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Abstract: We used a nanoplasmonic slot waveguide for the first time demonstration of waveguide-
based detection of protease activity using Surface-Enhanced Raman Spectroscopy (SERS), paving
the way for an integrated lab-on-a-chip protease activity monitoring.
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Proteases are enzymes that catalyse the hydrolysis of peptide bonds and that are important actors in several human
diseases [1]. A real-time, label-free and multiplexed method for detecting protease activity is therefore important for
the development of new drugs that inhibit disease-associated proteases. In Surface-Enhanced Raman Spectroscopy
(SERS), gold nanostructures can be used to enhance the specific, but weak Raman signals. Previously, SERS was
shown to enable sensitive and selective detection of protease activity by monitoring cleavage of specific substrate
peptides [2]. Recently, nanoplasmonic slot waveguides, shown in Figure 1(a), emerged as an alternative to the
conventional Raman microscope to efficiently excite and collect SERS signals [3]. A waveguide-based SERS platform
furthermore allows parallel measurements of a large number of SERS analytes, enabling high-throughput assays that
are particularly of interest for pharmacological drug discovery.

Here, we demonstrate for the first time, to the best of our knowledge, waveguide-based SERS detection of protease
activity using a nanoplasmonic slot waveguide, paving the way towards SERS-based monitoring of protease activity
on an integrated lab-on-a-chip platform.

Experiments and Results

For our experiments, we used trypsin as a model protease. We have designed a specific peptide substrate for trypsin
with the amino acid sequence NH>-CALNN(CN-F)GSG(CN-F)GGGGVRGNFSF-COOH, shown in Figure 1(b) [4].
The peptide contains a cysteine (C) that allows it to bind to the gold nanostructure, which provides the SERS
enhancement, with the peptide forming a monolayer there. The Raman signal of the peptide comes from the two
aromatic amino acids, cyano-phenylalanine (CN-F) that provides the reference SERS peak at 1180 cm™' and
phenylalanine (F) with a peak at 1003 cm™'. Each aromatic appears in the sequence twice to double their SERS signal
strength. Between the two aromatics, there is a specific cleavage site for trypsin, which cleaves C-terminal to the
arginine residue (R). 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, as represented
in Figure 1(c).
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Fig. 1. (a) Nanoplasmonic slot waveguide. (b) Peptide substrate for trypsin. (c) The concept of protease activity
detection via peptide cleavage using surface-enhanced Raman spectroscopy. [4]



We performed bulk cleavage, separated the peptide fractions by RP-HPLC, labelled them on the gold nanodomes [2]
and collected the SERS spectra that indeed showed the disappearance of the F peak at 1003 cm™'. We then directly
labelled the nanodomes with the substrate peptide and performed trypsin cleavage directly on the peptides bound to
the surface of the gold nanodomes. We noticed a 30% decrease of the F peak at 1003 cm™!, but not its complete
disappearance, which can be ascribed to the limited accessibility that trypsin has to the small 12 nm gaps of the gold
nanodomes [2].
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Fig. 2. (a) SERS spectra of the peptide before and after trypsin addition. 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. (b) A box plot of F/CN-F peak intensities before and after trypsin
addition. Individual measurements are presented as gray dots.

Next, we labelled the peptide on the nanoplasmonic slot waveguide with the gap size of 45 nm. The small gap width
was obtained through conformal atomic layer deposition of aluminum oxide on a slotted silicon nitride waveguide
made by deep UV lithography, and subsequent gold deposition [3]. We acquired SERS spectra of the peptide before
and after trypsin addition using the waveguide-based excitation and collection of the SERS signal. The laser power
guided in the waveguide and used to excite the SERS response was 0.3 mW, and we recorded 10 measurements with
an integration time of 60 s for each condition. In Figure 2(a), the averaged spectra of the background-subtracted
measurements before and after trypsin addition are presented. To quantify the trypsin activity, we calculated the
integrated peak counts of the F and CN-F peaks at 1003 cm™ and 1180 cm™, respectively. To make sure that the
decrease of the F peak is only caused by trypsin cleavage, we used the F/CN-F peak intensity as our metric, where the
peak of CN-F serves as a normalization peak to account for potential SERS signal variation. We noticed a 70%
decrease in the F/CN-F peak intensity upon one hour of trypsin incubation as shown in Figure 2(b), suggesting that
trypsin has 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 however possibly attributed to another peak that appears at
1010 cm'! after the trypsin addition and is therefore an artefact of our data analysis. The 50 nm gap of the nanophotonic
slot waveguide should namely allow much better accessibility to the trypsin compared to small 12 nm gaps of the gold
nanodomes.

In conclusion, we have demonstrated for the first time ever waveguide-based SERS detection of proteolytic activity
using a nanoplasmonic slot waveguide, which is the first step towards SERS monitoring of protease activity on a lab-
on-a-chip platform. We are currently working on expanding our platform for multiplexing, in which we aim to detect
the activity of two and more proteases with different specificities simultaneously.
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