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Abstract: Surface enhanced Raman spectroscopy (SERS) is a selective and sensitive technique,
which allows for the detection of protease activity by monitoring the cleavage of peptide
substrates. Commonly used free-space based SERS substrates, however, require the use of bulky
and expensive instrumentation, limiting their use to laboratory environments. An integrated
photonics approach aims to implement various free-space optical components to a reliable,
mass-reproducible and cheap photonic chip. We here demonstrate integrated SERS detection of
trypsin activity using a nanoplasmonic slot waveguide as a waveguide-based SERS substrate.
Despite the continuously improving SERS performance of the waveguide-based SERS substrates,
they currently still do not reach the SERS enhancements of free-space substrates. To mitigate this,
we developed an improved peptide substrate in which we incorporated the non-natural aromatic
amino acid 4-cyano-phenylalanine, which provides a high intrinsic SERS signal. The use of
non-natural aromatics is expected to extend the possibilities for multiplexing measurements,
where the activity of several proteases can be detected simultaneously.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Proteases are enzymes that catalyze the hydrolysis of peptide bonds. They play an important
role in many signaling pathways and are important actors in several human diseases, including
inflammation, infectious diseases, cancer and degenerative diseases [1,2]. As such, proteases
are extremely interesting as drug targets and protease inhibitors are used as drugs to treat
cardio-vascular diseases [3] and HIV infection [4] amongst others. Such inhibitors are generally
small molecules that block the active site of a protease, thereby suppressing its activity [1]. In
drug development, sensitive analysis of protease activity is of crucial importance since it allows
to identify protease inhibitors, which efficiently block protease activity. As almost 600 proteases
have been identified in the human genome [5], there is also a clear need for a selective, sensitive
and multiplexed method of measuring protease activities.

In the past decades, colorimetric assays and liquid chromatography have been widely used.
However, these do not offer a high sensitivity or multiplexing capabilities [6]. In recent years,
different strategies based on nanoparticle-peptide complexes used fluorescence to detect protease
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activity, offering high sensitivity measurements both in vitro and in vivo [7,8]. Such fluorescence-
based techniques however provide limited multiplexing possibilities [7]. On the other hand,
Raman spectroscopy enables spectrally multiplexed measurements due to the specificity of
Raman spectra [9]. Surface-Enhanced Raman Spectroscopy (SERS) can be used to enhance the
inherently weak Raman signal in close proximity of metallic nanostructures [10]. The typical
sizes of the plasmonic hotspots used in SERS match well with the nanometer-sized peptides
recognized and cleaved by proteases. This makes SERS an attractive method for sensing of
protease activities, which can be detected via dispersion or aggregation of SERS nanoparticles in
the presence of proteases [11,12,13,14]. Uncontrolled aggregation of metal nanoparticles can
however create reproducibility issues. To overcome these, the peptide can be immobilized on a
well-controlled SERS structure and then specifically cleaved by a protease [15,16]. This allows a
reproducible, quantitative approach of great interest for protease activity sensing.

A variety of SERS structures enabling high and reproducible SERS enhancements has been
developed [17]. However, these structures typically rely on bulky and expensive instrumentation
such as confocal Raman microscopes, which largely limits their use to laboratory environments.
There has been a push for portable miniaturized devices, which can perform sensitive and accurate
spectroscopic detection. An integrated photonics approach can offer the solution by bringing
various free-space optical components to a single chip. Their integration leads to devices that
are robust, cheap, mass-reproducible and reliable, and additionally allows parallelism [18]. In
recent years, the silicon nitride (SizNy4) platform was developed, which enables waveguide-based
excitation and collection of Raman [19,20,21,22] and SERS spectra [23,24,25,26,27,28,29,30,31].
Despite the continuous improvement in the performance of the waveguide-based SERS platforms,
they are limited by the background signal of the Si3Ny [32,33]. Currently, free-space SERS
substrates still slightly outperform waveguide-based SERS platforms [34]. Nevertheless, with
ongoing development, integrated Raman platforms are becoming increasingly interesting for
biological applications as they enable an integrated lab-on-a-chip approach [35].

In this work, we used the nanoplasmonic slot waveguide to demonstrate waveguide-based SERS
detection of trypsin activity via the cleavage of peptide substrate. The concept of free-space SERS
detection of protease activity was previously demonstrated on gold nanodomes for the detection
of trypsin activity through the SERS spectra of surface-bound peptides consisting of only natural
amino acids [16]. However, due to the poorer SERS performance of the nanoplasmonic slot
waveguide compared to free-space gold nanodomes, just the natural aromatic acids do not provide
sufficient SERS signal for waveguide-based detection [36]. We therefore developed an improved
peptide substrate using the non-natural aromatic amino acid 4-cyano-phenylalanine [37]. Here,
we report that non-natural aromatics can be used as SERS reporters when incorporated in a
peptide which is then successfully cleaved by trypsin, both in bulk solution as well as when
bound on the SERS substrate. Considering that only the three natural aromatic amino acids,
namely phenylalanine, tyrosine and tryptophan, provide a relatively high SERS signal [38], the
use of non-natural aromatics significantly extends the possibilities of multiplexing measurements,
where the activity of several proteases is simultaneously detected. In the end, we used the peptide
with the incorporated non-natural aromatic to show waveguide-based SERS detection of trypsin
activity, paving the way towards SERS-based monitoring of protease activity on an integrated
lab-on-a-chip platform.

2. SERS-based sensing of protease activity
2.1. Concept of SERS-based sensing of protease activity

SERS-based protease activity sensing relies on monitoring cleavage of peptide substrates, and it
is shown schematically in Fig. 1. The selected SERS substrate is labelled with a peptide substrate
for trypsin, our model protease. We have fabricated a specific peptide substrate for trypsin with
the amino acid sequence NH,-CALNN(CN-F)GSG(CN-F) GGGGVRGNFSF-COOH, where
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each letter represents a natural amino acid and CN-F represents the non-natural aromatic amino
acid 4-cyano-phenylalanine. The peptide contains a cysteine (C) that allows it to covalently bind
to the gold nanostructure, which provides the SERS enhancement [39], with the peptide forming
a monolayer on the gold surface [40]. The Raman signal of the peptide comes from the two
aromatic amino acids, in our case 4-cyano-phenylalanine (CN-F), which provides the reference
SERS peak at 1180 cm™", and phenylalanine (F) with a peak at 1003 cm™!. Each aromatic amino
acid appears in the sequence twice, so as to double their SERS signal strengths. Between the two
aromatics, there is a specific cleavage site for trypsin, which cleaves the C-terminal to the arginine
residue (R) [41]. After cleavage of the peptide, the short peptide fragment NH,-GNFSF-COOH
diffuses away from the gold surface, consequently reducing the intensity of the 1003 cm™! peak
in the SERS spectrum. The SERS peak originating from the CN-F is expected to stay constant
and can thus serve as a normalization peak. The F and CN-F peak counts are integrated, and the
F/CN-F peak intensity ratio is used as a metric for the efficiency of trypsin cleavage [16].
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Fig. 1. (a) The concept of protease activity detection via peptide bond cleavage using SERS,
where the SERS signal originates from the aromatic amino acids phenylalanine (F) and
4-cyano-phenylalanine (CN-F). The peptide forms a monolayer on the gold nanostructures
and is then cleaved by a protease (here trypsin). As the cleaved-off part of the peptide
diffuses away from the gold surface, the corresponding SERS peak intensity decreases. (b)
Peptide substrate for trypsin, written with using the single-letter amino acid code. White
letters represent the aromatic amino acids that provide SERS signals, namely phenylalanine
(F) and the non-natural 4-cyano-phenylalanine (CN-F).

2.2. SERS substrates

The SERS experiments were performed using the free-space gold nanodomes and the waveguide-
based nanoplasmonic slot waveguides, using a confocal Raman microscope. First, we used
the gold nanodomes to establish that trypsin cleaves its peptide substrate with the incorporated
non-natural aromatic, and that SERS can be used to detect such cleavage events. We then used
the peptide with the non-natural aromatics to demonstrate SERS detection of trypsin activity on
the integrated nanoplasmonic slot waveguide.
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Gold nanodomes (Fig. 2-top) provide high SERS enhancement, which mostly originates from
the high field enhancement in the gaps of the nanodomes [16]. The smaller gaps enable higher
SERS enhancements, but are less accessible to trypsin with a molecular weight of 23 kDa and
a corresponding Stokes radius of 2-3 nm [42]. Gold nanodomes with gap sizes of 12 nm were
shown to provide a good compromise between SERS enhancement and accessibility of trypsin to
the gaps [16].

100 nm

Fig. 2. (top) Gold nanodomes are free-space SERS substrate with an average gap size of
12nm. (bottom) Waveguide-based nanoplasmonic slot waveguides have an average gap size
of 43 nm.

Nanoplasmonic slot waveguides (Fig. 2-bottom) are the best performing waveguide-based
SERS substrates to date, yet they are currently still outperformed by conventional free-space
SERS substrates such a gold nanodomes [34]. On the other hand, nanoplasmonic slot waveguides
offer the advantageous non-resonant enhancement and can be produced using scalable high-
volume fabrication techniques in micro-electronic fabs. Their main advantage is however their
waveguide-based nature, which means they can be integrated on a photonic integrated chip for a
reproducible, reliable and cheap SERS sensor of the protease activity. As in gold nanodomes, the
smaller gaps in the nanoplasmonic slot waveguide lead to a higher SERS enhancement, but less
accessibility for trypsin. We conducted our experiments on waveguides with a plasmonic gap of
43 + 5 nm. Currently, we still need to use the Raman confocal microscope to measure the SERS
spectra of the nanoplasmonic slot waveguide. In the last years, several papers were published
which explore how to implement the functionalities of the Raman microscope on an integrated
photonic chip, including a III/V integrated laser [43], integrated filters [44], a waveguide-based
collection region [19] and an on-chip spectrometer [45]. Further effort is however needed to
ensure the compatibility of all the different components and integrate them on the same photonic
chip.

3. Methods
3.1.  Production of the peptide

Peptides were synthesized using standard solid-phase fluorenylmethyloxycarbonyl chloride (Fmoc)
chemistry on a Syrol (Biotage) instrument. The synthesis was started on 25 umol preloaded
Fmoc-His (Trt) or Fmoc-Phe wang resin (Novabiochem). Amino acids were coupled in 4-fold
excess using HOBT/HBTU activation. The peptides were cleaved with TFA containing phenol,
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triisopropylsilane and 5% water for 3 h. Then, peptides were precipitated with tributylmethyl
ether and recovered by centrifugation at 2000x g. The ether washing/centrifugation step was
repeated three times. The peptides were purified using a water/acetonitrile gradient elution on by
using RP-HPLC on a RPC C18 column (Macherey-Nagel).

3.2. HPLC and mass spectrometry

Trypsin was dissolved in 50 mM ammonium bicarbonate buffer (pH = 7.8) to a concentration
of 5 pg/ml. After the addition of the peptide (100 pug/ml), the solution was incubated for an
hour at 37°C. 750 pl of the solution was injected on a C-18 reversed phase high-performance
liquid chromatography column (Macherey-Nagel) and eluted by a water/acetonitrile gradient
(Akta Purifier, GE). Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
(Bruker MALDI-TOF) was used to determine the molecular weight of the peptide fractions.

3.3. Fabrication of the gold nanodomes

Gold nanodomes were fabricated using a nanosphere lithography-based process, described in
detail in Ref. [16]. Briefly, a 200 nm thick silicon nitride film (Si3N4) was deposited on top
of a silicon wafer with a diameter of 4 inches. A colloidal solution of 450 nm polystyrene
beads (microParticles GmbH) was spin-coated on the Si3Ny surface, forming a monolayer of
hexagonally-close packed polystyrene beads. The polystyrene beads were thinned down in an
oxygen plasma and the pattern of nanodomes was etched into the Siz Ny substrate by an anisotropic
reactive-ion etch. The remains of the polystyrene beads were lifted off in dichloromethane and
the wafers were cleaned in a piranha solution (H,SO4:H,03, 3:1). Finally, a 2 nm thick titanium
adhesion layer and a 130 nm thick gold layer were sputtered on the sample. The maximum SERS
enhancement factor of the gold nanodomes for a single molecule was estimated to be 107 using
3D FDTD simulations [16].

3.4. Fabrication of the nanoplasmonic slot waveguide

Nanoplasmonic slot waveguides were fabricated using a combination of atomic layer deposition
and deep UV photolithography, as described in detail in Ref. [27]. Firstly, 2.3 um thick SiO,
and 220 nm thick SizNy4 layers were deposited on a 200 um silicon wafer. The Si3Ny slot
waveguides were patterned with 193 nm deep UV optical lithography and then etched by a
reactive-ion etch process. The resulting average slot width was 150 nm. To narrow down the slot
width, the waveguides were uniformly coated with 58 nm Al,O3 using atomic layer deposition
(ALD). After ALD, gold waveguides were defined using photolithography and a 2 nm titanium
adhesion layer and a 120 nm thick layer of sputtered gold were deposited. The maximum SERS
enhancement factor of the nanoplasmonic slot waveguide with a gap of 15 nm was predicted to
be 1.5 x 107 for a single molecule [27]. Experimental comparison shows that gold nanodomes
still outperform the nanoplasmonic slot waveguides with similar gap sizes, providing 3-times
higher signal-to-background ratio and 15-times higher signal-to-noise ratio [34]. However, due
to fabrication difficulties, the fabricated nanoplasmonic slot waveguide had a relatively large
size of 43 nm. In the future, nanoplasmonic slot waveguide can be fabricated with smaller gaps,
which should allow to achieve higher SERS enhancements.

3.5.  Raman microscope

A WITec Alpha300R+ confocal Raman microscope, a 785 nm excitation diode laser (Toptica),
and a UHTS 300 spectrometer using a —75°C cooled CCD camera (ANDOR iDus 401) was
used. The objectives Zeiss W N-Achroplan/W 20x/0.5 and Zeiss W Plan-Apochromat 63x/1.0
were used for the measurements of the gold nanodomes and the nanoplasmonic slot waveguide
respectively. A fiber with 100 um diameter was used to transfer the signal to the spectrometer
and also served as a pinhole.
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3.6. SERS experiments with peptides

The peptide was first dissolved in dimethylformamide (DMF) and then diluted to a concentration
of 100 pg/mlin 10% acetonitrile/water. The SERS substrates were cleaned with acetone, isopropyl
alcohol and DI water, and dried with a N, gun. The samples were treated with oxygen plasma,
immersed overnight in the peptide solution, and then rinsed with deionized water to remove
any peptides that did not covalently bind to the gold. The sample was placed in a Petri dish
filled with 3 ml of 50 mM ammonium bicarbonate buffer (pH 7.8). The reference SERS spectra
of the uncleaved peptide were acquired with the confocal Raman microscope. In the trypsin
cleavage experiments, the SERS substrates were incubated with 5 pg/ml trypsin for an hour at
37°C, then rinsed with DI water and their SERS spectra measured. On the gold nanodomes, the
SERS response was excited using 1 mW laser power before the microscope objective. 40x/0.5
Zeiss water immersion objective was used to acquire spectra on a spatially distributed map of
7% 7 pixels in a 40 X 40 um area with an integration time of 3 s on each point to avoid signal
degradation upon laser illumination. For nanoplasmonic slot waveguide, a 1 mW laser power
before the microscope objective and a 63x/1.0 Zeiss water immersion objective were used to
acquire 10 consecutive SERS spectra with the integration time up to 60 s.

3.7. SERS data analysis

For the SERS measurements on the gold nanodomes, the SERS maps were exported to MATLAB
and aberrant spectra were discarded using a variance-based filter. Then, the background of each
individual spectrum was subtracted using a window-based filter firl in the high-pass configuration.
The SERS spectrum was plotted as the average spectra of one map of 7 X 7 measurements.
Peak intensities were calculated by integrating the peak counts at their respective positions and
subtracting the background with a linear fit for the individual spectra.

For the SERS measurements on the nanoplasmonic slot waveguides, the data were analyzed
with WITec Project Four software. After removal of cosmic rays, the background was fitted with
a polynomial and subtracted. The integrated areas of F and CN-F peak areas were then calculated
on the background-subtracted spectrum.

4. Results and discussion

4.1. In-solution trypsin cleavage of the peptide monitored via RP-HPLC and SERS
spectroscopy

We first established that trypsin cleaves the peptide substrate containing the non-natural aromatic.
Therefore, we performed in-solution trypsin cleavage of the peptide substrate, separated the
peptide fragments by RP-HPLC, labelled them on the gold nanodomes and collected their SERS
spectra, as described in detail in Appendix A. These experiments showed complete cleavage of
the peptide after an incubation of 60 min. The SERS spectra of the peptide fragments showed
complete disappearance of the F peak as expected, indicating that monitoring the SERS peaks of
the aromatic amino acids should allow monitoring trypsin activity.

4.2. SERS spectroscopy on the mixture from an in-solution trypsin cleavage experi-
ment

Secondly, we again performed in-solution cleavage and then immediately labelled gold nanodomes
with the solution containing peptide fragments and the protease. In principle, only the peptide
fragment containing the N-terminal cysteine should attach to the gold surface of the SERS
substrate via a gold-sulfur bond. The SERS spectra of the solution (see Appendix B for more
details) indeed showed only the SERS peak of CN-F, indicating that the short peptide fragment,
GNESF, was cleaved off and did not non-specifically attach to the gold surface.
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4.3. Labelling gold nanodomes with the intact peptide and performing trypsin cleavage
directly on the SERS chip

Last, we checked if the peptide can also be cleaved when attached to the gold surface of the SERS
substrate. Therefore, gold nanodomes were first labelled with the peptide, such that a peptide
monolayer had formed on the gold surface. This monolayer must provide cleavage sites that are
accessible for the protease. Additionally, the gaps of the SERS structures need to be sufficiently
big such that they remain accessible to the protease that needs to diffuse to the peptide monolayer
in the gaps, where the SERS enhancement is the highest.

We incubated the peptide-labelled nanodomes in three conditions: 1. In ammonium bicarbonate
buffer without any trypsin present, to serve as a reference measurement. 2. With trypsin dissolved
in ammonium bicarbonate buffer at a concentration of 5 ug/ml. We only expected to observe
trypsin activity and the corresponding F peak decrease in this condition. 3. In ammonium
bicarbonate buffer with inactivated trypsin. Trypsin (at 5 ug/ml) was inactivated using the
inhibitor phenylmethylsulfonyl fluoride (PMSF, 40 pg/ml) [46]. The samples were incubated for
60 min at 37 °C, rinsed and their SERS spectra acquired. The SERS spectra before and after
trypsin addition (for condition 2) are shown in Fig. 3. It is evident that trypsin efficiently cleaved
the peptide, resulting in a decrease in the intensity of the SERS peak of phenylalanine (F) at
1003 cm~!. We also concluded that this partial F peak decrease can be ascribed to the limited
accessibility of the nanodome gaps for trypsin, as established in [16].

— before trypsin addition
F —— after trypsin addition
300

CN-F

SERS intensity [counts]

900 1003 1180 1300 1400
Raman shift [cm~1]

Fig. 3. SERS spectra of the peptide before and after trypsin addition, recorded on gold
nanodomes. Addition of trypsin results in a decrease in the intensity of the SERS peak of
phenylalanine (F) at 1003 cm™".

The F/CN-F peak intensities were then calculated for all three different conditions (Fig. 4).
We noticed that the 30% decrease in the F/CN-F peak intensity ratio is only caused by trypsin
cleavage of the peptide substrate, as no change in the SERS spectra is detected in the presence
of inactivated trypsin or when no trypsin is added. We can therefore conclude that the peptide
substrate NH,_ CALNN(CN-F)GSG(CN-F) GGGGVRGNFSF-COOH can be labelled on the
gold nanodomes and cleaved by trypsin. However, likely due to the limited accessibility of the
nanodome gaps for trypsin, this cleavage is not complete.

We have thus shown that SERS can be used to detect trypsin activity on gold nanodomes, using
peptide substrates holding non-natural aromatics. Gold nanodomes are however free-space SERS
substrates, requiring specialized laboratory equipment for the acquisition of Raman spectra. In
the next sections, we therefore explore the use of the integrated nanoplasmonic slot waveguide
for SERS detection of protease activity.
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Fig. 4. F/CN-F peak intensity ratio for the trypsin cleavage experiments performed on gold
nanodomes. The box plot shows that the F/CN-F peak intensity ratio decreases by 30% after
trypsin addition. If no trypsin is added, or after the addition of inactive trypsin, there is no
change in the F/CN-F peak intensity ratio.

4.4. Detecting the peptide monolayer on nanoplasmonic slot waveguides

The nanoplasmonic slot waveguide was labelled with the peptide. To acquire the SERS spectra of
the nanoplasmonic slot waveguide on the confocal Raman microscope, the sample was positioned
vertically, and end-fire coupled [27]. A Zeiss 63x/0.9 EC Epiplan NEOFLUAR:c0/0 objective
was used to couple the light into the waveguide with the laser power of 1 mW measured before
the microscope objective and the integration time set to 5 s. The estimated laser power that was
guided in the waveguide is approximately 300 uW, based on the coupling losses reported in [27].
A raw SERS spectrum is shown in Fig. 5, which shows that the SERS background signal is quite
high, but nevertheless the CN-F peak at 1180 cm™! is clearly visible. The peak around 1600 cm™!
can be ascribed to the CALNN sequence in the peptide [16] and the peak at 2330 cm™! belongs to
the silicon nitride, and therefore indicates that the light is indeed guided in the Si3N4 waveguide
[19]. The SizNy is also the main origin of the broad background features [32].
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Fig. 5. Raw SERS spectrum of the trypsin peptide substrate acquired on the nanoplasmonic
slot waveguide. The silicon nitride peak at 2330 cm™! indicates that the light is guided in the
waveguide, whereas the other two peaks originate from the peptide itself. The background
originates predominantly from the silicon nitride waveguide.
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4.5. Stability of the SERS spectra of the peptide on the nanoplasmonic slot waveguide

When acquiring SERS signals of different Raman reporters, the stability of the SERS spectra
needs to be monitored. Upon prolonged exposure to high input laser power, Raman reporters may
overheat and potentially burn or experience other chemical transitions that affect their molecular
structure and therefore their Raman spectrum. One example is the photoinduced reduction of
nitrothiophenol (NTP) to dimercaptoazobenzene, where these chemical changes affect the SERS
signal strength of the 1339 cm™~! mode of the NTP [47].

In the case of the free-space excited nanodomes, this problem can be avoided by acquiring
spectra at several different locations on the nanodome sample. However, when switching to
waveguide-based nanoplasmonic slot waveguides, we are limited by the fact that we can excite
and collect SERS spectra of one waveguide through only one access point, i.e. the silicon nitride
access waveguide. We therefore have to pay special attention to use appropriate laser powers that
will not chemically damage the peptides as this could lead to peak intensity changes similar to
those caused by the trypsin cleavage of the peptide.

Due to the various parameters such as the coupling efficiency and the length of the access
waveguide which can affect the amount of laser light that reaches the peptide [27], we have
to ensure the stability of the SERS signal over time for each individual experiment. The
nanoplasmonic slot waveguides were therefore fabricated in sets of two, one serving as a reference
waveguide, where the stability of the SERS signal of the peptide is established under continuous
laser illumination. An example of a reference measurement of the F/CN-F peak intensity vs. time
is shown in Fig. 6, where the vertical dashed line indicates the average value of the F/CN-F peak
intensity. In our experiments, we have typically used the coupled laser power of 300 uW and an
integration time of up to 60 s. In the timeframe of our measurement at the given laser power we
do not see any significant deterioration of the SERS signal. After the stability of the SERS signal
has been successfully established, the protease activity measurement can be performed on the
identical second waveguide.

2

4

F/CN-F peak intensity
-

200 400 600

time [s]
Fig. 6. An example of the F/CN-F peak intensity ratio plot as a function of time obtained
on a reference nanoplasmonic slot waveguide. The vertical dashed line indicates the average
value of the F/CN-F peak intensity.

4.6. Detection of trypsin activity on the waveguide-based SERS platform

The peptide was labelled on a nanoplasmonic slot waveguide with a gap size of 43 nm. First, the
stability of the SERS signal of the peptide under continuous laser illumination was established.
After, the SERS spectra of the peptide before and after trypsin incubation were acquired. The
SERS substrate was incubated with 5 pg/ml trypsin for 60 min at 37°C. The laser power guided
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in the waveguide and used to excite the SERS response was 300 uW, and we recorded 10
measurements for each condition with an integration time of 60 s. In Fig. 7, the averaged spectra
of the background-subtracted measurements before and after trypsin addition are presented,
showing the disappearance of the F peak, thus indicating trypsin cleavage. To quantify trypsin
activity, we calculated the integrated peak counts of the F and CN-F peaks at 1003 cm™" and
1180 cm™!, respectively. We noticed a 70% decrease in the F/CN-F peak intensity upon trypsin
incubation as shown in Fig. 8, suggesting that trypsin indeed cleaved the peptide substrate. We
again did not notice full disappearance of the signal from the F peak. In this case, the remaining
F/CN-F signal could be attributed to another peak that appears at 1010 cm™" after trypsin addition
and could thus be considered an artefact of our data analysis. The 43 nm gap of the nanophotonic
slot waveguide should namely allow much better accessibility to trypsin compared to the much
smaller 12 nm gaps of the gold nanodomes. To achieve higher SERS signal, the smaller gap sizes
would however be preferable, if they could still provide sufficient accessibility to the trypsin.
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Fig. 7. SERS spectra of the peptide before and after trypsin addition acquired on nanoplas-
monic slot waveguide. The decrease in the F peak at 1003 cm™! indicates trypsin-mediated
cleavage of the peptide. Each spectrum shown in the graph is the average of 10 background-
subtracted measurements. For better visualization, the spectra were smoothed with the
simple moving average with the window size of 3.
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Fig. 8. A box plot of F/CN-F peak intensities before and after trypsin addition recorded on
nanoplasmonic slot waveguide. Individual measurements are presented as gray dots.
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5. Conclusions

In this proof-of-concept demonstration, we have shown waveguide-based SERS detection of
trypsin activity via the cleavage of its peptide substrate that holds non-natural aromatic amino
acids. We have demonstrated trypsin activity detection for a trypsin concentration of 2 X 10™7 M,
however, it was previously shown that this technique can reach a detection limit of at least 8 x 10™°
M [16]. Whereas there already exist techniques that enable lower detection limits [48,49], the use
of the waveguide-based SERS substrate opens the possibility of integration of the SERS sensor
on a photonic integrated circuit. By using an integrated approach, different functionalities of a
laboratory system, such as lasers, spectrometers, filters and detectors, can be implemented on a
small, mass-produced and reliable photonic chip. Such a lab-on-a-chip modality further enables
extensive parallelization of measurements. In the last years, the performance of the integrated
SERS substrates is continuously improving, yet the waveguide-based SERS substrates currently
still do not enable the high SERS enhancements achieved in free-space SERS substrates. To
mediate this, we have developed a peptide substrate incorporating non-natural aromatic amino
acids, which provide a high intrinsic Raman signal. Since only the three natural aromatics
provide relatively strong Raman signals, the use of non-natural aromatics is also crucial for the
development of the multiplexing SERS measurements, where the activity of several proteases
can be detected at the same time using different, protease-specific peptide substrates with
non-overlapping SERS peaks. Using non-natural aromatics significantly expands possibilities
of multiplexing, and the non-natural aromatics can additionally provide higher SERS signal
strengths than those of the natural aromatics, thus improving the SERS signal-to-noise ratio.

Appendix A

In-solution trypsin cleavage of the peptide monitored via RP-HPLC and SERS spec-
troscopy

We performed bulk trypsin cleavage of the peptide substrate, separated the peptide fragments
by RP-HPLC, labelled them on the gold nanodomes and collected their SERS spectra. First,
trypsin was dissolved in 50 mM ammonium bicarbonate buffer (pH =7.8) to a concentration
of 5 pg/ml. The solution was warmed to 37°C, which is the optimal working temperature for
trypsin. The lyophilized peptide was in the meantime first dissolved in DMF at a concentration
of 25 pg/ul and then added to the trypsin solution in the ammonium bicarbonate buffer to a final
peptide concentration of 100 ug/ml and left to incubate for an hour at 37°C. We then separated
the peptide solution via RP-HPLC. HPLC chromatograms are shown in Fig. 9 for the intact
peptide and Fig. 10 for the peptide incubated with trypsin. We analyzed the collected fractions
by means of MALDI-based mass spectrometry to determine the masses of the prominent HPLC
peaks, and thus to conclude which peptide (fragment) they represent.

In the chromatogram of the intact peptide, shown in Fig. 9, we see a prominent peak at an
elution time of 39.5 min with a mass corresponding to that of the intact peptide monomer. We
additionally see a smaller peak eluting around 43 min. MALDI-MS analysis indicate that the
peptides in this fraction had the same mass as in the case of the monomer, but it is more likely that
this peptide is actually a dimer — as it eluted at a later time point and is thus more hydrophobic —
that broke down into two monomers in the mass spectrometer ionization chamber. The peptides
we use start with a cysteine and two such cysteines (of thus two individual peptides) can form a
sulfur bridge (disulfide bridge) under oxidizing conditions. It has previously been shown that the
formation of dimers does not drastically reduce the ability of the peptides to bond to the gold
surface that we wish to use as SERS substrates [16].

Figure 10 shows the RP-HPLC analysis of the peptide substrate digested by trypsin. Here,
we want to primarily establish that trypsin cleaves its substrate specifically, i.e. only at the
arginine (R) cleavage site. Furthermore, we want to determine how long the incubation needs
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Fig. 9. RP-HPLC chromatogram of the intact peptide (trypsin substrate). The measured
mass (in Da) along with the identified peptide fraction is written above each HPLC peak.
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Fig. 10. RP-HPLC chromatogram of the trypsin-digested peptide. The measured mass (in
Da) along with the identified peptide fraction is written above each HPLC peak.
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to be for complete peptide cleavage in solution. Previous experiments suggested that trypsin
cleavage is quite fast and we could expect to see full peptide cleavage after about one hour
of incubation [16]. In Fig. 10, we see that the peaks of peptides eluting at 39.5 and 43 min
disappear, suggesting that the peptide had been completely digested. Further, two prominent
peaks now appear at 33 and 37 min. The masses of the peptides in these peaks correspond
to the adducts of the long peptide fragments of the cleaved monomer and the cleaved dimer,
namely NH;-CALNN(CN-F)GSG(CN-F)GGGGVR-COOH, as expected. Adducts are a common
occurrence in mass spectroscopy analysis, and stem from the fact that the peptide fragment binds
to a sodium or potassium ion, resulting in a corresponding increase in the mass of the peptide ion.

After establishing that the peptide was cleaved specifically and fully by trypsin, we labelled
the gold nanodomes with the collected HPLC fractions to collect their SERS spectra. The gold
nanodomes were cleaned with acetone, isopropyl alcohol and deionized (DI) water, and dried
with a N> gun. After placing the gold nanodomes in oxygen plasma for 2 min, the nanodomes
were immersed overnight in the peptide solutions and rinsed with DI water to remove peptides
that did not covalently bind to the gold surface. The samples were placed in a Petri dish filled
with 3 ml of 50 mM ammonium bicarbonate buffer (pH 7.8). The SERS spectra of the peptides
were acquired with the WITec confocal Raman microscope. For gold nanodomes, a 1 mW laser
power before the microscope objective and a 40x/0.5 Zeiss water immersion objective were used
to acquire spectra on a spatially distributed map of 7 X 7 pixels in a 40 X 40 um area with an
integration time of 3 s on each point to avoid signal degradation upon laser illumination.

Starting from 7 X 7 individual spectra, cosmic rays were removed using WITec Project Four.
The data were then exported to MATLAB and deviant spectra were discarded using a variance-
based filter. Then, the background of each individual spectrum was subtracted using a high-pass
filter. Each SERS spectrum, which was acquired on gold nanodomes, is the average spectra of
these data. In Fig. 11, the SERS spectra of different peptides or peptide fragments are plotted,
normalized on the CN-F maximum peak intensity.

cleaved peptide dimer
—— cleaved peptide monomer
8 = CN-F —— intact peptide dimer
| —— intact peptide monomer

SERS spectrum [a.u.]

800 1003 1180 1400
Raman shift [cm™*]

Fig. 11. SERS spectra of the RP-HPLC separated peptides from a bulk trypsin cleavage
experiment. The spectra are normalized on the CN-F maximum peak intensity for easier
comparison and offset on the y axis. The horizontal vertical lines represent the zero of each
spectrum. The two vertical lines represent the positions of the characteristic SERS peaks of
the phenylalanine (F) and 4-cyano-phenylalanine (CN-F). After trypsin digestion, a complete
disappearance of the SERS peak of phenylalanine F is evident, as expected.
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We found that the gold nanodomes labelled with both the intact peptide monomer and dimer
display the two characteristic SERS peaks, one at 1003 cm™! corresponding to phenylalanine (F)
and another at 1180 cm™! that can be ascribed to 4-cyano-phenylalanine (CN-F). As indicated
above, also the peptide dimer seems to efficiently attach to the gold SERS substrate. After
trypsin cleavage of the peptide substrate, the F peak completely disappears, as expected. We can
therefore conclude that monitoring the SERS peaks of the aromatic amino acids is a suitable
metric for monitoring the trypsin activity.

Appendix B
SERS spectroscopy analysis of the in-solution trypsin cleavage experiment

As the next control experiment, we again performed bulk cleavage of the peptide with trypsin,
exactly as described in the previous section. We then immediately labelled the gold nanodomes
with the cleavage solution containing the mix of all peptide fragments. In principle, only the
long peptide fragment should be able to bind to the gold surface via a sulfur-gold bond via its
N-terminal cysteine. We expect that the short peptide fragment, NH,-GNFSF-COOH, would be
washed away from the gold surface when rinsing the gold nanodomes after overnight labelling.
We recorded SERS spectra from gold nanodomes labelled with the peptide solution using the
same acquisition parameters as in Appendix A. The SERS spectra are shown in Fig. 12 and were
normalized on the CN-F peak at 1180 cm™! for easier comparison.

no trypsin addition
2\~ = 1 h trypsin incubation

SERS intensity [a.u.]

| H L
800 900 1000 1100 1200 1300
Stokes shift [cm™']

Fig. 12. SERS spectra of the intact peptide (green) and of the cleavage solution after 1 h of
incubating the peptide with trypsin (blue). The three spectra for each condition come from
three different gold nanodome samples, all labelled under the same conditions. All spectra
are normalized on the CN-F peak at 1180 cm ™.

We can see that the F peak disappears completely as expected after trypsin incubation, showing
full cleavage of the peptide. To quantify this, we calculated the ratio of the SERS peak intensities
by integrating the F and CN-F peak counts at their respective positions and subtracting the
background with a linear fit for the individual spectra. We used the F/CN-F peak intensity ratio
as a metric for the (efficiency of) trypsin cleavage, as plotted in Fig. 13. As can be seen, due
to the disappearance of the F peak, the F/CN-F peak intensity is greatly reduced upon trypsin
digestion. Based on the experiments in the previous section showing complete cleavage of the
peptide substrate, the small remaining contribution of the F peak after trypsin incubation can be
ascribed to the data analysis method used and not to the contribution of the remains of uncleaved
peptide.
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Fig. 13. A box plot of F/CN-F peak intensities before (Ref) and after (Try) trypsin addition
for the spectra shown in Fig. 12. Each box plot corresponds to one SERS spectrum in the
previous figure.
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