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Abstract

Proteins are essential components found in living organisms and play vital roles in various biological processes.
Their significance is particularly evident in medical contexts, where the detection of proteins at extremely low
concentrations, such as 𝛼-synuclein associated with diseases like Alzheimer’s and Parkinson’s, is crucial. Raman
spectrum of proteins allows us to identify the chemical compounds based on their unique spectral fingerprint.
However, the Raman effect is a relatively rare occurrence, making the detection of weak signals challenging.

To overcome the low Raman intensity, researchers employ surface-enhanced Raman spectroscopy (SERS), which
enhances the Raman signal and enables the analysis of proteins even at low concentrations. Nonetheless, SERS
substrates often exhibit fluctuations in intensity across their surface, primarily due to nonuniform distribution
of field enhancement in the sample.

The objective of this research is to understand influence of the spatial intensity fluctuations on the Raman
frequency, which is a measure of the protein conformation. In this project, we use a plasmonic nanostructure
that includes an array of the nanoparticles on top of a gold mirror to probe multistate vibrational modes of
proteins. Studying the vibrational modes of the protein on plasmonic surfaces is crucial to understand the
possible conformations of proteins on such surfaces, which are widely used for sensing and biomedical diagnosis.

In order to maintain stable bonding of the protein Bovine Serum Albumin (BSA) and ensure a consistent
protein conformation on the surface, a self-assembled monolayer (SAM) surface is used as a mediator between
the protein and gold surfaces. This SAM surface consists of regions with different characteristics, such as hy-
drophilic and hydrophobic properties, as well as neutral or charged traits.

The research findings shows that a closed hotspot without any linking molecules provides the most effective
intensity enhancement. Therefore, it is recommended to utilize an open hotspot when applying a self-assembled
monolayer. Furthermore, the research demonstrates that 𝛼-helices remain intact only in coupled plasmonic
nanocavities when neutral linking molecules are employed. In the case of both charged and neutral linking
molecules, the surrounding environment exposes the side chains Tyr, Phe, and Trp. In case of particularly
positive charged and neutral linking molecules, the 𝛼-helices are transformed into 𝛽-sheets.
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1 Introduction

Raman spectroscopy is a spectroscopic technique to measure vibrational modes exhibited by molecules. Upon
exposing a molecule to laser irradiation, a substantial proportion, exceeding 99 percent of the scattered light has
the same frequency. This elastic scattering is called Rayleigh scattering. Conversely, a minute fraction of less
than one percent, deviates from this frequency. That inelastic scattering is called Raman scattering. Raman
spectroscopy can identify the chemical compounds based on the unique spectral fingerprint of each molecule.
However, the Raman effect is a relatively low probability event making it challenging to detect weak signals.(1)

To enhance the detection sensitivity, the use of a metallic surface is necessary. This technique, known as
surface-enhanced Raman spectroscopy (SERS), effectively amplifies the Raman signal, thereby facilitating the
analysis of low concentrations of proteins.(2) Metallic substrates are extensively used in the realm of SERS owing
to their ability to facilitate highly sensitive detection and imaging of molecules. SERS is applied in the diag-
nosis of cancers(3) and diabetes(4), but also for sensitive detection of viruses e.g. influenza(5) and COVID-19(6).

Nevertheless, SERS substrates exhibit a constraint of spatial fluctuations in SERS intensity. These fluctuations
are frequently ascribed to nonuniform field enhancement(7) distribution of the sample. Additional explanations
attribute these observations to the existence of picocavities and charge transfer phenomena occurring between
the metal and the molecules. Using more complex biomolecules, these intensity fluctuations are even more
unpredictable, especially for proteins.

Proteins are essential components of living organisms which play crucial roles in various biological processes.
The structure of a protein can be categorized into primary, secondary, tertiary, and quaternary structures. A
primary structure consists of a linear chain of amino acids. The secondary structure of a protein refers to the
repeated arrangement of its backbone atoms. The most common types are 𝛼-helices, 𝛽-sheets and random
coils(8), which are formed and stabilized by hydrogen bonds from the polypeptide backbone.(9) Fig. 1 shows a
number of proteins that are characterized by the types of secondary structures. A part of the amino acid forms
the polypeptide backbone of the protein. The rest of the amino acid is considered a side chain of the backbone
and is called residues (R). The amino acids tyrosine, phenylalanine and tryptophan have large ring structures
in their R groups, which make the side chain larger compared to those of other amino acids.(10)

Figure 1: Examples of some proteins, containing different types of the secondary structure. (a) 𝛽1 adrenergic
receptor is made entirely of 𝛼-helices, (b) alcohol dehydrogenase has a mixture of both 𝛼-helices and 𝛽-sheets
and (c) antibodies contain almost exclusively 𝛽-sheets. The 𝛼-helices are shown in green, 𝛽-sheets are shown
in red and the loops are shown in yellow.(10)
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There are some challenges in performing SERS measurements of biomolecules, especially for proteins. In many
cases, it is necessary to create aggregates of nanostructures to generate high local fields which are suitable for
SERS. When using aggregates of nanostructures, the obtained SERS spectra contain notable variations in both
enhancement and spectral characteristics, which arise from the diverse interactions of the protein molecule with
the nanoparticles, influenced by changes in protein concentration.(11) Due to the various possible orientations of
adsorbed proteins, the SERS spectral reproducibility is a limiting issue for using plasmonic surfaces for sensing
proteins and their conformations.(12) Moreover, direct contact between proteins and metal substrates often
leads to protein denaturation.(13) Self-assembled monolayer could control the orientation of the proteins. How-
ever, it remains unclear how this approach would create an environment with coupled plasmonic nanocavities.

It is crucial to be able to make accurate measurements. For example, in a medical context it is very im-
portant to be able to detect proteins in extremely small concentrations. Specifically, 𝛼-synuclein, a protein
associated with diseases such as Alzheimer’s and Parkinson’s, warrants detection at a very low concentration.

The objective of this research is comprehend the influence of the spatial intensity fluctuations on the Ra-
man frequency, which is a measure of the protein conformation. This includes fabricating own samples with
nanoparticle aggregates, a self-assembled monolayer and proteins. The optical part is also crucial, the measure-
ments must be performed correctly. Finally, the analysis must ensure that only real Raman peaks are presented,
without noise for example. Research will be done in the literature on how bonds within proteins are visible in
the Raman spectrum.

1.1 Research Questions

The main research question of this project is: How are molecular vibrations of proteins modified by a plasmonic
surface? Besides the main question, a number of sub-questions have been formulated to answer the main
question.

• How does the sample configuration influences the SERS intensity and Raman wavelength fluctuations?

• How can the molecular vibrations be influenced by different linking molecules?

• What is the role of different protein conformations and side groups to the Raman spectrum?
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2 Theory

Surface-enhanced Raman scattering (SERS) is a widely used spectroscopy technique. It offers highly sensitivity
and it possesses the ability to amplify incident light which leads to a SERS enhancement exceeding 108(2).
This extremely high enhancement makes that SERS is very interesting in biosensing due to its high sensitivity.
It can generate a complete fingerprint of a molecule and that it is a label-free detection method.(7). For
example SERS biosensors can be used in detection of diseases e.g. Alzheimer disease, Parkinson’s disease,
diverse forms of cancer and glucose detection in the context of diabetes.(14) In order to form the necessary basis
for surface-enhanced Raman spectroscopy, we summarize the fundamental of Raman spectroscopy, localized
surface plasmons and field enhancement of plasmonic nanostructures.

2.1 Raman spectroscopy

To better understand the concept of SERS, first the basics of Raman will be explained. Raman spectroscopy
is a technique based on the interaction between light and matter. An incident photon with energy ℎ𝑣 will raise
the molecule from the vibrational state to one of the virtual states in between the ground electronic state and
the first excited electronic state, as can be seen in Fig. 2.

Figure 2: Energy-level diagram of (a) Stokes Raman scattering, (b) Rayleigh scattering, (c) anti-Stokes scat-
tering. (d) Frequency comparison of Rayleigh, Stokes and Anti-Stokes scatterings. In (d) the intensities are
not scaled. The photons are excited from a certain vibration energy level to the virtual state. Then they relax
back to one of the vibration energy levels, which results in emitting of a photon with a different frequency for
Raman scattering.(15)

In inelastic scattering, the incoming light has photons with a frequency 𝜈𝑒𝑥. Then the photon excites the
molecule from 𝑆0 to a virtual state before the photon is emitted. The emitted photon has an extra term in the
frequency 𝜈𝑒𝑚 = 𝜈𝑒𝑥 ± 𝜈𝑣𝑖𝑏. The extra term represent the phenomena called Stokes Raman scattering if the
term is positive, and anti-Stokes Raman scattering if the term is negative.(2)
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2.2 Localized Surface Plasmons

Localized Surface Plasmons (LSPs) refer to the collective oscillation of electrons confined at the surface of a
metallic nanoparticle with a diameter smaller than the wavelength of light (Fig. 3). LSPs are induced by the
interaction of incident light with the free electrons present in the surface of the metal, leading to the formation
of localized electromagnetic fields. These plasmonic resonances can be observed as enhanced electromagnetic
fields localized around the nanoparticle, resulting in unique optical properties. Several factors can influence the
frequency of the oscillations, such as the shape and size of the charge distribution, the density of electrons and
the effective electron mass.

Figure 3: The oscillation of the free electrons at the surface of the metallic nanoparticle is shown. This oscillation
is the origin of the field enhancement at the vicinity of the nanoparticle.(7)

2.3 Coupled plasmonic nanocavities

When an electric field interacts with plasmonic nanoparticles, the momentum of the electric field can be trans-
ferred to free electrons at the surface of the nanoparticle.(16) This transfer of momentum can induce the
enhancement of electric fields in the vicinity of the particles. This field enhancement depends on the shape and
material of the nanoparticles, and the surrounding medium.(17; 18) When placing two nanoparticles less than
2 𝑛𝑚 to each other (Fig. 4a), the field enhancement can reach more than 100 times higher than that of a single
nanoparticle.(19) Another structure is the nanoparticle on mirror (NPoM, see Fig. 4b). The nanoparticle is
positioned on a metallic mirror, which leads to a coupling between the nanoparticle and its image charge in
the mirror. This results to a similar enhancement as nanoparticle dimers.(20) In this research, we employ a
structure consisting of an array of nanoparticles on top of the mirror, known as coupled plasmonic nanocavities
(Fig. 4c). In this arrangement, the field enhancement is higher compared to NPoM due to the coupling between
nanoparticles and their mutual interactions with image charges in the mirror. In this work we use coupled
plasmonic nanocavities to study proteins.
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Figure 4: Different structures of nanoparticles, which are (a) two nanoparticles next two each other, (b) plas-
monic nanocavity and (c) coupled plasmonic nanocavities.

In coupled plasmonic naonocavities, the field that is enhanced is confined between the nanoparticles and the
gold film, and in between the nanoparticles. The SERS enhancement factor can be calculated by: 𝑆𝑆𝐸𝐹𝑒𝑥 =
[𝐸𝑙𝑜𝑐(𝜔0)/𝐸0(𝜔0)]4.(7), in which 𝐸𝑙𝑜𝑐 is the local EM field and 𝐸0 is the EM field of the incoming light. It should
be noted the SERS enhancement factor is proportional to the electric field to the power 4. Any small changes
in the field enhancement result into a significant change in the SERS enhancement factor. So if the samples
is distributed non-uniformly on the gold nanoparticle aggregates, it experiences different field enhancement.
Consequently, there is a variation in the SERS spectrum intensity.(7)

Based on these two field enhancements, the protein can be positioned in different ways. The protein can be
added on the nanoparticles (open hotspot) or in between the gold film and the nanoparticles (closed hotspot).
The open hotspot utilizes the field enhancement in between the nanoparticles. In addition, the closed hotspot
also uses the field enhancement between the nanoparticles and gold film.

Raman peaks in the spectrum of a protein provide valuable information about the secondary conformation.(21)
This is because the secondary structure of a protein is associated with vibrational modes of the peptide backbone
and the side chains of amino acids. Those vibrational modes are sensitive to the local environment and bindings
within the protein molecule. Raman spectroscopy measures the molecular vibrations which are triggered by the
inelastic scattering of photons.

2.4 Bovine Serum Albumin (BSA)

BSA has widespread use as a model protein for investigating various biological processes, including protein
folding, stability, and interactions. Additionally, BSA has structural similarities to human serum albumin make
it relevant for understanding drug binding and transport mechanisms. BSA is about 8.3 𝑛𝑚 in a compact state,
to 26.7 𝑛𝑚 in an extended state.(22). The protein and its domains are shown in Fig. 5. While domain 1 and
2 are very negatively charged, −9𝑒 and −7.8𝑒 respectively, domain 3 is slightly negatively charged, only −1.3𝑒.(22)

BSA has different characteristic vibrational bands. The amide I and amide II bands are the main vibra-
tional bands associated with the secondary structure. The amide I band arises from stretching vibrations of the
carbon-oxygen double bond (C=O) and is typically found in the region of 1600–1690 𝑐𝑚−1. The 𝛼-helix peak is
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observed at 1653 𝑐𝑚−1, as can be seen in Fig. 23 in the appendix. This peak can be attributed to the 𝛼-helix
Amide I band component.(23; 24; 25) A helix made of more than six amino acids results in a characteristic band
at 1655(26), while helices made of less than six amino acids would result in multiple peaks. There is a downshift
of 10 𝑐𝑚−1 when some helices make coiled motifs.(25) Also an increase in strength of hydrogen-bonding results
in a downshift in the frequency.(27) Next to the 𝛼-helix, there are some peaks related to the 𝛽-sheets, which
results in a peak at 1670 𝑐𝑚−1 and a smaller peak around 1630 𝑐𝑚−1.(25; 23) The amide II band, located in the
range of 1480–1580 𝑐𝑚−1, is primarily a result of in-plane bending of the nitrogen-hydrogen bonds (NH) and
stretching vibrations of carbon-nitrogen bonds (CN). Compared to the amide I band, the amide II band is less
sensitive to conformational changes in the protein.(8) According to different studies, BSA proteins in solution
contain 67% 𝛼-helices.(24; 28; 29). It also contains around 30% 𝛽-sheets and some 𝛽-turns.(8)

In addition, BSA has several side groups: phenylalanine, tryptophan, tyrosine and histidine. In tryptophan
there is an indole ring vibration which can give an intense peak around 1550-1555 𝑐𝑚−1. BSA also has 24
residues of phenylalanine which gives a vibration 1586 𝑐𝑚−1 at and 1610 𝑐𝑚−1. The aromatic ring of tyrosine
results in a peak at 1613. 𝑐𝑚−1(25) The assignments of Raman bands are summarized in table 4.

Figure 5: 3D structure of the BSA protein. Different colors shows the different subdomains of BSA.(30)

Table 1: A list of Raman bands and their structures.(25; 31)

Band Raman shift (𝑐𝑚−1) Assignments
Amide I 1670 (32) 𝛽-turn, random structure

1660 - 1670 (33; 34) 𝛽-sheet
1650 - 1655 (25) 𝛼-helices
1640 - 1650 (35) random coil
1630 (25; 34) 𝛽-sheet

Amide II 1550 Very weak in Raman
Phenylalanine 1586 (36; 37; 38) phenyl ring bond-stretching vibrations (out-of-phase)

1606 (36; 37; 38; 39) phenyl ring bond-stretching vibrations (in-phase)
Tyrosine 1613 - 1616 (38; 39) sensitive to changes in hydrogen bond strength with water

1604 (38) sensitive to changes in pH
Tryptophan 1550 - 1555 (36; 38; 11; 39) affected by the torsion angle
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2.5 Protein adsorption

An important aspect in this research is the protein adsorption on the surface of a gold thin film and self-
assembled monolayer surfaces with nanoparticles. This is because the adsorption depends on various adsorption
properties, for example electrostatic interactions, hydrophobic and hydrophilic interactions.(40) If a protein is
on the surface, various processes can still take place that can influence the adsorption. The protein can start to
reorient itself and conformational changes can take place. In general, BSA is a stable protein and is soluble in
water, making it a suitable protein for adsorption studies. It will be negatively charged at neutral pH. During
the self-assembly of the monolayers, various linking molecules can be added, which influence the attachment
of the protein. The terminal functional groups of the linking molecules are responsible for the differences in
hydrophobicity. In addition, the linking molecules can be positively charged, negatively charged and neutral
under the neutral pH conditions. These mechanisms are responsible for protein adsorption. Phan et al.(40)
found that the adsorption of positively charged linking molecules is the best, followed by negatively charged
linking molecules and worst for the neutral ones. The responsible mechanism in the charged molecules was the
electrostatic interactions, while in the neutral molecules it is the hydrogen bonds. Hydrophobicity also played
a role; a hydrophobic tail group works better. However, it is unclear how it behaves in SERS.
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3 Experimental methods

In this section, we present a comprehensive overview of the systematic approach, sample fabrication process,
setup details, and analysis methods employed in the study. The primary objective of this section is to obtain
accurate measurements for further analysis and interpretation. To achieve this goal, it is essential to carefully
fabricate the samples before conducting any measurements. In the subsequent section, we provide a detailed
explanation of the various fabrication processes involved. Following that, we delve into the measurement
procedures employed in our study, highlighting the techniques utilized to ensure precise and reliable data
collection. Lastly, we discuss the analytical methods utilized to interpret and derive meaningful insights from
the obtained results.

3.1 Methodological approach

To investigate the scientific problem and to link the results to a certain parameter, two different structures
namely open and closed hotspot are used. We perform a systematic measurement to investigate the effect of
open and closed hotspot, and various linking molecules. Part 1 is mainly focused on which arrangement would
give the best enhancement, so the SERS intensities will be analyzed. Part 2 is mainly focused on which Raman
shifts the peak is localized, so the Raman shifts will be analyzed.

Part 1: which arrangement gives the best enhancement?

• Open / closed hotspot with linking molecules

• Open / closed hotspot without linking molecules

Part 2: how is the Raman shift influenced by changes in molecular vibrations?

• Positive, negative and neutral linking molecules

• No linking molecules

3.1.1 Open hotspot and closed hotspot

There are two arrangements to use coupled plasmonic nanocavities. In open hotspot arrangement, the sample
is placed on top of the nanoparticles aggregates (Fig. 6a,c). When the protein is placed in between the thin
gold film and the nanoparticles, the arrangement is called closed hotspot (Fig. 6b,d). To investigate closed and
open hotspots, we used structures with and without the linking molecule. Therefore, the structures that we
investigates, are listed below.

• Open hotspot: Au thin film - Nanoparticles - BSA (Fig. 6a)

• Closed hotspot: Au thin film - BSA - Nanoparticles (Fig. 6b)

• Open hotspot: Au thin film - Nanoparticles - Cys - BSA (Fig. 6c)

• Closed hotspot: Au thin film - Cys - BSA - Nanoparticles (Fig. 6d)
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Figure 6: A schematic of the (a) open hotspot without any linking molecules, (b) closed hotspot without any
linking molecules, (c) open hotspot with positive linking molecules and (d) closed hotspot with positive linking
molecules. These representations are not to scale.

3.1.2 Different self-assembled monolayers in an open hotspot

In this research, we employed self-assembled monolayers (SAMs), assembled on the gold surfaces to provide
soft landing for the proteins. It ensures consistent attachment of the protein to the nanoparticles. Different
linking molecules are used to investigate the influence on the molecular vibrations and the protein adsorption.
Positively and negatively charged linking molecules are used, and neutral linking molecules. Moreover, a sample
without any linking molecule is investigated to be compared with the samples with the linking molecules. The
investigated samples are:

• Negative MPA (Fig. 7a)

• Positive Cys (Fig. 7b)

• Neutral MUD (Fig. 7c)

• No linking molecules (Fig. 7d)

Figure 7: A schematic of the structures used to investigated the effect of linking molecules. (a) Open hotspot
with negative linking molecules, (b) open hotspot with positive linking molecules, (c) open hotspot with neutral
linking molecules and (d) open hotspot without any linking molecules. These representations are not to scale.
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3.2 Sample fabrication

To fabricate coupled plasmonic nanocavities, a 100 𝑛𝑚 thin gold film is provided using template stripping
method. Also, the nanoparticle aggregates is fabricated and placed on top of the gold film. Depends on the
structure of interest, the linking molecule is formed on top of the aggregation or on top of the gold film. The
details of sample fabricating is discussed later.

3.2.1 Template stripping

The first step to fabricate coupled plasmonic nanocavities, is preparing the gold film, which will become the
bottom layer of the sample. In other applications of gold thin films, coating techniques do namely not provide
a flat surface in a large area. For preparing the thin film, we use template stripping method (Fig. 8) to provide
a flat and smooth surface. Doing this, epoxy is applied to the rough gold layer and covered with a glass cover.
After harden the epoxy with UV-radiation, the sample can be peeled off and the result is a smooth gold layer
which can be used to fabricate the coupled plasmonic nanocavities. The standard deviation of the roughness is
measured, which is 0.1 𝑛𝑚 (see Fig. 24 in appendix A). This is possible due to the atomically flat surface of the
silicon wafer.

Figure 8: In step 2, a glass is glued to the gold thin layer with UV epoxy. In step 3, once the epoxy has cured,
the thin gold layer can be scraped off the silicone wafer. The end product is a smooth gold thin film. (41)

3.2.2 Self-assembly of gold aggregation

For fabricating the samples, a strict protocol has to be followed.(42) To prevent impurities on the sample, work
with gloves and clean the equipment such as tweezers and glasses before using them. For each sample, we need
1.0 𝑚𝐿 hexane, a mix of 0.5 𝑚𝐿 butylamine and 0.5 𝑚𝐿 ethanol, and a mix of 1.0 𝑚𝐿 gold nanoparticles and 1.0
𝑚𝐿 ethanol. Hexane was used to get a monolayer of nanoparticles. With the aid of ethanol, the nanoparticles
slowly float towards the interface forming a monolayer.(43) To ensure that the nanoparticle solution is uniform,
the vial with the nanoparticles was shaken well before use. To remove the citrates, the nanoparticles was mixed
with ethanol and centrifuging it till the nanoparticles are settled to the bottom. Now 1 𝑚𝐿 of the liquid was taken
out, which should be as transparent as possible so it does not contains the nanoparticles. The nanoparticles
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was mixed again to get a uniform solution. Once the solutions are prepared, the components can be pipetted
in the in-house fabricated chamber onto the gold thin film: first the nanoparticles, then the butylamine and
finally the hexane. It is recommended to not mix it more than twice, otherwise the nanoparticles will clump
together too much. After that, leave it for two hours to get the monolayer nanoparticles. The detailed protocol
of this procedure can be found in appendix B.1.

3.2.3 Adding the linking molecules and protein

To complete the sample, the linking molecules and proteins have to be soaked in the sample. For the samples
on which a SAM is desired, first the linking molecule has to be soaked on the sample. After 24 hours, rinse the
sample with ethanol and then the protein has to be soaked on the sample for another 24 hours. The detailed
protocol of this procedure can be found in appendix B.2.

3.2.4 Chemicals

Hexane (Sigma: 650552) and ethanol (Supelco: 1.00983) are used pure. Butylamine (Sigma: 471305) has to be
diluted to 1 𝑚𝑀 with demineralized water, which has to be done in two steps. In the process, it is used as a
reductant.(44) Lastly, nanoparticles (BBI: EM.GC80) are used, with a diameter of 80 𝑛𝑚 and an optical density
of 1. The nanoparticles contain citrates on its surface, to prevent the nanoparticles clumping together. Adding
ethanol to the nanoparticles causes the citrates to detach from the nanoparticles.

In this study, we employed BSA for investigating coupled plasmonic nanocavities. The BSA solution was
prepared by dissolving BSA powder (Sigma: A7906) in demineralized water. It is crucial to handle the solution
with care, excessive shaking can result in protein denaturation. The linking molecules which are used in this
investigation, are MPA, Cys and MUD. The negative charged MPA (Sigma: M5801) was diluted to a concen-
tration of 1 𝑚𝑀 using ethanol (Supelco: 1.00983). The positive charged Cys solution of 1 𝑚𝑀 was prepared by
dissolving the powder (Sigma: 49705) in ethanol. Similarly, the MUD solution was prepared by dissolving the
powder (Sigma: 447528) in ethanol. The linking molecules and their properties are summarized in table 2.

Table 2: The used linking molecules and their properties

Full name Chemical formula Properties Length (Å)
3-Mercaptopropionic acid (MPA) HSCH2CH2CO2H Negative, hydrophilic 7.29
11-Mercapto-1-undecanol (MUD) HS(CH2)11OH Neutral, hydrophilic 20.15
Cysteamine hydrochloride (Cys) HSCH2CH2NH2 · HCl Positive, hydrophilic 5.83

3.3 SERS measurements

The experimental setup to measure the Raman spectrum of the samples and perform 2D XY scans, is shown
in Fig. 9. The setup consists of three parts: an excitation source, a microscopy and a spectroscopy part. The
excitation source is a 632.8 𝑛𝑚 He-Ne laser, which is used to excite the sample. The laser has an output of
12 𝑚𝑊, but due to the clean-up laser filters and beamsplitters, the power of the laser that finally reaches the
sample is about 90 𝜇𝑊. The microscopy part contains an objective lense with an numerical aperture of 0.8
with 100x magnification. There is a Basler camera connected to the microscope to capture darkfield images of
the sample, whose dimensions are around 46 by 33 𝜇𝑚. Darkfield images show the scattering of nanoparticles,
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making it particularly useful for sample focusing and identifying areas of gold NP aggregates. Finally, there is
a spectrometer to measure the Raman spectrum of the sample, which contains a notch filter to filter the light
with the same wavelength as the excitation source. The spectrometer gives spectra with a range of around 160
𝑛𝑚. We want a spectrum of BSA that represents the entire fingerprint region, which is typically between 300
till 1900 𝑐𝑚−1. That is why a central wavelength of 720 𝑛𝑚 is selected. The SERS spectra of an area up to 400
𝜇𝑚2 are measured, with a step size of 200 𝑛𝑚. A 3D representation of the setup is shown in Fig. 28.

Figure 9: The setup, which consists of the excitation source, the microscope and the spectrometer.

3.4 Analysis procedure

Upon obtaining the raw Raman spectra from the spectrometer, the next step is to extract and analyze the
data. This process starts with carefully examining the individual Raman spectra at a one-dimensional level,
employing several processing techniques in order to recognize the real Raman peaks. These Raman peaks, which
were derived through the utilization of an XY scanning technique, are subsequently shown in the form of two-
dimensional (2D) maps. Lastly, other visualizations of the data are employed to obtain compact representations
of the aforementioned 2D maps.

3.4.1 Raman spectra

The first step of analysing is to extract the raw data from the saved data file. A plot of the raw is made to
observe if any signatures of BSA can be observed. Fig. 10 show two examples of the spectra measured by
the spectrometer. To get the information about SERS intensities and Raman shifts of the sample, the raw
data requires several steps for analysis. These steps include filtering the data, performing fitting procedures,
identifying the Raman peak, and finally, plotting the results.
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Figure 10: Two examples of the raw data measured by the spectrometer.

The first step is to remove the noise from the SERS signal and to create a Raman shift range. Noise has a high
frequency compared to Raman peaks in the spectrum, so a low-pass Fourier filter is applied to filter out the
noise. A low-pass filter only passes signals with a frequency below the passband frequency and attenuates all
the signals above the frequency. The Raman signal will not be removed because it has a low frequency. Because
the frequency range of interest is around the 𝛼-helix of the Amide I band, a range has to be applied around
1653 𝑐𝑚−1. Different protein conformations changes could take place, so that has been taking into account with
applying the range. The Raman peak for BSA, including eventual shift, will be in the range of about 1489 till
1830 𝑐𝑚−1. In Fig. 11 the same data is shown as in Fig. 10, but now the low-pass filter and the range are
applied.

Figure 11: Blue: the unfiltered data to which the range has been applied. There is a lot of noise which a high
frequency compared to that of Raman peaks. Orange: the data to which the lowpass filter as been applied.
The noise is removed and the amplitude of the peak is not decreased.

Prior to extracting the Raman peak shift and SERS intensity, an essential preprocessing step involves removing
the broad background of the spectrum, which is the background due to SERS enhancement. This is done to
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ensure accurate measurement of the peak intensity. We achieve this by fitting a linear curve to the spectrum
and subtracting it from the original SERS spectrum. As a result of this subtraction, the minimum value of the
spectrum is approximately 0, indicating successful removal of the broad background, which can be observed in
Fig. 12. Lastly, the peak position and intensity of all the peaks in the selected range is found. This is done
using the findpeaks function, which is a built-in function in Matlab. This function searches for a defined number
of peaks with a amplitude higher than a certain value.

Figure 12: The data has been fitted. The peaks have been extracted and labelled, which will be used for further
analysis.

3.5 2D representations

Once the peak is found, the SERS intensity and the Raman shift of the most intense peak at each XY location
of the scanned area on the sample, will be presented in 2D maps. In the Raman shift maps, the relative Raman
shift of the peak at each point on the surface will be presented. A blue color means that the most intense
peak is blue-shifted compared to the BSA Raman shift value of 1653 𝑐𝑚−1. A red color means that the peak is
red-shifted. Also the SERS intensities of the Raman peaks will be presented in maps. A brighter color means a
higher SERS intensity. When no signal is received by the spectroscope at a certain position, the corresponding
spot will be appear white. At those positions, the Raman peak did not exceed the defined threshold. Also
a darkfield image of the sample will be added, to observe some similarities between SERS intensities and the
amount of nanoparticles aggregates.

3.6 Further analysis

To compactly represent the 2D maps, the results are further analyzed by making histograms of them. The
SERS spectra of the BSA have up to three different peaks in the selected range. In Fig. 13 multiple Raman
spectra after filtering and removing the broad background from the spectra, are presented which were taken
at different XY positions on one sample. At a certain position on the surface, three peaks are detected (Fig.
13a), at another position on the same sample two peaks (Fig. 13b), at again another position only one peak
is detected (Fig. 13c) and at another position there is not a single clear Raman peak is detected (Fig. 13d).
Despite the spectra have been carefully observed in determining the threshold, the third peak may sometimes
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be affected by the background. However, this may have occurred in a negligible number of spectra. A 2D map
has been made of all first peaks (Fig. 14a) of the surface. In case there is a second and third peak in the
spectrum, these peaks are also presented in a map (Fig. 14b,c). These maps are presented in a histograms
(Fig. 14d-f). Then line graphs were made of these histograms, in order to get a representation of the three most
intense peaks in one plot.

Figure 13: The filtered and fitted Raman spectra, which shows that in (a) there are three peaks detected, in
(b) there are two peaks detected, in (c) there is only one peak detected and in (d) there are no peaks detected.

Figure 14: Each data point represents a peak which is in (a) the most intense peak, in (b) the second most
intense peak and in (c) the third most intense peak. The histograms of the maps showed in (a-c), (d) the first
intense peaks, (e) the second most intense peaks and (f) the third most intense peaks.
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4 Results

In this section, the Raman shifts and SERS intensities of the peaks are presented in maps. To get a compact
representation of the maps, they are visualized in histograms. First the results of the intensities using an open
and closed hotspot are presented. After that, the results of the molecular vibrations using different linking
molecules are presented

4.1 Raman imaging of proteins on plasmonic surfaces

Fig. 15 shows the 2D maps of a sample with BSA in an open hotspot, using negative linking molecules. First,
no signal is received by the spectroscope at the spots that are white. This happens at spots where there seems
to be no monolayer gold aggregates. Some similarities can also be seen between the Raman shift map (Fig. 15a)
and the SERS intensity map (Fig. 15b). For example, the intense spot in the right side of the SERS intensity
map seems to recur as a large negative in the Raman shift map.

Figure 15: Each data point represents the (a) Raman shift or (b) SERS intensity of the most intense peak at a
point (x,y). A blue color means that the most intense peak is blue-shifted compared to the BSA Raman shift
value of 1653 𝑐𝑚−1. A red color means that the peak is red-shifted. (c) The darkfield image of the scanned area.

In Fig. 16 the maps of a closed hotspot without linking molecules are presented. Figure 17 presents the maps
of an open hotspot without linking molecules. A first impression is that more high intensities can be observed
when using a closed hotspot, given the higher number of bright spots in Fig. 16b than in Fig. 17b. Also in these
maps, a number of similarities can be seen between the Raman shift and the SERS intensity. The large bright
spot in the upper left of Fig. 16b appears to reappear as a large negative shift in Fig. 16a. It again seems that
the places where no monolayer can be seen in Fig. 16c do not result in an enhancement, which can be seen in
Fig. 16b. For example, it appears that the nanoparticle aggregates on the right is not a uniform monolayer.
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Figure 16: The (a) Raman shift map, (b) SERS intensity map and (c) darkfield image of the scanned area of a
sample with BSA in a closed hotspot without using any linking molecules.

Figure 17: The (a) Raman shift map, (b) SERS intensity map and (c) darkfield image of the scanned area of a
sample with BSA in an open hotspot without using any linking molecules.

4.2 SERS intensities using different sample configurations

The histograms in Fig. 19 shows the number of measured events of the intensity of the most intense peak of
each spectrum, if it is at least 750 𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1. The upper quartile is indicated with a blue line. This means
that 25% of the measured values are to the right of this line. If this value is relative high compared to the other
upper quartiles, then high intensities have been measured more often. If this value is lower, high intensities
have been measured less often. The values of these upper quartiles are summarized in table 3.

Table 3: Upper quartile per arrangement (the value of the blue lines in Fig. 19).

Hotspot SAM Upper quartile (𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1)
Open Only BSA 3333
Closed Only BSA 5310
Open Cys + BSA 3250
Closed Cys + BSA 2019
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In case of open hotspot without using any linking molecules (Fig. 19a), the upper quartile is equal to 3329
𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1. In case of closed hotspot (Fig. 19b), it is at 5310 𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1. So it shows that a closed
hotspot provide a higher SERS enhancement compared to open hotspot structure. However, when using Cys in
a closed hotspot, no BSA signature is observed in the Raman spectra. This can be seen in Fig. 41a in appendix
D. There is only a broad SERS background and no signature of BSA molecules in present. Without a signature
of BSA, the variations in Raman shift when using different linking molecules cannot be investigated in the next
part of this study. That is why we will continue this study with open hotspot structures.

4.3 Raman shifts using different sample configurations

In Fig. 18, the number of detected Raman shifts is presented in the case of an open hotspot and a closed hotspot
structure. What can be seen in the case of both structures, is that there is a very wide band of frequencies
in the negative range compared to the Raman shift of 1653 𝑐𝑚−1. In addition, a Raman peak has often been
detected at 1803 (+150) 𝑐𝑚−1 in both cases.

Figure 18: Raman shift of a sample with (a) an open hotspot structure and (b) a closed hotspot structure
without using any linking molecules.
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Figure 19: The histograms shows the number of events of measured intensities. The upper quartile is indicated
with a blue line. This means that 25% of the measured values are to the right of this line. The values of the
upper quartile are summarized in table 3. The cartoons next to it represent the sample that was used, which
are not scaled. 23
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Figure 20: The line plots shows the number of events of measured relative Raman shifts. It is normalized to a
Raman shift of 1653 𝑐𝑚−1, which is equivalent to the 𝛼-helix in an Amide I band. The histograms shows the
number of events of measured intensities. The upper quartile is indicated with a blue line. This means that
25% of the measured values are to the right of this line. The cartoons in between represent the sample that was
used, which are not scaled.
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4.4 Raman peaks using different linking molecules

The line plots in Fig. 20 show the number of events of a measured Raman shift, in the case of using the negative
MPA (Fig. 20a), the positive Cys (Fig. 20b), the neutral MUD (Fig. 20c) and without any linking molecules
(Fig. 20d). These line graphs are based on histograms of the Raman shifts of the peaks. Three peaks have been
distinguished, from the most intense peaks (blue) to the 3rd most intense peak if any (yellow). These are added
together which comes out to the black line. The peaks of those line plots are summarized in table 4. First the
absolute Raman shifts are mentioned, then in brackets the relative shift compared to the reference.

Table 4: A list of detected Raman bands

SAM Raman shift (𝑐𝑚−1)
MPA 1570.5 (-82.5)

1620.5 (-32.5)
Cys 1560.5 (-92.5)

1705.5 (+52.5)
MUD 1560.5 (-92.5)

1640.5 (-12.5)
1710.5 (+57.5)

Wtihout any linking molecules 1525.5 (-127.5)
1560.5 (-92.5)
1615.5 (-37.5)
1815.5 (+162.5)

Using the negative MPA (Fig. 20a), there are many peaks of the Raman spectra detected at a Raman shift of
1620 (-33) 𝑐𝑚−1. Next to this peak, there is a shoulder of more peaks that are positioned on a more negative
relative Raman shift. There are some small peaks protruding above the shoulder, namely at 1560 (-93) and
1570 (-83) 𝑐𝑚−1. However, the peaks at specifically these Raman shifts are detected less often than the Ra-
man shift at 1620 𝑐𝑚−1. Lastly, a very small number of peaks have been detected at 1803 (+150) 𝑐𝑚−1. It can
also be noticed that there are almost only negative shifts. The reference peak at 1653 𝑐𝑚−1 is no longer detected.

Using the positive Cys (Fig. 20b), the most Raman spectra peaks are detected at a Raman shift of 1560
(-93) 𝑐𝑚−1. Again, there is a shoulder of more peaks around these main peak. These are positioned more
negative as well as more positive compared to the main peak. Unlike the negative MPA, now there are some
detected in the Raman spectra at a positive Raman shift, namely at 1705 (+52) 𝑐𝑚−1. Again, a very small
number of peaks have been detected around a Raman shift of 1803 (+150) 𝑐𝑚−1. This one is not often detected,
but it is a notable spike in the positive range.

Using the neutral linking molecule MUD (Fig. 20c), almost all of the Raman peaks are localized at one of
three specific frequencies. These Raman peaks are located at a frequency, in order from less often measured to
more often measured, 1560 (-93), 1640 (-13) and 1710 (+57) 𝑐𝑚−1. The neutral linking molecules is the only
one of the linking molecules that results in Raman frequency close to the reference. The peaks of the Raman
spectra are detected at specific frequencies. That can be seen from the peaks which are quite narrow. Moreover,
almost no peaks have been measured in the frequencies in between. The only shoulder can be seen between the
1560 and 1640 𝑐𝑚−1. Overall, it can be noticed that this neutral linking molecule contained the peaks that were
also seen with the linking molecules discussed above, including the small number of peaks on a Raman shift of
1803 (+150) 𝑐𝑚−1 that have been detected again.

25



July 10, 2023

Without using any linking molecules (Fig. 20d), there are a lot of Raman peaks measured in a broad range of
Raman shifts in the negative range compared to the reference. These broad range of Raman shifts starts at a
Raman shift 1630 (-23) to 1490 (-163) 𝑐𝑚−1. There are some outliers in this broad band, which are positioned
at a Raman shift of 1615 (-38), 1560 (-93) and 1525 (-128) 𝑐𝑚−1. These outliers have been seen more often
when linking molecules were used. Raman peaks were also detected at a high positive Raman shift, namely at
1815 (+162) 𝑐𝑚−1, but in this situation much more often compared to the previous situations.

4.5 SERS intensities using different linking molecules

Next to the line plots with the number of measured Raman shifts events in Fig. 20, the number of measured
SERS intensity events of the most intense peak of each spectrum are visualized in histograms, if the Raman
peak has a SERS intensity of at least 750 𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1. Again, the upper quartile is indicated with a blue
line. Those values are summarized in table 5.

Table 5: Upper quartile per arrangement (the value of the blue lines in Fig. 20).

SAM Upper quartile (𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1)
MPA 4119
Cys 3250
MUD 1485
Without any linking molecules 3333

What can be observed, is that using the neutral MUD (Fig. 20c) gives the lowest intensities, with an upper
quartile of only 1485 𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1. Using the negative MPA (Fig. 20a) gives the highest upper quartile,
with an upper quartile of 4119 𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1. In the case of the positive Cys (Fig. 20b) and when there are
no linking molecules used (Fig. 20d), the upper quartile is approximately equal to each other, respectively 3250
𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1 and 3333 𝑐𝑜𝑢𝑛𝑡𝑠 𝑚𝑊−1 𝑠−1.
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5 Discussion

Now we got an overview with histograms to compactly present the SERS intensities, and line plots to compactly
present the number of Raman peaks with a given Raman shift. First, the results of the intensities using an
open as well as a closed hotspot will be discussed. After that, the results of the molecular vibrations using the
different linking molecules.

5.1 Intensities of open and closed hotspots

In the results, we saw that a closed hotspot gives a better enhancement than using an open hotspot when there
are no linking molecules used. This is consistent with the findings of Perez et al.(7), they also claimed that
distance is an important factor. In the case of a closed hotspot, more BSA molecules will be positioned closer
to the enhancement surface.

This comparison is also made using positive Cys molecules. What can be observed is that with an open
hotspot (Fig. 19c) there is a similar result as when no linking molecule was used. Although there is now
an extra length of almost 0.6 𝑛𝑚 (see table 2) due to the linking molecules, the enhancement is still present.
This is because the length of the positive linking molecule, which is around 0.6 𝑛𝑚 is still within the optimal
enhancement distance of 1 𝑛𝑚, according to the findings of Radzium et al.(45). It is known that the electric
field decreases rapidly when the distance of the protein to the hotspot increases. As a result, only the molecules
in close proximity to the substrate surface are detected.(12)

In the case of positively charged linking molecules in a closed hotspot, we found that there is only SERS
background and no signature of BSA molecules in the Raman spectra. This is because it is unknown what
happens to the protein in a closed hotspot structure. In the closed hotspot structure, there is a possibility to
denature the protein in contact with the gold nanoparticles arrays. That was a reason to continue the research
with an open hotspot when using different linking molecules, despite a closed hotspot potentially has higher
SERS enhancement.

5.2 Intensities using different linking molecules

We found that the negative linking molecules MPA gave the highest intensities, followed by the positive Cys
and MUD, giving slightly lower intensities compared using MPA. The neutral MUD gave the lowest intensities.
A clear explanation for these is observations is that the neutral linking molecules are long; above 2 𝑛𝑚. This
results in the fact that the BSA proteins are not in the field for an optimal enhancement anymore, so a longer
distance to the hotspot results in a lower SERS intensity. In Fig. 27 in appendix A this phenomena is shown,
where the field enhancement decreases as the distance becomes longer.

The other linking molecules have a comparable length; Cys is up to 0.6 𝑛𝑚 long and MPA is up 0.8 𝑛𝑚.
Although there is no extra distance when no linking molecules are used, the SERS intensities are still compa-
rable because in all these cases the distance from the protein to the hotspot is within 1 𝑛𝑚. Then the field
enhancement are similar for these structures, resulting in comparable SERS intensities.
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5.3 Molecular vibrations using different linking molecules

In the results, we found interesting results about the Raman shifts. These are explained in this section by
relating them to bonds and structures within a BSA protein.

5.3.1 Raman peaks and protein conformations

In the results, we saw that Raman peaks are located at different Raman shifts when different linking molecules
are used in a coupled plasmonic nanostructure. The Raman peaks were compared to the reference of 𝛼-helix
which is 1653 𝑐𝑚−1. In most of the cases, mainly downshifts take place.

When the negative linking molecules MPA are used, we saw a lot of Raman peaks which are located at a
Raman shift of 1620 𝑐𝑚−1. This peak is related to the side group Tyr(38; 39), which is sensitive to changes in
hydrogen bond strength in water.(25) This peak accompanies the low frequency 𝛽-sheet, which may fall in the
peak. There are also peaks found at 1560 (-93) and 1570 (-83) 𝑐𝑚−1. The 1560 𝑐𝑚−1 peak can be related to the
side group Trp(38; 11; 39), which is affected by the torsion angle. This is accompanied by the weak amide II
bond. The 1570 𝑐𝑚−1 peak comes from the Phe side group(36; 38), which is an out-of-phase phenyl ring bond-
stretching. These side groups (Phe, Tyr and Trp), which are also called aromatic amino acids (AAA) are more
commonly associated with the emergence of 𝛽-sheets, according to the theory where the side groups are said
to have more space and are able to occupy more space when surrounded with 𝛽-sheets, rather than 𝛼-helices.(46)

When the positive linking molecules Cys are used, we saw a high peak at 1560 (-93) 𝑐𝑚−1. That one was
also visible when using the negative linking molecules, and is related to the side group Trp with the weak amide
II bond. The shoulder around this peak also contains peaks from the other side groups. Jing et al.(47) found
that the addition of positive metal ions lead to the exposure of aromatic amino residues. They also observed
that Trp residues of BSA solution can exist in a hydrophilic environment and there is a conformational trans-
formation of BSA from 𝛼-helix to 𝛽-sheets, due to a change of the hydrogen bond structures which induces the
unfolding of 𝛼-helix structures. Our results indicates that there is indeed no 𝛼-helix, but instead indication of
some 𝛽-sheets at low frequencies. There is another peak which belongs to the Amide I band in the positive
range compared to the reference, which is from 𝛽-turn.

Table 6: A list of Raman bands and their structures.(25)

SAM Raman shift (𝑐𝑚−1) Assignments
MPA + BSA 1570.5 (-82.5) Phe

1620.5 (-32.5) Tyr
Cys + BSA 1560.5 (-92.5) Trp, Amide II

1705.5 (+52.5) 𝛽-sheet, 𝛽-turn
MUD + BSA 1560.5 (-92.5) Trp, Amide II

1640.5 (-12.5) 𝛼-helix, with some coil motifs
1710.5 (+57.5) 𝛽-sheet, 𝛽-turn

Only BSA 1525.5 (-127.5) unknown
1560.5 (-92.5) Trp, Amide II
1615.5 (-37.5) Tyr
1815.5 (+162.5) unknown
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When the neutral linking molecules MUD are used, we saw very distinct peaks at 1560 (-93), 1640 (-13)
and 1710 (+57) 𝑐𝑚−1. The peak at 1640 𝑐𝑚−1 is related to the native 𝛼-helix in combination with some random
coil motifs.(25; 35) So only if neutral linking molecules are used, the native 𝛼-helix can only be observed in a
coupled plasmonic nanostructure. Besides the 𝛼-helix, also the side groups and 𝛽-sheets gives a Raman signal
at a high Raman shift.

When no linking molecules are used, there is a broad band of Raman shifts. It indicates that the protein
cannot land softly and a modification is taking place by the gold nanoparticles. There are some outliers above
the shoulder. Two of those outliers seem to be due to the side groups, namely the one at 1560 (-93) 𝑐𝑚−1 and
the one at 1615 (-38) 𝑐𝑚−1. In addition, there is another low Raman shift, at 1525 𝑐𝑚−1, which cannot be
directly related to side groups or Amide II. There is also a peak at 1815 𝑐𝑚−1, which cannot be directly related
either. This peak recurred in using any linking molecules, but to a lesser extent.

5.3.2 Denaturation

Several studies have investigated the denaturation of proteins. This study(48) measured a blue-shift of the
𝛼-helix from 1658 to 1667 𝑐𝑚−1, when the temperature is increased from 25 to 85 ∘C. This suggests that the
𝛼-helix structure is transformed to a random coil or 𝛽-sheet.(49; 29; 25)

What also happens within a protein when it starts to denature is that hydrophobic groups normally buried
on the inside of the protein are now exposed. This allows the aromatic amino acids to give off more detectable
vibrations.(50; 51) Denaturation is also accompanied by a decrease in 𝛼-helices. This is also the case in the
data presented, where we saw almost no 𝛼-helices, but a lot of signal from the side groups.

5.3.3 Reproducibility

What can be observed, is that using MPA gives a relatively high peak compared to the other samples. MPA
provides a compact monolayer(40) that allows the protein to settle a stable conformation, which was also ob-
served by Sivanesan et al.(52). Cai et al.(53) also found that a layer of negative molecules is useful to prevent
the direct interaction of the proteins with a metal surface, with a remark that they used negative iodide ions
instead of MPA. This protects the native structures of the protein to a certain extent. They found that it was
very helpful for the compatibility, but the protein can still be uncontrollable. Xu et al.(54) came to the same
conclusion; when proteins are in direct contact with the nanoparticles, using negative molecules seems to make
the method more effective and reliable. This can greatly improve reproducibility and sensitivity.

Using Cys the most intenste peak is about 50 𝑐𝑚−1 more negative than the main peak when using MPA.
In addition, there are more surrounding peaks. Guo et al. (8) observed an increase of 𝛽-sheets and a small
increase of 𝛽-turns when positive calcium ions are added. These 𝛽-sheets and 𝛽-turns are responsible for
the small peak at +50 𝑐𝑚−1, and maybe also some lower frequency 𝛽-sheets in the negative region. The main
peak at 1653 𝑐𝑚−1 disappeared, and several peaks around it replaced the main peak due to other conformations.

When neutral linking molecules are used, specific sites of the protein can be seen binding to the surface.
This results in three clear pointed peaks. Since no charge is present, this phenomenon may be due to the po-
larizability. In the other cases, the charge will be dominant over the polarizability. When no linking molecules
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are present, it can be seen that the molecule has no grip. It binds with the nanoparticles from all sides. It has
no preference. It will not provide improved reliability and reproducibility.

5.4 Points of attention

During this study it has become apparent that one has to be very careful with optical and chemical procedures.
To make self-assembled monolayers, the appropriate protocol must be strictly followed. The choice of gold in
the samples improves chemical stability and prevents oxidation.(7) The samples were stored in a nitrogen envi-
ronment to prevent chemical changes of the sample. Steps have also been followed when taking measurements
to ensure that the setup is aligned. For example, a power measurement was taken before the measurement
started. In addition, the position of the laser on the spectroscope has been checked whether it is centered. The
position of the laser on the camera has also been checked to see if it is in the center and symmetrical.

Using SERS, small molecules can be observed as well as proteins can be detected. For small organic molecules,
it would give a signature with peaks at a specific Raman shift, which can be observed in figure 25 when using
methylene blue. The differences in wavelength are really small, within 0.3 𝑛𝑚 due to the limited resolution of
the spectroscope used. This means that the spectroscope has a good resolution. However, that 0.3 𝑛𝑚 can cause
a small offset in Raman shift of only 4.7 𝑐𝑚−1.

There is a small difference ( < 10 𝑐𝑚−1) in the absolute amide I peak in solution measurement and SERS
measurement. This offset can be due different calibrations of the used spectroscopes. To get an idea of it; a
Raman shift of 10 𝑐𝑚−1 is equal to only 0.41 𝑛𝑚.

5.5 Recommendations

Some improvements are possible to perform better analysis. At the moment it is more difficult to compare the
intensities with each other. That’s because the samples differ slightly in the density of the nanoparticles. It is
also possible that the BSA coverage is not equal over the entire surface of the sample. For further research it is
recommended that a uniformity of the substrate can be guaranteed, for example by using higher concentrations
of linking molecules or a longer soaking time.

The result shows that positive linking molecules in a closed hotspot do not give a BSA signature. There-
fore, it was decided to continue the research with an open hotspot. It is unclear which process is responsible
for this, while a closed hotspot potentially gives higher intensities. Therefore, further research can be carried
out into why this happens and how it can be prevented. An attempt can also be made to create both an open
and a closed hotspot by adding the proteins before applying the nanoparticles and adding the proteins after
applying the nanoparticles.

Moreover, the results can be confirmed by several methods. There are a number of bands at lower wave
numbers that are characteristic of BSA. Amide III, for example, has a frequency of 1300 𝑐𝑚−1. The side groups
can also give multiple vibrations, including vibrations with a lower wave number of around 850 𝑐𝑚−1 in the case
of Tyr. In addition, another protein can be investigated to compare the Raman peaks with BSA. Lysozyme
proteins have a different conformation than BSA. These have fewer 𝛼-helices, fewer 𝛽-sheets, and more random
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structures. They also have different residue groups. Lysozyme, for example, has much more Trp than BSA, so
the peak at 1550 𝑐𝑚−1 will be larger in the case of lysozyme. BSA, on the other hand, has more Tyr compared
to lysozyme, so that the frequency of 850 𝑐𝑚−1 mentioned in the previous section gives a more intense peak.
Moreover, BSA contains 24 residues of Phe while lysozyme has only 3. This will give higher peaks at BSA on
a number of frequencies, including at 1610 𝑐𝑚−1.

In this study we used SERS. The results from this can be confirmed with other spectroscopic techniques. The
conformations of proteins can be confirmed with Fourier transform infrared spectroscopy, which also detects
vibrations like the SERS technique but is based on changes in dipoles instead of polarizability. In addition, the
vibrations can be measured with an Atomic Force Microscope, provided the resolution is up to 1 𝑛𝑚. Contact
angle measurements can also be performed to investigate the attachment of linking molecules. This directly
says something about the hydrophobicity. If the angle is greater than 90 degrees, the linking molecule will
have a hydrophobic terminal. If the angle is less than 90 degrees, it will have a hydrophilic terminal.(40) To
compensate for the possible different calibrations of the used spectroscopes, it would be better that our laser
intensity is higher so it also measure the reference Raman peak for BSA in solution.
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6 Conclusion

In this research we first investigated to different plasmonic structures to detect the SERS signature of the pro-
tein. Results show that a closed hotspot without any linking molecules gives the highest SERS enhancement
compared to open hotspot structure. Also, there is a possibility to denaturalize the protein due to its contact
with gold surfaces of the nanoparticles array. To avoid any denaturalization of protein and ensure a consistent
attachment of the protein, we use a SAM monolayer as a linking molecule.

In the second part of this research, we use different charged linking molecule including negatively charged,
positively charged and neutral. A BSA protein was used as a sample and the spatial intensity and spatial
frequency of the BSA is characterized by fabricated coupled plasmonic nanocavities. We use the peak position
of the Raman spectrum when BSA is in solution as a reference. This research has shown that the 𝛼-helices are
only still existing in a BSA solution in a coupled plasmonic nanocavities, when the neutral linking molecules
are used. Using neutral linking molecules also showed that besides this 𝛼-helix, both the side groups and the
𝛽-sheets have also present in the spectrum.

Using a positively and negatively charged SAM layer, the hydrogen bond structures changes which result
into disappearing of the of the signature of 𝛼-helices. In the case of the neutral and positive linking molecules,
the signature of the 𝛽-sheets are more visible. In addition, the spectral signature of side chains Tyr, Phe and
Trp are present in the SERS spectra. Phe and Tyr are apparent when a negative linking molecules is used,
while Trp is present when a positive and neutral linking molecules are used. When Trp is detected, it may be
accompanied by a weak Amide II signal. When no linking molecules are used, it is confirmed that the protein
has no preference in attaching to the nanoparticles.

The signal to noise ratio is also one of the parameters that is important for detecting the BSA. In the coupled
plasmonic nanocavity, the signal to noise ratio is determined by SERS enhancement that each structure is giv-
ing. We used MPA as a negatively charged, MUD as a neutral and Cys as a positively charged linking molecule.
Our results show that negatively charged linking molecules give the highest intensities due to its short length
(0.7 nm), followed by a positively charged linking molecule, and when no linking molecule is used. These two
give almost the same intensities. Neutral linking molecules result in the lowest intensities.
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A Appendix: Supporting information

Figure 21: This graphs shows the BSA emission in the solution. The Raman shift peak of this measurement is
around 1653 𝑐𝑚−1. This is a previously made measurement made by the department. The data is provided by
the supervisor.

Figure 22: This spectrum shows the Raman shift peaks of Amide I and the side groups of BSA.(55)
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Figure 23: This spectra show the Raman shift peaks of the side groups of BSA.(56)

Figure 24: This AFM image with the resulting values shows that the surface is really smooth.
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Figure 25: This peak wavelength map shows that there is only a really small Raman shift if the small molecule
methylene blue is used.

Figure 26: This SERS intensity map shows that there are intensity fluctuations, even if the small molecule
methylene blue is used.
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Figure 27: This shows that the greatest field enhancement is within a few nanometers from the hotspot. This
image is provided by the supervisor.

B Appendix: Protocols chemical lab

B.1 Protocol for fabricating gold aggregation

This protocol is used for making gold nanoparticles aggregation on top of the gold thin layer.

1. Clean the tweezers and work with green gloves
Clean it with aceton, demi-water and ethanol respectively. Dry it with nitrogen.

2. Take the chambers
Stick the chambers with tape, stick the tube with tape and check the black carbon tape whether it is well
attached and it is still sticky.

3. Pick up one thin layer, put it in the chamber and then in the fume hood
Cut it out and place the glassy side on the bottom. Put plastic on the chamber to prevent dust.

4. Prepare the substances

(a) 1 mL hexane (Sigma: 650552)

(b) a mix of 0.5 mL butylamine (Sigma: 471305, diluted to 1 mM with demi-water) and 0.5 mL ethanol
(Supelco: 1.00983)
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(c) a mix of 1.0 mL gold nanoparticles and 1.0 mL ethanol (Supelco: 1.00983)
Shake the nanoparticles vial well before using. After mixing it with ethanol, centrifuge it for 4-5
minutes so that the nanoparticles have settled to the bottom. You will see a red line nanoparticles.
Rotate it a few times till all the nanoparticles are in the bottom. Take out 1 mL of the mix. Do not
aspirate the nanoparticles, so make sure you only take out the transparent part. Then you have 1
mL left. Mix it with the pipetboy.

5. Make the mix
First put the 1 mL gold nanoparticles + ethanol in the chamber on the gold thin layer. Then put 1 mL
butylamine + ethanol in the chamber and lastly put 1 mL hexane in the chamber. Mix all the components
gently with the pipetboy, with a maximum of two times. Wait at least two hours.

6. Pump the liquid out of the chamber
Use a pump with a rate of 0.1 𝑚𝐿/𝑚𝑖𝑛 and diameter of 14.5 𝑚𝑚. Make sure the Withdraw LED is on.
Connect the tube of the chamber to the syringe. After pumping out the liquid, let the sample dry for
around half an hour. Place the sample in a petri dish and save it in the nitrogen box.

B.2 Protocol for soaking linking molecules and proteins

This protocol is used for soaking the linking molecules and the proteins. If you do not want to use the linking
molecule, skip step 1 and 2.

1. Let soak the linking molecules
Put the gold thin layer in a small sample jar with the glassy side on the bottom. Add 0.5 mL linking
molecules to it. Let is soak for 24 hours.

2. Take out the linking molecules
After 24 hours, pick the gold thin layer with a tweezers. Rinse it with ethanol and dry it with nitrogen.

3. Let soak the protein
Put the gold thin layer in a small sample jar with the glassy side on the bottom. Add 1.0 mL protein to
it. Let is soak for 24 hours.

4. Take out the protein
After 24 hours, pick the gold thin layer with a tweezers. Do not rinse it. Dry the sample with nitrogen.

B.3 Protocol for making new solutions

This protocol is used for making new solutions. For powders, the Mass Molarity Calculator of Sigma-Aldrich
can be used, which applies the following equation to calculate the required mass:

𝑀𝑎𝑠𝑠 (𝑔) = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑜𝑙/𝐿) ⋅ 𝑉𝑜𝑙𝑢𝑚𝑒 (𝐿) ⋅ 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔/𝑚𝑜𝑙) (1)

• BSA (Sigma: A7906-100G)
Solvent: milli-Q water
How to mix it: first fill the tube with milli-Q water, then add the BSA powder. Let it mix for one day
and then try to shake it gently so that the proteins do not break down.
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• Cysteamine hydrochloride (Sigma: 49705)
Solvent: ethanol (Supelco: 1.00983)
How to mix it: first fill the tube with ethanol (Supelco: 1.00983), then add the powder. Shake to mix it.

• MUD (Sigma: 447528)
Solvent: ethanol (Supelco: 1.00983)
How to mix it: first fill the tube with ethanol (Supelco: 1.00983), then add the powder. Shake to mix it.

For liquids, the Solution Dilution Calculator of Sigma-Aldrich can be used, which applies the following equations
to calculate the desired concentration:

𝑀𝑎𝑠𝑠1 ⋅ 𝑉𝑜𝑙𝑢𝑚𝑒1 = 𝑀𝑎𝑠𝑠2 ⋅ 𝑉𝑜𝑙𝑢𝑚𝑒2 (2)

𝑆𝑡𝑜𝑐𝑘 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑀) = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑚𝐿)
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔/𝑚𝑜𝑙) ∗ 106 (3)

• MPA (Sigma: M5801-5G)
Solvent: (Supelco: 1.00983)
How to mix it: shake it

• Butylamine (Sigma: 471305) in two steps
Solvent: milli-Q water
How to mix it: first make a new stock, by diluting it to a concentration of 100 mM. After that, dilute it
again to the desired concentration. Shake to mix it.

Other liquids that do not need to be diluted:

• Hexane (Sigma: 650552): got it from the PCF department in Meander, via Nathalie Schilderink

• Ethanol (Supelco: 1.00983)

• Gold nanoparticles (BBI: EM.GC80)

B.4 Protocol for template stripping

This protocol describes the produces of template stripping.

• Wash the glass covers

1. Clean the jar and the tweezers with ethanol

2. Fill the jar with 50 mL ethanol

3. Put the glass covers in the jar. Do it gently, so they do not break.

4. Put the jar in the sonicator for 15 minutes

5. Take out the ethanol and fill the jar with milli-Q water to rinse the glass covers and to dilute the
remaining ethanol. Rinse it twice if necessary.

6. Take out the water and fill the jar with aceton

7. Put the jar in the sonicator for 10 minutes
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8. Take out the aceton. Fill the jar with aceton again. Now the glass coves are clean.

• Implement the glass covers

1. Pick up the glass covers one by one with a tweezers

2. Dry the glass cover with nitrogen. It has to be completely dry!

3. Place the glass cover on a dust-free tissue

4. Put one little drop UV glue on the film without touching the surface

5. Place the glass cover on the glue and twist it gently, so the glue will distribute

6. Cure the glue with UV light

C Appendix: Protocols optical lab

C.1 Setup

Figure 28: Left gives a representation of what the setup looks like. The setup consists of (A) an excitation
source, (B) a microscope and (C) a spectroscope. The microscopy part (B) is also shown on the right.

C.2 Initializing the software

• Turn on the devices

1. Turn on the laser with the key

2. Turn on the devices with the physical buttons on it

3. Turn on the devices with the remote control (two top buttons!)

4. Turn on the spectroscope

5. Run Setup_GUI.m to open the software

• Make sure the alignment is good
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1. The laser beam must follow the right path. Follow the laser beam till the objective, and then the
reflective laser beam till the spectroscope. Some mirrors could not be positioned properly, or the ND
filters could be closed.

2. Do a power measurement. Make sure only the laser shutter is open and the white light shutter is
closed. Note the value.

3. Take an image of the laser. It must be in the center.

4. Check the position of the laser sport in the camera. It must be in the center and it has to be
symmetrical when you change the z-height.

C.3 Explore the surface

• Set the z-height and focus it

1. Open the laser shutter and close the white light shutter

2. Set the color camera exposure time low; around 10,000 𝜇𝑠

3. Turn down the z-height gently, till the laser spot becomes smaller

4. Set the color camera exposure time very low; around 100 𝜇𝑠

5. Turn down the z-height gently, till the laser spot is on its smallest

• If it is focused

1. Close the laser shutter and open the white light shutter

2. Set the camera exposure time back to 100,000 𝜇𝑠. You could increase this value a little bit.

3. Fine-tune the z-height till the aggregation can be seen clearly. Now darkfield images and/or the
Raman spectra can be made.

C.4 Make darkfield images and Raman spectra

• Make darkfield images
Choose tab Camera
Choose color camera, define saving names and choose a saving path and format

• Make Raman spectra
Choose tab Spectroscopy
Click on initialize experiment
Choose the file CW laser top coupling 633nm_2023_43_25 as ND
Define saving names and choose a saving path
Central wavelength: 720 nm
Exposure time: 3000 ms

• Do a background measurement as reference (experiment type: background). Then do some single SERS
measurements (experiment type: SERS, experiment technique: single scan, choose the reference you
made). To check if there is a good signal. Finally, start a surface SERS measurement (experiment type:
SERS, experiment technique: XYZ scan, choose the reference you made).
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Figure 29: The software. The spectroscopy tab is shown here.

D Appendix: Results

Here all results are presented, without further analysis. One of the Raman spectra is shown, to show whether
or not there is a BSA signature. A darkfield image of the scanned surface is shown. In addition, both the
intensity of the most intense peak (with the condition that the minimum height is 100 𝑐𝑜𝑢𝑛𝑡𝑠/(𝑚𝑊𝑠)), with the
corresponding Raman shift, are shown in a 2D map with all (x,y) locations.
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Open hotspot with MPA

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 30: Scan 1.1 Open hotspot with MPA

47



July 10, 2023

Open hotspot with MPA

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 31: Scan 1.2 Open hotspot with MPA
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Open hotspot with MPA

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 32: Scan 1.3 Open hotspot with MPA
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Open hotspot with MPA

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 33: Scan 1.4 Open hotspot with MPA
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Open hotspot with MPA

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 34: Scan 1.5 Open hotspot with MPA
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Closed hotspot without any linking molecules

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 35: Scan 2.1 Closed hotspot without any linking molecules
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Closed hotspot without any linking molecules

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 36: Scan 2.2 Closed hotspot without any linking molecules
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Closed hotspot without any linking molecules

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 37: Scan 2.3 Closed hotspot without any linking molecules
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Closed hotspot without any linking molecules

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 38: Scan 2.4 Closed hotspot without any linking molecules
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Closed hotspot without any linking molecules

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 39: Scan 2.5 Closed hotspot without any linking molecules
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Closed hotspot without any linking molecules

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 40: Scan 2.6 Closed hotspot without any linking molecules
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Closed hotspot with Cys

(a) BSA signature (b) Darkfield image

Figure 41: Scan 3.1 Closed hotspot with Cys
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Open hotspot with Cys

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 42: Scan 4.1 Open hotspot with Cys
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Open hotspot with Cys

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 43: Scan 4.2 Open hotspot with Cys
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Open hotspot without any linking molecules

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 44: San 5.1 Open hotspot without any linking molecules
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Open hotspot without any linking molecules

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 45: Scan 5.2 Open hotspot without any linking molecules
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Open hotspot with MUD

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 46: Scan 6.1 Open hotspot with MUD
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Open hotspot with MUD

(a) BSA signature (b) Darkfield image

(c) Relative Raman shift (d) SERS intensity

Figure 47: Scan 6.2 Open hotspot with MUD

64


	Introduction
	Research Questions

	Theory
	Raman spectroscopy
	Localized Surface Plasmons
	Coupled plasmonic nanocavities
	Bovine Serum Albumin (BSA)
	Protein adsorption

	Experimental methods
	Methodological approach
	Open hotspot and closed hotspot
	Different self-assembled monolayers in an open hotspot

	Sample fabrication
	Template stripping
	Self-assembly of gold aggregation
	Adding the linking molecules and protein
	Chemicals

	SERS measurements
	Analysis procedure
	Raman spectra

	2D representations
	Further analysis

	Results
	Raman imaging of proteins on plasmonic surfaces
	SERS intensities using different sample configurations
	Raman shifts using different sample configurations
	Raman peaks using different linking molecules
	SERS intensities using different linking molecules

	Discussion
	Intensities of open and closed hotspots
	Intensities using different linking molecules
	Molecular vibrations using different linking molecules
	Raman peaks and protein conformations
	Denaturation
	Reproducibility

	Points of attention
	Recommendations

	Conclusion
	
	Appendix: Supporting information
	Appendix: Protocols chemical lab
	Protocol for fabricating gold aggregation
	Protocol for soaking linking molecules and proteins
	Protocol for making new solutions
	Protocol for template stripping

	Appendix: Protocols optical lab
	Setup
	Initializing the software
	Explore the surface
	Make darkfield images and Raman spectra

	Appendix: Results

