly in liquid the detection range for paracetamol in commercial 

bottled water is similar to the one obtained for ultrapure water (Figure 4C).  

Real sample analysis 

In addition to the commercial bottled water, the real samples from environment were collected from 

various sites around Copenhagen (see Figure S3, supporting information) representing samples from 

urban location (harbour) and open sea (Øresund).  

 

Figure 5: SERS signal obtained from liquid measurements in the multiwell platform, where the red curves are the signals 

recorded from real samples spiked with 350µM paracetamol and the control signals (grey) are the spectra recorded in the 

absence of the drug.  

When analysing real environmental samples, the SERS-based sensing gets more challenging (Figure 

5). Even though the control spectra (grey lines, see Figure 5A-C) show a similar behaviour, peak 

patterns of the paracetamol, spiked in all three water samples are different (red lines, see Figure 5A-

C). It can be seen that the SERS signal of paracetamol is easiest to detect in bottled water, possible 

because its composition is closest to ultrapure water (Figure 2C vs 5A). An additional, well separated 

peak at 1225 cm-1 can be observed when comparing signals from ultrapure and bottled water.  The 

varying spectral outputs recorded from the environmental water samples (Figure 5B, C), can be due 

to more complex sample composition. However, in all sample’s matrixes paracetamol could be 

detected.   



 

 

Dipstick-based sampling and detection unit 

Based on the relatively low signal output recorded from real samples, even when using rather high 

paracetamol concentration we evaluated the possibility for analyte concentration as proposed by Ye 

at al. 56. The UV-Ozone treated SERS substrate immobilized on a plastic support enabled both 

sampling and detection, due to the hydrophilicity of the surface; paracetamol gets in close contact 

with the AuNP when immersed in a test tube (see Figure 6A). The samples are measured right after 

sampling, to avoid drying and consecutive surface fouling by e.g. crystals. Dipstick measurements 

are fast, simple and suitable for on-site detection. As shown in Figure 6B, the signal intensity 

measured from 350 µM paracetamol spiked in bottled water and water collected from harbour after 

5 min immersion, is much higher than when the detection was carried out in the multiwell system. 

An average sample-to-sample variation for dipstick measurements of 14 % has been observed.   

This sampling approach allows for a more flexible sample handling of liquid samples on AuNP 

substrates, but remains vulnerable to surface blocking effects due to the drying process.  

 

Figure 6: Dipstick sampling and detection unit (A). Signal intensities based on the characteristic 

paracetamol peak (1160 cm-1) obtained from real samples spiked with 350 µM paracetamol after 5 

min immersion (B). n=6 

  



 

 

Conclusion  
Via UV-Ozone treatment, we successfully rendered the hydrophilicity of the AuNP substrates, 

enabling detection in aqueous samples. The proposed detection platform based on a 24-well 

microscope slide with incorporated SERS substrates provided a possibility for increased detection 

throughput and easy handling of the sensors. The dipstick sampling and detection unit provides facile, 

robust on-site sensing using a uniform SERS substrate. Considering the newly developed portable 

Raman detection systems this technology could improve on-site monitoring and screening of 

environmental pollutants.  
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S1 – Storage in protective environment 

 

Figure S1: Raman spectrum of 350 µM paracetamol in ultrapure water measured in liquid on UV-

Ozone treated substrates. Substrates were stored for 3 days in an ambient environment (grey) or in a 

vacuum bag (red).  The Raman spectra have been shifted for clear representation. n = 3  



 

 

S2 – Bottle Water 

As control media, natural mineral water Aqua d`Or without gas was purchased in bottles from a local 

supermarket (bottled water). The natural water contains 150 mg/l minerals at 180 ˚C, which leads to a 

salt composition and water properties of bottled water listed in table S2.  

 

Table S2: Properties and components of natural mineral water Aqua d`Or. 

Parameter Result 

˚dH 6 

pH 7 

Calcium 36 mg/l 

Magnesium 3 mg/l 

Sodium 10 mg/l 

Hydrogen carbonate 120 mg/l 

Sulphate 3 mg/l 

Nitrate below 1 mg/l 

 

 For wettability evaluation, bottled water samples were spiked with 350 µM paracetamol and applied 

to non-treated and UV-Ozone treated substrates as droplet and liquid samples. Liquid droplets (V = 2 

µl) applied to non-treated AuNP stayed on a located area in the middle of the substrate (see Figure S2 

A). During droplet drying (t = 60 min) paracetamol and salts from the sample liquid dried on the 

substrate, effectively blocking the substrate. Liquid measurements on well-wetted substrates (see 

Figure S2 B), on the other hand, could be conducted immediately after sample application and no 

obstructing structure could be observed on the sample surface.   



 

 

 

 Figure S2: Photo of a 2 µl drop paracetamol in bottled water (c = 350 µM) applied and dried on a non-

treated AuNP substrate (A). In comparison, 30 µl liquid paracetamol in bottled water (c = 350 µM) 

applied to a UV-Ozone treated substrate (B). Red areas represent Raman measurement area.  

  



 

 

S2 – Environmental water samples 

Environmental water was obtained from Copenhagen harbour (urban area) at the location indicated in 

Figure S3 on May 21, 2018. Routine water quality analysis was executed at the sampling spot by the 

company Eurofins at 13:10 May 23, 2018. The analysis report is summarized under the signature AR-

18-CA-00669661-01 on the laboratory’s website. Main findings of the work are summarized in the 

table S3.  

 

Figure S3: Sampling location in København harbor. 

 

Table S3: Main water quality analysis results. 

Parameter Result 

Temperature 18.6 C 

pH 8.6 

Wind NV, still water 

Water visibility above 1 m, clear 

Escherichia coli < 15 MPN/100 ml 

Intestinale enterokokker 15 MPN/100 ml 
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ABSTRACT  

 Reusability of sensors is relevant when aiming to decrease variation between measurements, cost as 

well as time of analysis. We present an electrochemically assisted surface-enhanced Raman 

spectroscopy (SERS) platform with the capability to reverse the analyte-surface interaction, without 

damaging the SERS substrate, allowing for efficient sensor reuse. The platform was used in 

combination with a sample pre-treatment step, when detecting melamine from milk. We found that 

the electrochemically enhanced analyte-surface interaction results in significant improvement in 

detection sensitivity, with detection limits (0.01 ppm in PBS and 0.3 ppm in milk) below the 

maximum limit allowed in food samples. The reversibility of interaction enabled continuous 

measurement in aqueous solution and a complete quantitative assay on a single SERS substrate.  

Keywords: EC-SERS, SERS, Gold-capped (Au-capped) Si nanopillars, Reversibility, Reusability 

Quantification, Melamine, Milk 



Introduction 
In recent years, surface-enhanced Raman spectroscopy (SERS) based sensing has become relevant 

in various scientific and technological fields, including analytical chemistry and biology,1 biomedical 

diagnostics,2,3 forensics science,4,5 drug discovery,6 environmental monitoring7 and food safety.8 The 

main advantages of SERS are the specificity of the recorded signal, and fast analysis.9 Additionally, 

it can be combined with miniaturized laboratory concepts for on-site, point of need or point of care 

detection, such as lab-on-a-disc10–13 and lab-on-a-chip systems.14 The potential of the technology is 

further supported by the availability of high quality commercial substrates15–17 as well as by the access 

to miniaturized, portable Raman systems.18–24 

However, despite the extensive research and development efforts, SERS has not yet made the leap 

to become a standard analytical tool. The primary challenges of SERS-based sensing technologies 

are related to reproducible, sensitive, affordable25,26 quantification.9,27–29 One of the limitation of the 

technology is the lack of possibilities for real-time, in-line monitoring, a crucial aspect when aiming 

for quality control. To enable reliable quantification, several approaches have been proposed, which 

provide uniform, homogeneous substrates and consequently reproducible sensors.9,30–32 Sensitivity 

can be improved by means of specific surface functionalization facilitating the localization of analytes 

in close proximity of the electromagnetic (EM) hotspots,30,33,34 where the EM-field enhancement is 

highest.35 Additionally, combining electrochemistry with SERS has been shown to improve the 

detection limits of SERS sensors36–41 by enabling a precise control of surface charges in the 

electrochemical cell.  

In a quantitative SERS assay usually multiple SERS chips are used for calibration and detection of 

the unknown sample, which relies on acceptable chip-to-chip reproducibility in the SERS signal 

intensity.42 A state-of-the-art inter-chip variation in the SERS signal intensity (<10% in a relative 

standard deviation) is difficult to obtain,43 and the result could still vary for different analytes, solvents 



or assays. Another major bottleneck for real-time monitoring with SERS is the limitations related to 

reversibility and reusability of the sensors. Most of the SERS sensors are single use, which in addition 

increase the operational cost of a SERS-based assay. There are examples for recycling of SERS 

substrates, based on the replacement of metal structured components,44 washing procedures utilizing 

harsh reagents, thermal treatment where molecules are desorbed at high temperature,45 UV 

irradiation46 or by application of high voltages;47 these processes rely on drastic surface treatments, 

specialized equipment and time consuming reversion processes. To the best of our knowledge, all 

SERS substrate reusability methods aimed at quantitative SERS detection reported in literature solely 

rely on surface cleaning processes and/or metal re-deposition. Therefore, these methods are not 

applicable for real time, in-flow SERS measurements that require surface rejuvenation for multi-use, 

quantitative detection of trace amounts of analytes. Recently, an electrically assisted rejuvenation of 

SERS-active nanostructured silver surface by applying high voltages (100V)47 for inline SERS 

detection have been shown, which indicates that regeneration of SERS substrates for quantitative 

molecular detection could potentially be achieved.  

In order to facilitate the reusability of the SERS substrate within an assay in real time, we present 

the application of a highly uniform Au-capped Si nanopillar SERS substrate32,48 in combination with 

electrochemistry. We demonstrate a single chip-based, electrochemical-SERS platform with 

significantly improved sensitivity capable to perform i) SERS assay calibration, ii) sensing and iii) 

SERS chip reusability in real-time, using melamine, a toxic compound used for adulteration of dairy 

products.  



Materials and Methods 
Chemicals  

The supporting electrolyte for all samples was 0.1 M phosphate buffer saline (PBS) containing, 

0.01 M disodium phosphate (Na2HPO4), 0.001 M monopotassium phosphate (KH2PO4), 0.002 M 

potassium chloride (KCl) and 0.1 M sodium chloride (NaCl). The pH of the PBS (pH 7.4) was 

adjusted, when required, to pH 3.6 with 10 % hydrochloric acid (HCL) using a standard pH-glass 

electrode (WTW series, Xylem Analytics, Xylem Inc., Rye Brook, NY, USA). Melamine stock 

solutions of 10 ppm and 100 ppm were prepared using melamine powder in PBS for both pH 3.6 and 

pH 7.4. All working solutions were prepared with ultrapure water obtained from a Milli-Q 

purification system (Millipore Corporation, Billerica, MA, USA), and all the chemicals were 

purchased from Merck KGaA (Darmstadt, Germany). 

 

Milk samples and pre-treatment 

The milk samples with 0.5 % fat content (Dansk Maelk, Jacobs Douwe Egberts Professional, 

København, Denmark) were purchased from a local commercial supplier. The samples, spiked with 

melamine, were pretreated prior to SERS measurement, using a gel filtration column (NAP-25, GE 

Healthcare, Pittsburgh, PA, USA) as also described by A. Kim et al.49 In short, 2.5 ml milk samples, 

spiked with various melamine concentrations (0.3 ppm – 2.5 ppm) using the pH 7.4 stock solutions, 

were loaded into the saturated filtration column. The milk was allowed to sink into the column and 

subsequently eluted in 2.5 ml fractions with PBS pH 7.4. For SERS measurements the pH of the 

fractions were adjusted with 10 % HCL to a pH value between 3 to 4, which was verified with pH 

paper (Merck KGaA, Darmstadt, Germany).  

 



Fabrication of Au-capped Si nanopillar SERS substrates 

Au-capped Si nanopillar SERS substrates were fabricated as previously described.48,50 In short, 

nanopillars were produced on a 6-inch Si wafer using reactive ion etching (Advanced Si Etcher, STS 

MESC Multiplex ICP). Gold caps, with a nominal thickness of 160 nm, were formed on the pillars 

by e-beam evaporation (Wordentec QCL 800, Wordentec, Devon, UK) of Au at a rate of 10 Å/s. The 

wafer was diced into chips of 6 x 8 mm using a Laser Micromachining tool (3D-Micromac AG, D-

09126 Chemnitz, Germany). 

 
Electrochemical-SERS detection unit 

The manufactured electrochemical-SERS platform (supplementary information, Fig. S1) consists 

of four main components, namely (i) a microscope slide holder base, (ii) a SERS chip used as working 

electrode (WE) connected via a copper tape, (iii) the sample chamber (V = 325 µl) and (iv) an 

electrode adapter, with a platinum (GoodFellow, Huntingdon, UK) counter electrode (CE) (Ø 1 mm), 

and silver/ silverchloride (Ag/AgCl) reference electrode (RE) (Ø 0.5 mm). 

Parts i – iii were designed to be disposable, while the electrode adapter (iv) can be removed and 

reused. The holder base consists of a flat glass microscope slide (width = 25 mm, length = 75 mm, 

height = 1 mm) covered by a 0.5 mm Poly(methyl methacrylate) (PMMA, Axxicon Moulds, 

Eindhoven, Netherlands) sheet, which can be tightly secured at the Raman systems microscope stage. 

A cavity in the PMMA sheet defines the placement area of the 6 x 8 mm SERS substrate. The SERS 

substrate is fixed in the PMMA sheet as depicted in Fig. S1 C and partially covered with a strip of 1 

cm wide adhesive copper tape (Farnell Danmark AS, Herlev, Denmark), enabling the connection of 

the SERS substrate to the potentiostat. 

The sample chamber consists of two components; a 0.5 PMMA base (25 x 25 mm), with a central 

opening (4 x 4 mm) for covering the SERS chip and defining the measurement area, and a 3 mm high 



PMMA chamber (25 x 25 mm) with a central cavity (10 x 10 mm) and side opening accommodating 

the removable electrode adapter. All PMMA components were manufactured by laser ablation 

(Epilog Mini 18 30 W, Epilog, USA) and connected to the underlying structures using a 0.15 mm 

thick pressure sensitive double-sided adhesive (PSA, ARcare 90106, Adhesive Research, Limerick, 

Ireland) cut with a Silhouette Cameo Plotter (Silhouette America, Inc., Utah, US).  

The electrode adapter (iv), is an irregular cross shaped 5 mm thick unit manufactured from 

polydimethylsiloxane (PDMS). PDMS (DOWSILTM, Dow Silicons, Wiesbaden, Germany) was 

prepared from base polymer and curing agent at a standard 1:10 mixing ratio directly into a custom-

made mold manufactured from a 5 mm thick PMMA sheet by laser ablation. After removal of trapped 

air bubbles, PDMS was cured for 12 hours at 70 ˚C in an oven. The soft elastomeric material allows 

easy manipulation of the piece in lateral directions and assists in sealing the sample chamber, as the 

electrode adapter is placed into a fitting opening. Two electrodes (CE and RE) were placed through 

the PDMS piece in lateral direction and fixed in the center of the sample chamber. In all cases the 

potential was applied vs. the Ag/AgCl RE. 

 

SERS measurements 

SERS measurements were carried out using a Raman microscope (Thermo Scientific DXRxi, 

Waltham, MA, USA) equipped with an electron multiplying charge coupled device and a 780 nm 

laser. Measurements were recorded with 5 mW laser power, exposure time of 0.05 s, a 10X objective, 

a 50 µm slit and a step size of 50 µm. SERS maps measuring 2 mm x 3.8 mm (height x width) were 

measured on the sensor surface through the liquid sample repetitively. The nanostructures were 

characterized before and after measurements using a scanning electron microscope (Zeiss Supra VP 

40 SEM, Jena, Germany). 



In the electrochemical-SERS platform, the potential was applied using a commercial potentiostat 

(CHI 1030a, CH Instruments Electrochemical Analyzer, CH Instruments Inc., Austin, TX, USA).  

 
Measurement procedure 

Prior to each measurement, the SERS chip was pre-conditioned to ensure wetting of the chip, since 

the SERS substrates are hydrophobic after fabrication. In the pre-conditioning step, a potential of - 

0.8 V was applied on the substrate for 1 min followed by 0.8 V applied for 1 min in PBS at the 

relevant pH. This procedure was repeated twice to ensure a reproducible signal behavior, causing the 

surface to become more hydrophilic and resulting in a homogenous surface wetting as well as 

increased signal stability. For measurements of standards and samples, the potential was applied for 

30 seconds prior to SERS mapping. Each SERS map took 3 minutes and 30 seconds to record. The 

surface charge was reversed by applying a positive potential (0.8 V) for 1 min immediately after the 

SERS measurements. This process was repeated on average four times for each measurement. For 

the evaluation of the reversibility efficiency, an additional SERS map was recorded at no applied 

potential.  

 

Data Analysis 

Data processing and quantitative analysis were performed with a custom-made toolbox extension 

in Matlab (2019a, MathWorks, Natick, USA). Baseline correction between 630 – 760 cm-1 was 

performed by a linear model that was estimated using the observations from 630 – 650 cm-1 and 

740 – 760 cm-1. The median value for peak intensity and mean-area under the curve, taking into 

account removal of outliers, for the top 20% of data was obtained for each SERS map. The calibration 

curve was constructed based on the measured mean-area under the curve at a defined peak. For data 

collection, 4 SERS maps were recorded for each sample and measurements were carried out in two 



separate chips (n = 8). For the points in the calibration curve in the case of curve at no applied 

potential, SERS maps were recorded for each individual chip once and four chips were used for each 

concentration (n = 4).  

Results and Discussion  

 Melamine has been used as adulterant in food for increasing the apparent protein content in milk.51 

This toxic compound can cause severe kidney damage52 therefore, the United Nations food standard 

has set a threshold of 1 ppm of melamine in powdered infant formula and 2.5 ppm for other foodstuffs 

and animal feed.53 Due to the importance of melamine in food safety and the fact that this compound 

has been thoroughly studied with Raman spectroscopic techniques,54 including a variety of SERS 

platforms,13,49 it was chosen as model analyte for our electrochemical-SERS detection platform. 

Melamine is neutral at physiological pH and does not have interaction with an uncharged SERS chip 

(Fig. 1A). However, with a pKa value of 5 and pKb value of 9, this molecule can be protonated 

(positive net charge) in solutions of pH < 5 and deprotonated (negative net charge) in solutions of 

pH > 9. In the electrochemical-assisted SERS approach, the Au-capped nanopillar substrates were 

used as WE to enable precise control of the applied potential on the SERS substrate. By modulating 

the charges of the target molecule, we can control the interaction of melamine with the charged SERS 

substrate (Fig. 1A).  

The electrochemical-SERS platform is presented in Fig. 1B, where the potential is applied on the 

WE (SERS chip) vs. the Ag/AgCl RE. The CE and RE are stabilized in the center of the sample 

chamber through a reusable electrode adapter. The assembled detection chamber (Fig. 1C), can be 

easily handled and placed inside the Raman microscope (Fig. 1B).  



 

Figure 1: Working principle of the electrochemially assisted SERS-based detection showing the 

variations of surface charges on the Au-capped nanopillar SERS substrates and the suggested 

interaction of the surface with melamine (A). Illustration of the custom-made electrochemical-SERS 

platform and its respective system interfacing (B). Photo of the assembled detection chamber and 

SEM image of Au-capped nanopillar structures for SERS detection (C).  

Electrochemically enhanced SERS detection  

The melamine Raman spectrum was interpreted using Density Functional Theory (DFT) 

simulations and more detailed vibrational mode assignments are depicted in the supporting 

information Fig. S2 A. The Raman scattering signal from melamine powder (supplementary 

information, Fig. S2 B) shows distinct sharp peaks corresponding to the simulated results at 581 cm-

1, 683 cm-1 and 985 cm-1. Nevertheless, when measuring melamine (2.5 ppm) spiked in milk (red line) 

at neutral (pH 7.4, Fig. 2A) and acidified (pH 3.6, Fig. 2B) pH on an Au-capped nanopillar SERS 

substrate no distinct melamine peak could be detected, due to surface fouling by the sample matrix. 

On the other hand, a measurable signal could be obtained for melamine at the same concentration in 

0.1 M PBS (black line).  



 

Figure 2: SERS spectra of 2.5 ppm melamine in PBS and milk at a pH 7.4 (A) and pH 3.6 (B). 

Comparison of neutral and positively charged melamine in PBS at no (black line) and - 0.8 V vs. 

Ag/AgCl (green line) applied potential. SERS spectra of 1 ppm melamine in PBS at pH 3.6 dependent 

on the applied potential (C). The SERS spectra have been shifted for clear representation.  

 

The detected melamine peak at pH 7.4 and pH 3.6 in PBS was at a peak position around 710 cm-1, 

which was different from the signal recorded from the melamine powder (Fig. S2 A). This is probably 

due to a different state of melamine in the liquid environment. In Figure 2A, Raman spectra of 

2.5 ppm melamine dissolved in PBS (pH 7.4) at no applied potential (black line) and at high negative 

potential (- 0.8 V, green line) are shown. At no applied potential, we recorded a peak attributed to 

melamine around 710 cm-1, while at - 0.8 V applied potential a peak at 683 cm-1 was measured. When 

measurements were performed in milk, no distinct peaks could be observed independent from pH and 

applied surface charge (supplementary information, Fig. S3) due to the turbidity of the sample matrix.  



Potential dependent Raman peak shifts have been previously reported by E. Koglin et al.55 and can 

be attributed to the interaction mechanism of melamine at the metal-electrolyte interface. In our case, 

the applied negative potential resulted in more pronounced peak shape, a peak shift and increased 

peak intensity for the same melamine concentration at pH 7.4. At pH 3.6, the melamine molecule will 

have a controlled positive net charge. At this pH similar peak position shifts can be observed, as 

depicted in Fig. 2B (green line vs. black line). The observed peak intensity at 683 cm-1 is ten times 

higher at - 0.8 V applied potential (green line, Fig. 2A vs. Fig. 2B), in the case of the acidified solution 

in comparison to the solution at pH 7.4. The increase in intensity is caused by electrostatic attraction 

between the negatively charged SERS substrate at - 0.8 V and the protonated melamine molecules at 

pH 3.6.56 Despite of the signal increase at pH 3.6 with - 0.8 V applied potential, when melamine was 

measured directly in milk samples there was no peak observed due to the turbidity of the solution 

caused by the lipid micellar components in the milk (Fig. 2B, black line vs. red line). This observation 

indicates a strong need for a simple sample pre-treatment when dealing with real samples.  

As we demonstrated, the SERS-based detection of melamine is significantly enhanced due to 

electrostatic interaction between the negatively charged sensor surface at - 0.8 V applied potential 

and the positively charged analyte (pH 3.6). We observed that changes in surface charge cause a 

significant peak-pattern-change when measuring 1 ppm melamine in acidified PBS (pH 3.6, Fig. 2C). 

Generally, the peak intensities increase with increased negative applied potential from - 0.2 V up to 

- 0.8 V, followed by a slight decrease in intensity at - 1 V. Similar effects have been shown by A.M. 

Robinson et al.56 We also observed that up to 0.4 V applied potential the peak at 710 cm-1 is dominant, 

which has also been previously reported when measuring melamine in aqueous solutions.49,56 

However, at 0.2 V an additional second peak appears around 702 cm-1, while at 0 V the peak at 

683 cm-1 becomes apparent and intensifies with increased negative applied potential, while the 

702 cm-1 and 710 cm-1 peaks start to disappear. At an applied potential of - 0.6 V the 683 cm-1 peak 



is the major spectral peak and it reaches its highest intensity at - 0.8 V. Therefore, for further 

experiment aimed for melamine quantification, - 0.8 V applied potential was used.  

 
Reversibility of the SERS substrate 

T.-A. Meier et al.47 has previously reported a fast electrically assisted regeneration of a stationary 

SERS substrate integrated into a microfluidic channel via short-term application of 100 V to the 

surface. The  regenerated crystal violet (10-5 M) SERS spectra displayed a ~33% deviation in spectral 

intensity possibly caused by morphology changes of the Ag substrate induced through the high 

applied voltage during the desorption process, which is a major limitation for utilizing the method in 

quantitative SERS applications reliably.  In this work, we evaluated the possibility of reversing the 

electrical attraction on the surface, by applying a positive potential of 0.8 V for 1 min after 

measurements, aiming to break the interaction between the analyte and the SERS substrate (Fig. 3A).  

In Fig. 3B, SERS spectra of 1 ppm melamine at multiple repetition cycles in acidified PBS (pH 3.6) 

are shown. The spectra were recorded on a single chip while the applied potential was switched 

between - 0.8 V and 0.8 V (Fig. 3C). After each measurement at - 0.8 V applied potential, the analyte 

was electrostatically removed from the surface of the SERS substrate when 0.8 V was applied for 1 

min. Raman signal intensities of the 683 cm-1 peak are stable throughout the measurements at - 0.8 V 

applied potential (Fig. 3B, red curves). The black curves (Fig. 3B) are the intermediate measurements 

performed at no applied potential, after the reversal (0.8 V, 1 min) step, and show that melamine was 

efficiently removed from the SERS substrate. There is a clear and stable 710 cm-1 peak at no applied 

potential, while at a highly negative applied potential a dominant peak at 683 cm-1 could be observed. 

Both peaks are characteristic for the applied potential state (Fig. 2C), which shows that the substrate 

returned to its initial state after charge reversal. Throughout the repetitions cycles no additional 

spectral peaks could be observed (supplementary information, Fig. S4 A). The effect of applied 



potentials on the morphology of SERS substrates was negligible, see SEM images of the SERS 

substrates before and after an experimental run depicted in Fig. S4 B (supplementary information).  

In Fig. 3C the variation between measurements is shown, considering the area under the curve, for 

the 683 cm-1 peak, at no applied potential (black) and at - 0.8 V applied potential (red). To ensure 

accurate detection achievable on a uniformly charged and wetted surface, a pre-conditioning step 

(two repetition cycles of - 0.8 and 0.8 V applied potential) was introduced prior an assay, as indicated 

in the ‘Measurement procedure’ section and therefore the data from the pre-conditioning step was not 

included in the signal reversibility study. When considering the peak intensities at - 0.8 V applied 

potential for the 683 cm-1 peak we obtained a 23.7 % relative standard variation between the samples. 

However, when calculating the area under the curve for the 683 cm-1, as shown in Fig. 3C, the 

variation was lower (11.4 %) probably because in this case the software included in the calculation 

also the contribution of the 710 cm-1 peak area.  

  



 
Figure 3: Working principle of the surface reversibility (A). Reversibility study of 1 ppm melamine 

in acidified PBS, data recorded at - 0.8 V applied potential vs Ag/AgCl and at no applied potential 

(B); inset shows the area under curve at the 683 cm-1 peak (C). (n = 4)  



Calibration on a single chip  

Due to the electrochemically controlled reversibility of the substrate, it was possible to perform a 

full calibration curve on a single SERS substrate (Fig. 4, blue dots). Control measurement were 

performed, to evaluate the efficiency of surface reversibility and to ensure that there we no cross-

contamination between samples (supplementary information, Fig. S5).  

For comparison, we constructed a calibration curve at no applied potential with an uncharged 

analyte (Fig. 4, black dots), which required 60 separate Au-capped nanopillar chips to obtain 

comparable numbers of data point as with the electrochemically assisted approach.  

 

Figure 4: Calibration curve of melamine in PBS performed using the electrochemically assisted 

SERS-platform (blue, pH = 3.6, n = 8) compared to calibration curve obtained with individual chips 

for each concentration (black, pH = 7.4, n = 4). 

 There is a clear difference between the calibration curves presented in Fig. 4, with an improved 

sensitivity in the case of the electrochemically enhanced SERS. The linear range in this case was 

between 0.05 and 0.5 ppm with the detection limit of 0.01 ppm. Based on the calibration curve it can 

be seen that with non-charged melamine and at no applied potential, the detection limit is 0.5 ppm, 



which is already 20 times lower than previously reported detection limits for melamine of 10 ppm on 

our Au-capped nanopillar substrates13 and 10 times lower than on other spectroelectrochemical SERS 

systems utilizing screen printed electrodes modified with silver nanoparticles.56  

 

Melamine detection from milk  

Direct application of sensors in real samples, such as milk, can be challenging, considering the 

effect of interfering compounds, which either can foul the sensor surface or lead to false positive 

outputs.13,37,39,40,49,56 For the detection of melamine, liquid chromatography or gas chromatography 

coupled with mass spectrometry as well as immunosorbent assays are commonly used.51 However, 

these techniques often require complex sample pre-treatment procedures, such as chromatographic 

separation and phase extraction,57 procedures as well as well-trained personal and costly analysis 

systems. SERS on the other hand, proved to be a feasible alternative for fast and cost efficient 

melamine detection58–65 and has been successfully used in combination with various sample pre-

treatment approaches,11,66,67 which proved to be important when quantifying analytes from a complex 

sample matrix.  

Milk is a commonly used staple food with a rather complex matrix, it is composed of next to 90 % 

water, different proportions of lipids, proteins, carbohydrates as well as small amounts of minerals 

and other micronutrients.68 Common simple pre-treatment approaches for melamine separation from 

milk utilized in combination with SERS-detection include centrifugation65,69 and dilution. SERS-

based detection of melamine in milk in combination with pre-treatment technologies has been shown 

on a variety of nanoparticle-based SERS substrates,51 reaching detection limits down to 0.03 ppm.70 

However, nanoparticle-based SERS substrates often suffer from low substrate homogeneity and 

signal reproducibility, which can be overcome through purposefully engineered nanostructured SERS 



substrates.9,71 P. Rajapandiyan et al.72 for example reports a detection limit for melamine in diluted 

milk of 2 ppm for SERS-substrates based on silver-nanoparticle decorated nanorod structures.  

In this work we utilized a simple sample pre-treatment based on solid phase separation of milk on 

a gel filtration column, previously introduced by A. Kim et al.49 We optimized the fraction collection 

step, using milk spiked with 10 ppm melamine.  

The first two fractions were discarded and not used for SERS based detection, since they contained 

the majority of milk micelles, resulting in a high sample turbidity and lack of melamine signal 

(Fig. 5A). In Fig. 5B it is shown that we obtain a clear melamine signal from fraction 3, while there 

is no detectable melamine form milk spiked with melamine. As can be seen in Fig. 5C, the majority 

of melamine is eluted in fraction 3 and 4, which were combined for further analysis. Using the 

calibration curve shown in Fig. 4 (pH 7.4, no applied potential) we found that the concentration in 

the combined fractions 3 and 4 was 9.3 ± 0.8 ppm. Melamine detected from the milk fractions shows 

a slightly lower response than the signal recorded from spiked PBS solutions, indicating that a part 

of the analyte was either retained in the gel filtration column or eluted in other fractions. 



 

Figure 5: Photo of milk in comparison with the obtained eluted fractions (A). SERS spectra of milk 

and signal recorded from the combined elution fraction 3 and 4 under no applied potential conditions 

(B). The SERS spectra have been shifted for clear representation. Area under the curve for 710 cm-1 

melamine peak at no applied potential conditions for fractions 1 to 6 (C, n= 3). Signal recorded for 

melamine detected from milk and PBS after elution using electrochemically assisted SERS (D). Peak 

areas for 683 cm-1 melamine peak at - 0.8 V applied potential are shown. (n = 8). 

Once we established the extraction of melamine from milk, we evaluated the efficiency of the 

sample pre-treatment method combined with the electrochemically assisted SERS-based detection by 

measuring various concentrations (0.3 to 1 ppm) of melamine spiked in milk and PBS (Fig. 5D). After 

elution, the combined fractions (3&4) were acidified with 10 % HCl and measurements were 

performed at - 0.8 V applied potential with intermediate reversal of charges. Melamine detected from 

the milk fractions shows a slightly lower response than the signal recorded from spiked PBS solutions, 



indicating that a part of the analyte probably was retained in the gel filtration column. We found that 

more than 90% of the melamine was eluted for all tested concentrations, leading to a reliable detection 

of at least 0.3 ppm melamine from milk samples, which is below the lowest set limit of 1 ppm. Kim 

et al.49 earlier reported a detection limit of 1 ppm melamine in milk with the same gel filtration sample 

pre-treatment method using SERS substrates. In addition, electrochemically assisted SERS-based 

detection of melamine in milk has been demonstrated by C.L. Brosseau et al. with a portable system 

with 5 ppm melamine detection limit in milk.65 An added advantage of the here presented method 

beside the lower detection limits is the reversibility of the SERS-based detection, which substantially 

lowers the number of sensors needed in a quantitative assay. 

Conclusion  
In this paper, we present a cost efficient and specific approach for melamine detection, using a 

compact and easy to use detection platform. The technique allows reliable, repetitive measurements 

on a single SERS chip, which eliminated chip-to-chip variations and greatly decrease the cost of 

analysis. The obtained limit of detection (0.01 ppm) for melamine in PBS, and the lowest measured 

concentration in milk (0.3 ppm) are below the maximum allowed levels in powdered infant formula 

of 1 ppm.53 Our application of a simple sample pre-treatment enables melamine detection from real 

samples without the need of sample dilution. The presented method and detection platform open up 

new possibilities for applications requiring continuous monitoring and in-line detection, considering 

the reversible nature of detection. Additionally the presented system would be suitable for on-site 

detection when combined with miniaturized Raman systems19,21 and potentiostats.73,74 The introduced 

pre-treatment and reversible detection unit can be easily integrated as automated units for continuous 

detection in an industrial set-up.  
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S1 – Components of the electrochemical-SERS platform 

The electrochemical-SERS platform utilized in this study was custom made in-house. Key components 

of the platform are represented in Fig. S1. The assembled platform (Fig. S1A) is constructed from four 

main components:(i) the holder base, (ii) SERS chip used as working electrode, (iii) the sample chamber 

and (iv) an electrode adapter, as can be seen in Fig. S1 B, C. Components (i) and (iii) are made of 

polymethyl methacrylate (PMMA) layers with varying thickness and are fixed on a microscope glass 

slide with pressure sensitive adhesive tape. The (ii) Au-capped nanopillar SERS substrate is sandwiched 

between the holder base and sample chamber and connected to a potentiostat via a copper tape. 

Components (i) – (iii) were designed to be disposable and are meant to be single-use. The (iv) electrode 

adapter, containing the counter and reference electrode, can be removed from the assay platform and re-

used after cleaning.  
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Figure S1: Photo of assembled (A) and disassembled into main components (B) electrochemical-SERS 

platform. Illustration of the main platform components (C).  
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Theoretical simulations  

The ground molecular structure and vibrational spectrum of melamine molecule was simulated using 

ab initio calculations, the Gaussian 09 program package.1 Geometry optimization was obtained by 

density functional theory (DFT) calculations using the hybrid functional B3LYP and the standard 6-

311+G(d,p) basis set. The GaussSum 3.0 software package was used to produce the theoretical melamine 

Raman spectrum depicted in Fig. S 2A.2 Vibrational modes can be assigned as follows: 586 cm-1 – 

asymmetric ring stretch, 684 cm-1 – ring breathing, 748 cm-1 – out of plane C-N stretching, 990 cm-1 – 

NH2 in-plane rocking, 1622 cm-1 – NH2 scissoring (bending) mode.  

Experimental Raman measurements of dry melamine powder (Fig. S2 B) were recorded through point 

measurements with a 780 nm laser at a laser power of 5 mW, exposure time of 1 s, a 10X objective, a 50 

µm slit and a step size of 500 µm. Five measurement points were evaluated. The Raman spectra of 

melamine powder shows distinct sharp peaks at 581 cm-1, 683 cm-1 and 985 cm-1, which correspond to 

the obtained theoretical Raman spectra. 
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Figure S2: Theoretical Raman spectrum of melamine (A) and experimentally obtained Raman spectra 

of melamine powder (B). 
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Control spectra in milk 

SERS measurements of 2.5 ppm melamine in 0.5 % milk do not show any relevant Raman peaks. 

Measurements were performed both at pH 7.4 and pH 3.6 under no applied potential and – 0.8 V applied 

potential, as depicted in Fig. S3. The complexity and turbidity of the sample matrix hinders detection, 

and there are no Raman peaks to be seen independent from melamine protonation and – 0.8 V applied 

potential on the SERS chip.  

 

Figure S3: SERS spectra of 2.5 ppm melamine in milk at pH 7.4 and 3.6 as well as no applied (black) 

and – 0.8 V vs. Ag/AgCl applied (green) potential. The SERS spectra have been shifted for clear 

representation.  
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Signal reversibility on the SERS substrate  

We showed that is feasible to control the electrostatic interactions between melamine and the SERS 

substrate leading to the possibility of 1-chip calibration. In addition, we conducted a variety of control 

measurements to test how efficiency and reliability of the signal reversibility process.  

In Fig. S4A as well as in Fig. 3B SERS spectras of 1 ppm melamine in acidified PBS (pH 3.6) are 

shown. The positively charged analyte was electrostatically attracted (- 0.8 V) followed by a charge 

reversal (+ 0.8) in consecutive repetition cycyles, from which cycle 3, 6 and 10 are shown in Fig. S4B 

for a clear visualization. The spectras were recorded on a single chip, while the applied potential was 

switched between - 0.8 V and 0.8 V. Raman signal intensities of the 683 cm-1 peak are stable throughout 

the measurements at - 0.8 V applied potential (red curves), while spectra measured at no applied potential 

(black curves) after applying 0.8 V for 1 min show no peak at the same position. In the case of no potential 

applied we can, on the other hand, detect a significant peak around 710 cm-1, which has been observed 

in all cases independent of molecule protonation form when there was no potential applied. No additional 

peaks were observed throughout the experiment.  

We assessed the surface of the SERS chip and the effect of the subsequent applied potential. SEM 

images of dried SERS chips before and after (Fig. S4 B) the reversibility study indicate no significant 

change in surface topography of the Au-capped nanopillar structures. After consecutive ten 

measurements and reversion cycle measurements the surfaces appear slightly smoother and melamine 

residues are located between the pillars, indicating a well-wetted substrate. These findings strongly 

indicate that the applied potential does not damage the Au-capped nanopillar substrates over multiple 

repeating measurements and ensure the reusability of the substrate.  
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Figure S4: SERS spectra of 1 ppm melamine in acidified PBS, data recorded at -0.8V applied potential 

vs. Ag/AgCl and at no applied potential for repetition cycle 3, 6 and 10 (A). The SERS spectra have been 

shifted for clear representation. SEM images obtained of the substrate before and after the reversibility 

study (B). (n=3) 
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As shown in Fig. 4, we obtained calibration curves on a single SERS chip by utilizing 60 – 80 repetition 

cycles on various melamine concentrations. We evaluated the efficiency of signal reversibility, since it 

is a crucial factor during sensor calibration and when performing an assay. If melamine is not removed 

efficiently, it can occur that the molecules will gradually accumulate on the sensor substrate. 

To verify that melamine was removed, through electrostatic (0.8 mV) repulsion, after detection, we 

measured acidified PBS control (0 ppm melamine) several times at – 0.8 mV, namely after pre-

conditioning, intermediately between concentrations and at the end of a measurement set. and after each 

single-chip calibration. The SERS spectra of acidified PBS controls for three separate calibration 

experiments are shown in Fig. S5. We observed no significant melamine-related Raman peaks (683 cm-

1 or 710 cm-1) in acidified PBS controls for any of the experiments. This strongly suggest that the 

electrostatic repulsion of protonated melamine from the SERS substrate when applying a highly positive 

surface potential (0.8 V) functions reliable and additionally allows efficient sample removal from the 

sensor surface. During sample exchange, melamine could be removed from the sample chamber without 

any residues avoiding cross contamination between samples and artificially increased signal intensities.  
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Figure S5: SERS spectra of acidified PBS for three separate calibration curve experiments. The data was 

recorded at -0.8 V applied potential vs. Ag/AgCl after sample pre-conditioning, in the middle and at the 

end of a calibration curve experimental run (n = 6). The SERS spectra have been shifted for clear 

representation.  
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