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Surface-enhanced Raman scattering provides a promising technology for sensitive and

selective detection of protease activity by monitoring peptide cleavage. Not only are

peptides and plasmonic hotspots similarly sized, Raman fingerprints also hold large potential

for spectral multiplexing. Here, we use a gold-nanodome platform for real-time detection

of trypsin activity on a CALNNYGGGGVRGNF substrate peptide. First, we investigate the

spectral changes upon cleavage through the SERS signal of liquid-chromatography

separated products. Next, we show that similar patterns are detected upon digesting

surface-bound peptides. We demonstrate that the relative intensity of the fingerprints from

aromatic amino acids before and after the cleavage site provides a robust figure of merit for

the turnover rate. The presented method offers a generic approach for measuring protease

activity, which is illustrated by developing an analogous substrate for endoproteinase Glu-C.
Introduction

Proteases, which are enzymes that catalyse the hydrolysis of peptide bonds, play
a crucial role in the modication of proteins and in the breakdown of proteins into
their constituent amino acids (protein catabolism). Furthermore, proteases are of
vital importance in numerous signalling pathways.1 Sensitive and quantitative
analysis of protease activity is of critical importance for, amongst other things,
medical diagnostics,2 drug development1–3 and single cell analysis.4,5 As over 500
different genes encoding for proteases have been identied in the human genome,
there is large interest in a detection technology that allows for a selective, sensitive
and multiplexed measurement of protease activity. Current established methods
such as colorimetric or uorescent assays and liquid chromatography lack
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sensitivity or are not scalable to real-time, multiplexed assays. In recent years,
several strategies based on nanoparticle–peptide complexes6–8 have been developed
for detecting protease activities. These are typically based on uorescence-
quenching or -energy transfer, offering high sensitivity in in vitro and even in vivo
measurements. However, uorescence-basedmethods provide limitedmultiplexing
capabilities. In contrast, the specicity of Raman ngerprints enables spectrally
multiplexed measurements.9 Furthermore, surface-enhanced Raman scattering
(SERS) provides a promising technology for sensitive and selective detection of
peptide bond hydrolysis because the nanometer-sized peptides match well with the
typical size of a plasmonic hot-spot. Not surprisingly, a number of studies reported
on detecting protease activity based on SERS10–14 and surface-enhanced resonance
Raman scattering (SERRS).15–17 These include indirect sensing methods based on
clustering14 and anti-clustering13 of nanoparticles upon cleavage, and direct detec-
tion methods based on appearances17 and disappearances10,11 from the spectra of
SERS labels. These studies demonstrate the ability of detecting protease activities at
single-cell concentration levels in sub-nL volumes.11,13,15

In this manuscript, we show real-time detection of trypsin-mediated peptide
bond hydrolysis through the SERS spectra of surface-bound peptides consisting of
only natural amino acids. We use the inherent SERS ngerprint of aromatic amino
acids18,19 in our peptides, which eliminates the use of uorescent- or SERS-labels. As
a consequence, the peptide design is easily adjustable towards a specic substrate†
for different proteases. These peptides form a self-assembled monolayer20 on a gold-
nanodome patterned SERS platform,21 with distinguishable vibrational spectra both
before and aer the cleavage site. This enables discriminating protease activity at
a specic cleavage site from ligand exchange.22,23 We take a stepwise approach to
prove that the changes in the SERS spectra upon peptide hydrolysis indeed originate
from substrate cleavage. First, Raman spectra of the pure peptide are compared to
SERS spectra acquired on the nanodome surface. Peaks are attributed to known
vibrations in the literature and to our own experimental data. Next, we investigate
the SERS spectra of the cleaved products separated by reverse phase high-
performance liquid chromatography (RP-HPLC) aer incubating specic
substrates with the serine proteases trypsin and endoproteinase Glu-C. We also
verify that the peptides are bound to the nanodome gold surface through an amine-
terminal cysteine, correctly presenting the cleavage site away from the solid inter-
face. Finally, we demonstrate digestion of a surface-bound trypsin substrate and
follow this reaction in real-time through continuous changes in the SERS spectra.
Results and discussion
Measurement principle and design of the peptide substrate

Fig. 1(a) shows the experimental concept. A monolayer of peptides containing
a specic cleavage site was bound to a gold nanostructure. This monolayer
† The term ‘substrate’ is confusing in the context of SERS for protease sensing. During protease activity,
a substrate is the material upon which the protease acts. Here, this is the peptide chain that is converted
from a substrate into products upon digestion by the protease. In the eld of SERS, a substrate refers to
the nanostructured surface that provides a localized surface-plasmon resonance responsible for the
enhancement. In this paper, the word substrate is used for the peptide chain. We refer to the
nanostructured surface as a SERS platform.
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provides a SERS signature from amino acids both before and aer the cleavage
site. Aer protease digestion, the part of the SERS spectrum originating from the
cleaved-off, non-surface bound product decreases, while the products attached to
the gold surface provide a steady signal. Although the measurement principle is
fairly straightforward, a correct design of the peptide is crucial for efficient
protease digestion and sensitive SERS detection. The peptides should form
a stable monolayer on a gold surface, provide an accessible cleavage site and
include strong SERS scatterers. Furthermore, the total length of the molecule
must remain limited to a few nanometers because of the decreasing SERS signal
with increasing distance.24,25 Fig. 1(b) shows the proposed peptide in more detail,
designed as a specic substrate for trypsin digestion. From the amine- to carboxyl-
terminus, it starts with the pentapeptide CALNN.20,22,23,26 In this part, the cysteine
(C) ensures a covalent sulphur–gold bond.27 The hydrophobic amino acids
alanine (A) and leucine (L) help to form a self-assembled monolayer, followed by
a double hydrophilic asparagine (N) to ensure good solubility.20 CALNN is fol-
lowed by tyrosine (Y), an aromatic amino acid that serves as a rst SERS reporter.
If present, its SERS signature conrms that the CALNNY fraction is still bound to
the gold surface, meaning that there has not been any ligand exchange,28

desorption or non-specic cleavage in this part. Next, a stretch of glycines (GGGG)
is included, small amino acids forming a exible chain to improve the accessi-
bility for the protease to the cleavage site. We experimentally found that the
presence of this additional spacer is crucial for trypsin activity on surface-bound
peptides. These glycines are followed by VR being respectively the P2 and P1
subsite for trypsin. It is well known that trypsin cleaves at the carboxyl side of
arginine (R) and lysine (K).29 The hydrophobic valine (V) in a P2 position further
increases the efficiency of the catalysis.30 The cleavage site is followed by a GNF
sequence. The small glycine at P0

1 ensures good accessibility of trypsin to the
cleavage site. The hydrophilic asparagine helps the solubility of the end-fraction
of the peptide and, nally, the second aromatic amino acid phenylalanine (F)
functions as a second SERS reporter. As a consequence, for this specic substrate
the intensity of F-related peaks divided by that of Y-related peaks in the SERS
spectrum (IF/IY) gives a metric for the cleavage and diffusion of the –GNF fraction.

An analogous peptide substrate for a different protease was fabricated by
adjusting the specic cleavage site. Placing the amino acids NNE– in the P3–P1
and –SWH in the P0

1–P0
3 positions (Fig. 4(b1)) makes the substrate suited for

hydrolysis by endoproteinase Glu-C, which cleaves the peptide bond C-terminal to
glutamic acid (E) residues.31 Tryptophan (W) serves here as an aromatic reporter
in the cleaved-off fraction, resulting in a different SERS spectrum that allows IW/IY
to be used as a metric for endoproteinase Glu-C digestion. Thus, the generic
design of the peptide substrate provides the ability to use this technology in
different applications, and has the potential for simultaneously monitoring the
activity of different proteases on different substrates.
The nanodome SERS platform as a compromise between accessibility and
enhancement

For most applications, the ideal SERS platform provides a strong, uniform eld-
enhancement and has good batch to batch reproducibility. For the specic case
of sensitive and quantitative monitoring of protease activity, the eld
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 205, 345–361 | 347



Fig. 1 (a) A gold-bound peptide substrate provides a SERS fingerprint with distinctive
peaks from amino acids on both sides of the cleavage site. After protease hydrolysis, the
non-bound product diffuses away and its Raman peaks disappear. (b) The peptide
substrate designed for trypsin hydrolysis, which cleaves C-terminal to arginine (R) residues.
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enhancement has to stretch a few nanometers from the gold surface and the
hotspots have to be accessible. The latter is of crucial importance, as most
proteases have a molecular weight of 20–50 kDa, roughly corresponding to
a Stokes radius of 2–3 nm.32 One can easily imagine that a peptide substrate
located in a <5 nm wide hotspot is inaccessible for a trypsin (23 kDa) or endo-
proteinase Glu-C (27.7 kDa) molecule. Fortunately, pore sizes starting from
10 nm are accessible to enzymes in this size range.33 The requirements
described above are to a certain degree contradictive. Isolated nanostructures
such as nanorods or nanotriangles provide optimal accessibility, but exhibit
a low enhancement factor and a stronger distance-dependence as compared to
coupled geometries. On the other hand, superior surface-enhancement is ach-
ieved in coupled nanostructures with a sub-5 nm, poorly accessible gap.34 To
address these concerns, we fabricated gold-nanodome structures21 with a gap (g)
of 10–15 nm. Fig. 2 shows the fabrication ow and corresponding SEM images
of these nanodome patterned chips, processed on 400 wafers using nanosphere-
Fig. 2 (a) Schematic and (b) corresponding tilted SEM figures of the fabrication of a gold-
nanodome structured surface. A monolayer of polystyrene beads (1–2) forms a mask for
reactive ion etching into the underlying Si3N4 (3–4), resulting in an array of nanopillars
serving as a template for gold deposition (5).
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Fig. 3 (a) Top-down and cross-section SEM images for a nanodome-pattern chip with
a 12 nm wide (g) and 53 nm high (h) inter-dome gap. (b) Corresponding |E|2 field distri-
butions for this geometry at resonance wavelength simulated through 3D FDTD, showing
that the localized surface plasmonic resonance is confined to the inter-dome gap region.
The field distributions are plotted over the region corresponding to the yellow rectangles.
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lithography. This fabrication method provides ample chips at a reasonable cost
and effort. It avoids using e-beam lithography11 while offering superior control
on the hotspot size and enhancement factor as compared to colloidal
approaches.35 The localized surface-plasmon resonance of these nanodome
structures was optimized through UV-Vis reection and SERS measurements for
an optimal enhancement with a 785 nm Raman pump laser and 600 cm�1 to
1700 cm�1 Stokes shis in a water environment. Fig. 3(a) shows the resulting
geometry with a gap width (g) of 12 � 2 nm and a height (h) of 53 � 4 nm. We
experimentally measured a SERS substrate enhancement factor (SSEF,36 see the
Experimental section) of 1 � 0.2 � 106 for the chips used in this manuscript.
The coefficient of variation (s/m) on the SERS signal across a single chip is 6–7%.
For comparison, we measured a maximum SSEF of 6 � 106 in the nanodome
structures with a gap width of approximately 6 � 2 nm, unlikely to have good
accessibility to the peptide substrate in the hotspots. Note that SSEF is a gure
for the surface-enhancement per molecule averaged across the gold surface. The
surface area of the hotspots accounts for approximately 10–15% of the total gold
surface area, calculated from the SEM images in Fig. 3(a). Thus, for molecules in
this region, the SERS hotspot enhancement factor (SHEF) is of the order of 107,
which is in correspondence with the 3D FDTD simulated electric eld prole
(Fig. 3(b)) in a |E|4 approximation. These eld proles also show that the LSPR
stretches across the full width of the gap. Assuming a loading density of 2
peptides per nm2,26,28 there are roughly 104 peptides per hotspot.
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 205, 345–361 | 349



Fig. 4 (a1) Raman and SERS spectra of the CALNNYGGGGVRGNF trypsin substrate show
characteristic tyrosine and phenylalanine peaks. (a2) RP-HPLC was performed after incu-
bation of this peptide with trypsin and the eluting peaks were analysed bymass spectrometry
which shows almost full digestion after 30 minutes of incubation with trypsin. (a3) The SERS
spectra of the RP-HPLC separated fractions and their difference spectra (a4) confirm the full
disappearance of F-related peaks upon trypsin digestion. (b1) Raman and SERS spectra of the
CALNNYGGGGNNESWH endoproteinase Glu-C substrate with characteristic tryptophan
peaks. (b2) RP-HPLC and mass spectrometry analysis after incubation with endoproteinase
Glu-C show almost complete digestion after 4 hours of incubation. (b3 and b4) The SERS
spectra and difference spectrum of the RP-HPLC separated fractions show the disappear-
ance of the tryptophan-related peaks after cleavage.‡
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Table 1 Peak assignment of the Raman and SERS spectra of the CALNNYGGGGVRGNF
peptide. The Raman spectrum of the short peptide CALNN was separately measured. The
SERS peaks marked in bold will decrease upon trypsin activity

Raman (cm�1) SERS (cm�1) Origin Raman SERS Origin

621 618 F18 1126 1124 G37, CALNN
642 — Y18, CALNN 1176 1178 Y37

723 730 CALNN 1207 1206 F18

834 829 Y18 1229 1240 Amide IIIb 37

853 860 Y18, A37 1325 1330 G37

898 889 G37 1429 1426 CALNN
957 948 CALNN — 1448 G37

1003 1003 F18,37 1607 1603 CALNN
1031 1030 F18,37, CALNN 1674 1677 Amide I 37
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Hydrolysis of unbound peptides observed through SERS spectra of HPLC
separated fractions

Fig. 4(a1 and b1) compare the spontaneous Raman- to SERS-spectra of CALN-
NYGGGGVRGNF (trypsin substrate) and CALNNYGGGGNNESWH (endoprotei-
nase Glu-C substrate) peptides labelled on a nanodome platform. Their respective
Raman bands are identied in Tables 1 and 2 based on the SERS18,19 and
Raman37,38 spectra of amino acids reported in the literature and on our own
measurements of the peptide CALNN. We are particularly interested in the peaks
selective for the peptide products that are either cleaved off or remain on the
surface. These include the 1003 cm�1 symmetric bending mode of phenylalanine
(F) versus the 833 cm�1 in plane and 853 cm�1 out plane ring breathing modes of
tyrosine (Y), and the symmetric benzene/pyrrole in-phase breathing mode of
tryptophan (W) at 760 cm�1.18

As a rst step, we monitored the activity of the protease on the substrate in
solution. RP-HPLC was used to separate the substrate from the digestion prod-
ucts, which are subsequently labelled on a nanodome platform. From the
difference spectrum, we derive the characteristic peaks of the cleaved-off and
Table 2 Peak assignment for the CALNNYGGGGNNESWH peptide for endoproteinase
Glu-C digestion. The SERS peaks marked in bold will decrease upon endoproteinase Glu-
C activity

Raman (cm�1) SERS (cm�1) Origin Raman SERS Origin

642 642 Y18, CALNN — 1118 W37

723 — CALNN 1176 1177 Y37

758 754 W18,37,38 1232 1235 W37,38

832 — Y18 1257 — W37, H37

852 Y18, A37 1361 1356 W18,37,38

— 868 ? 1430 1423 CALNN, W37

879 — W18,37,38 — 1535 ?
893 — G37 1552 — W18,37,38

— 999 ? — 1602 CALNN
1012 — W18,37 1618 — W37, G37, CALNN
1030 1027 CALNN 1672 1674 Amide I39
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remaining fractions. Fig. 4(a2–a4) depicts the results of this experiment for
trypsin and its CALNNYGGGGVRGNF (100 mg ml�1) substrate. The peptide was
incubated with trypsin (3.3 mg ml�1) at a 1/30 (w/w) ratio in a 50 mM ammonium-
bicarbonate (pH 7.8) buffer in water, and separated with RP-HPLC (Fig. 4(a2))
aer 0, 30 and 90 minutes of incubation. The RP-HPLC-separated peptides and
their fragments were identied using MALDI-TOF mass spectrometry. Prior to
adding trypsin, we found two fractions; one corresponding to an uncleaved
monomer and the other to an uncleaved dimer. The dimer formation is a conse-
quence of the oxidation of the cysteine thiol groups upon which a disulphide
bond is formed between two peptides. The substrate was almost fully digested
aer 30 minutes and transformed into cleaved monomer, single cleaved dimer
and double cleaved dimer fractions. Aer 90 minutes, the peptides were found to
be fully cleaved. Subsequently, we labelled the nanodome chips with cleaved and
uncleaved fractions. The resulting SERS spectra (Fig. 4(a3 and a4)‡) show full
disappearance of the 1003 cm�1 peak in the cleaved fraction. Furthermore, the
peaks at 618 cm�1, 1030 cm�1 and 1207 cm�1 show a partial decrease, although
their signal to noise ratio is low. All these peaks correspond to those attributed to
phenylalanine (Table 1). From this experiment, we conclude that the ratio
between the 1003 cm�1 peak and the 829–860 cm�1 peaks (I1003/I829–860) is
a correct metric for IF/IY, the cleavage of the substrate by trypsin.

Fig. 4(b2–b4) describes an analogous experiment for endoproteinase Glu-C (3.3
mg ml�1) and its CALNNYGGGGNNESWH (100 mg ml�1) substrate. Peptide
digestion was slightly less efficient, with almost full conversion of the substrate to
products only aer 4 hours of incubation. Because of the large adsorption of
tryptophan at 270 nm and its strong interaction with the RP-HPLC resin, the
–SWH product is also visible as a separate fraction. Aer binding the cleaved
peptide and uncleaved dimer to the nanodome chips, we observed a disappear-
ance of the 754 cm�1 and 1356 cm�1 peaks upon cleavage, as well as a reduction
of the contributions at the 999, 1118 and 1531 cm�1 peaks. These changes
correspond to the peak assignments shown in Table 2, but more experiments are
needed for an improved peak assignment of the CALNNYGGGGNNESWH
substrate.

Hydrolysis of unbound peptides observed through SERS spectra of a non-
separated mixture

Apart from a thiol–gold interaction, N-terminal primary amines can also lead to
a charge-based adsorption on metal surfaces.40 This effect may be additive in the
case of cysteine, but could lead to the adsorption of unwanted amino acids on the
gold surface. In a second set of in-solution experiments, we ran a similar trypsin –

CALNNYGGGGVRGNF assay without separating the fractions by RP-HPLC (Fig. 5).
One nanodome chip was labelled with a reference solution of the peptide (100 mg
ml�1), another with a solution of peptide (100 mg ml�1) and trypsin (2 mg ml�1)
aer 2 hours of incubation. The lack of a phenylalanine peak at 1003 cm�1 in the
trypsin-incubated solution conrms that the peptide had been fully digested and
‡ The appearance of some new peaks in the fractions in Fig. 4(a3 and b3) compared to the spectra
acquired in Fig. 4(a1 and b1) is attributed to unknown sources of contamination during the HPLC
separation. For example, the newly appearing peaks in the cleaved fraction CALNNYGGGGVR at 747,
1540 and 1603 cm�1 did not appear in other experiments on this peptide.
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Fig. 5 (a) SERS spectra of a peptide solution before (red) and after (green) trypsin incubation
prove that the binding of the peptide to the gold surface happens via the side-chain of theN-
terminal cysteine through a gold–sulphur bond, but not via the free amine part of the –GNF
product. (b) The difference spectrum before and after cleavage agrees with the difference
between the RP-HPLC separated uncleaved and cleaved fractions shown in Fig. 4.
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that the products bind to the surface through the thiol side-chain on the cysteine,
but not through charge-based adsorption of the free amino group on the –GNF
cleaved off product. Furthermore, the SERS and difference SERS-spectra shown in
Fig. 5 conrm the ndings of the RP-HPLC experiment in Fig. 4(a).
SERS-monitored trypsin hydrolysis of gold-nanodome bound peptides

In a third experimental setup, three CALNNYGGGGVRGNF labelled nanodome
chips were incubated in a buffer without trypsin, with trypsin and with trypsin
plus an ovomucoid inhibitor for 45 minutes (Fig. 6). The chip incubated with
trypsin plus inhibitor shows a SERS spectrum resembling that of the reference
chip, suggesting a full blockade of tryptic cleavage by the ovomucoid inhibitor. On
the chip with trypsin only, the surface bound peptides are cleaved, resulting in
a decrease of I1003/I829–860 by 40–48%. Full disappearance of the –GNF ngerprint
was never observed, at most I1003/I829–860 decreased by 53% over all our experi-
ments. We consider two possible origins for the remaining signal at 1003 cm�1.
One is a partial re-adsorption of the –GNF products on the gold surface; the tri-
peptides that do not diffuse out of the hotspot region will continue contributing
to the SERS spectrum. However, the experiment in Fig. 5 suggests this is not the
case. More likely, the remaining signal originates from the peptides that are not
accessible to the protease due to steric hindrance. This can be a result of having
a too dense monolayer of peptides11,23 or due to inaccessible parts of the nano-
dome geometry. Especially in the latter case, the inaccessible peptides are prob-
ably located in the nanodome gaps and will contribute disproportionally strongly
to the SERS signal. Thus, it is plausible that signicantly more than 53% of the
protease-accessible peptides has been cleaved.
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 205, 345–361 | 353
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The difference spectrum in Fig. 6(c) shows exactly the same features as those
observed upon bulk digestion followed by SERS labelling in Fig. 4(a4) and 5(c).
Furthermore, we did not observe signicant differences in the absolute strength
of the CALNNYGGGGVR ngerprint, which shows that the ligand exchange was
limited in this assay. Ligand exchange is more prominent in a reducing envi-
ronment, in which a reduction of the gold–sulphur bond results in a detachment
of the peptides. These reductive environments are present in cells and are of
particular importance for the activation of cysteine proteases. While normaliza-
tion to the trypsin peaks at 833–853 cm�1 is not strictly necessary in this case, it
Fig. 6 Trypsin cleavage of the surface-bound CALNNYGGGGVRGNF peptides. (a) SERS
spectra with the characteristic tyrosine and phenylalanine peaks highlighted in blue and
pink. (b) Relative intensity of the highlighted peaks (IF/IY), showing peptide cleavage in the
presence of trypsin which is blocked when an ovomucoid (type II-O) inhibitor is added. (c)
Difference spectrum between the sample with and without trypsin, which agrees well with
the results of the bulk digestion in Fig. 4 and 5.
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does provide an inherent correction for differences in the acquisition parameters
such as laser power or focus dri as well as limited variations across the SERS
platform.
Real time observation of trypsin activity

Finally, CALNNYGGGGVRGNF labelled chips were incubated with trypsin under
the Raman microscope for real-time acquisition of the SERS spectra. Fig. 7(a)
shows the evolution of these spectra before and aer trypsin addition. A new
spectrum was acquired every 2–3 minutes with an integration time of 100
seconds. A relative decrease of I1003 versus the peaks at 829, 860, 948, 1248, 1330,
1603 and 1677 cm�1 is visible within the rst minutes aer adding 0.2 mg ml�1

trypsin (8.6 nM) to a total volume of 1 ml (8.6 pmol), in agreement with Table 1
and the earlier experiments described in this work. The SERS spectra aer 2
minutes and 30 minutes of trypsin incubation show a further reduction of I1003
and I1206 with increasing incubation time (Fig. 7(b)). The fast decrease of I1003/
I829–860 in the rst minutes aer trypsin addition demonstrates that at trypsin
concentrations ranging from 1 to 0.2 mg ml�1, most of the accessible substrate
was cleaved within the time-span of the rst measurement (Fig. 7(c)). The curves
of I1003/I829–860 versus time qualitatively agree to the kinetics of enzymatic reac-
tions on self-assembled monolayers.41,43 Remarkably, the SERS spectra suggest
that the cleavage rate is similar for 0.2, 0.5 and 1 mg ml�1 trypsin. We assume that
even for the lowest trypsin concentration, a limiting velocity for cleavage of the
surface-bound peptides in the plasmonic hotspots is reached. The enzyme
kinetics on immobilized substrates can be substantially different from those on
substrates in solution. The latter follow Michaelis–Menten kinetics under the
assumption of an excess substrate concentration. On the nanodome surface this
is no longer valid because of the very low concentration of immobilized
substrates, therefore a further increase in the enzyme concentration does not
increase the initial cleavage rate.43

More measurements are required to support this assumption and accurately
determine the trypsin detection limit and on-chip enzyme kinetics, especially in
the rst minutes aer trypsin incubation.
Fig. 7 Real-time trypsin digestion of gold-nanodome bound peptides. (a) Evolution of the
SERS spectra before and after trypsin addition, scaled for equal 1003 cm�1 intensity. This
shows a relative increase of the CALNNYGGGVR-related peaks at 829, 860, 948, 1248,
1330, 1603 and 1677 cm�1 versus the 1003 cm�1 phenylalanine peak upon trypsin addition
(t ¼ 0). (b) SERS spectra at individual time points, the inset zooms in on the 1003 cm�1 F-
peak. (c) Time evolution of IF/IY, characterized by I1003/I829–860 and measured in four
different experiments, all showing a fast cleavage within the first minutes after trypsin
addition.
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Experimental
Materials

para-Nitrothiophenol (4-NTP, Sigma N27209), endoproteinase Glu-C (Staphylo-
coccus aureus V-8 protease, Thermosher 20195), sequencing grade modied
trypsin (Promega V5111), N-a-benzoyl-DL-arginine 4-nitroanilide hydrochloride (L-
BAPNA, Sigma B4875), ovomucoid (type II-O) trypsin inhibitor from chicken egg
white (Sigma, T9253), monodisperse polystyrene microbeads (microparticles
GmbH, 448 nm), dichloromethane (Sigma), dimethylformamide (Sigma),
ammonium bicarbonate (Sigma), acetonitrile (Sigma), acetone (VWR), isopropyl
alcohol (VWR), ethanol (Anhydrous, Sigma), methanol (VWR), sulfuric acid
(VWR), and hydrogen peroxide (VWR).
Finite difference time domain simulations

Lumerical FDTD solutions® was used for simulating the eld prole in the
plasmonic hotspots. A total-eld scattered-eld source (TFSF) is incident on
a gold nanodome dimer in water on a Si3N4/Si substrate with a 224 nm radius and
10 nm gap width with anti-symmetric, PML and symmetric boundaries along
respectively X, Y and Z. All geometrical parameters were set to match the data
from the SEM top view and cross-section images to the best of our ability. The
refractive indices are set as follows: nSiN ¼ 2, nAu ¼ ref. 42, and nwater ¼ 1.33.
Peptide synthesis

The peptides were synthesized using standard solid-phase Fmoc chemistry on
a SyroI (biotage) instrument. The synthesis was started on 25 mmol preloaded
Fmoc-His(Trt) or Fmoc-Phe wang resin respectively (Novabiochem). The amino
acids were coupled in a 4-fold excess using HOBT/HBTU activation. The peptides
were cleaved with TFA containing phenol, triisopropylsilane and 5% H2O for 3
hours. The peptides were precipitated with tributylmethyl ether and recovered by
centrifugation at 2000g. The ether washing/centrifugation step was repeated 3
times. The peptides were puried using a water/acetonitrile gradient elution on
a RPC C18 column (Macherey-Nagel).
Peptide assays

Peptides were rst dissolved to 100 mg ml�1 in DMF and further diluted to 100 mg
ml�1 in either a 10% acetonitrile/water mixture for labelling or a 50 mM
ammonium bicarbonate buffer (pH 7.8) for bulk digestion experiments. Prior to
labelling the chips with the peptides, they were cleaved into pieces of a few mm2

and cleaned by sonication in acetone, rinsed with isopropylalcohol and water and
dried with under a stream of nitrogen. Next, the remaining organic contaminants
were removed in an O2 plasma, which also renders the surface hydrophilic (120 s,
PVA-TEPLA GIGA batch 310 M, 6000 sccm O2, 600 W, 750 mTorr). Immediately
aerwards, the chips were immersed in separate wells of a polypropylene 96-well
plate, using 100 ml of a 100 mg ml�1 peptide solution in 10% acetonitrile in water.
Aer overnight incubation, the chips were rinsed excessively with deionized
water. All assays were done in a freshly prepared 50–100 mM ammonium-
bicarbonate buffer at 37 �C. Both trypsin and endoproteinase Glu-C were rst
356 | Faraday Discuss., 2017, 205, 345–361 This journal is © The Royal Society of Chemistry 2017
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incubated at 37 �C for 15 min prior to addition to the peptide substrate, ensuring
immediate maximal enzyme activity. The effectivity of the ovomucoid trypsin
inhibitor for blocking trypsin digestion was tested in a 405 nm absorption assay
(Tecan Innite 200 PRO) on the commercially available L-BAPNA trypsin
substrate. We used an excessive inhibitor concentration of 100 mg ml�1.

HPLC and mass spectrometry

Aer incubation for a specic time at 37 �C, 750 ml of a solution with 100 mg ml�1

substrate and 3.3 mg ml�1 trypsin or endoproteinase Glu-C in 50–100 mM
ammonium bicarbonate was injected in a C-18 reversed phase high-performance
liquid chromatography column (Macherey-Nagel) and eluted by a water/
acetonitrile gradient (Äkta Purier, GE). The molecular weight of the separated
fractions was determined using matrix-assisted laser desorption/ionisation time-
of-ight mass spectrometry (Brüker MALDI-TOF).

Raman microscopy

The spectra were acquired on a WITec Alpha 300R+ confocal Raman microscope
equipped with a spectrometer using a 600 lpmm grating, a �70 �C cooled CCD
camera (Andor iDus 401 BR-DD) and a 785 nm diode laser (Toptica, XTRA II). The
Raman spectra of the peptide powders were acquired using a Zeiss 100�/0.9 EC
Epiplan NEOFLUAR;N/0 objective and a laser power of 100mW,measured before
the objective. The SERS spectra were acquired through a Zeiss 63�/1.0 W-Plan
Apochromat N/0 objective with a 2 mW laser power. For real-time monitoring
of enzymatic activity, the chip was placed in a metal Petri dish lled with 1 ml of
50 mM ammonium bicarbonate buffer (pH 7.8) inside a stage-top incubator at
37 �C (Okolab). Because of the signal degradation upon laser illumination, each
trace is the median spectrum of a spatially distributed map of 10 � 10 pixels in
a 20 � 20 mm area with an integration time of 1 s on each point. In the real-time
assay, every next trace was mapped on a different location on the SERS platform. A
limited amount of anisotropicity across the gold nanodome area accounts for the
variation in I1003/I829–860 visible in Fig. 7(c).

SERS data processing

Starting from the 10 � 10 individual spectra, WITec Project Four® was used for
removing cosmic rays. Next, the data was exported to Matlab® and aberrant
spectra were rejected using a variance-based lter, aer which the background of
each individual spectrum is subtracted using a high-pass lter. All SERS spectra
plotted in this paper are the median spectra of these data. I1003 and I829–860 were
calculated by integrating the peaks at their respective positions and subtracting
the background with a linear t for the individual spectra. The boxplots in Fig. 6
are based on these individual peak intensities.

SERS enhancement factor calculations

Aer cleaning, the chips were immersed overnight in a 1 mM solution of 4-NTP in
ethanol and rinsed excessively in ethanol. The SERS36 substrate enhancement
factor is calculated from the ratio between the Raman signal per molecule in
a bulk solution (r ¼ 100 mM in ethanol, 10�/0.3 Nikon PlanFluor objective, 100
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 205, 345–361 | 357
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mW, 0.13 s) and the SERS signal per adsorbed molecule on the nanodome surface
(10�/0.3 Nikon PlanFluor objective, 0.1 mW, 0.13 s):

SSEF ¼ ISERSNVol

IRamanNSurf

¼ ISERS

IRaman

Heffr

mAumNTPAm

For this calculation, we used an effective height (Heff) of the confocal volume of
160 mm, a factor of 1.6 for the ratio of the nanodome surface area over projected
surface area (mAuAm) and a loading density (mNTP) of 4.4 � 106 molecules per
mm2.44
Nanodome fabrication

400 wafers patterned with nanodome substrates were fabricated by optimizing an
earlier published protocol,21 as schematically shown in Fig. 2(a). First, a 200 nm
layer of PECVD Si3N4 was deposited on top of a 400 (100) Si wafer (Advanced
Vacuum Vision 310-PECVD). Next, the wafer was cleaned andmade hydrophilic by
20 min of O2 plasma (PVA-TEPLA GIGA batch 310 M, 6000 sccm O2, 600 W, 750
mTorr) and stored in DI water. Prior to spincoating, the wafer was ash-dried
under a stream of nitrogen, followed by spincoating 760 ml of a 5 w/v% in 2/1
methanol/water mixture of 448 nm diameter polystyrene beads on top of the
wafer. The exact spin speed and acceleration depend on environmental param-
eters such as humidity and temperature. Typically, a two-step process was used,
rst generating the hexagonally-packed monolayer by spinning at 900 rpm and
with an acceleration of 800 rpm s�1 for 100 s, followed by faster spinning at
7000 rpm for 40 s to remove excess beads and solvent, and nally again ash-
drying the wafer with nitrogen. The HCP-layer of the polystyrene beads was
then transferred into the underlying Si3N4 using a two-step reactive ion etch. First,
the diameter of the beads was reduced in an O2 plasma (Advanced Vacuum Vision
320-RIE, 50 sccm O2, 75 W, 100 mTorr, 40–70 s), followed by a CF4/H2 Si3N4 etch
using an optimised recipe for anisotropic etching (80 sccm CF4, 3 sccmH2, 210W,
20 mTorr, 70–100 s). These two steps respectively determine the width and height
of the gap in between the nanodomes, the two most important parameters for
tuning the plasmonic resonance, enhancement factor and hot-spot accessibility.
Next, the beads were lied off in dichloromethane and the wafers were cleaned in
a piranha solution (H2SO4/H2O2, 3/1, 15 minutes at 80 �C) before sputtering of
a 2 nm thick Ti adhesion layer and a 130 nm thick Au layer (Alcatel SCM600, 10�2

mbar, 1 kW, rotating substrates). The chips were characterized through scanning
electron microscopy on a FEI Nova 600 Nanolab Dual-Beam FIB system, using
a voltage of 18 kV and through the lens (TLD) detection.
Conclusions

We successfully used SERS to monitor the protease-catalysed hydrolysis of
a peptide made from just natural amino acids using the Raman ngerprint of
aromatic amino acids. The peptide CALNNYGGGGVRGNF forms a stable mono-
layer of trypsin substrates on a gold-nanodome platform, whose plasmonic hot-
spots are accessible to proteases of 20–30 kDa. Real-time monitoring of trypsin
activity on this gold-bound peptide shows immediate digestion within the rst
358 | Faraday Discuss., 2017, 205, 345–361 This journal is © The Royal Society of Chemistry 2017
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two minutes for a 8.6 nM concentration. We further demonstrate that an analo-
gous peptide sequence CALNNYGGGGNNESWH provides a good substrate for
endoproteinase Glu-C and identify the SERS spectra of both the substrates and
their products, thereby taking a rst step towards a label-free multiplexed
measurement of protease activity. We are working on further quantication of the
enzyme activity on gold-nanodome bound substrates for single and multiplexed
protease activity. The 8.6 nM concentration of trypsin used in this paper is not yet
among the lowest detectable protease concentrations reported. Although we have
not fully studied the sensitivity of our assay, a detection limit in the pM range11,14

is unlikely in the current setup. Options to increase the sensitivity include
reducing the substrate density using a matrix peptide23 or selectively labelling the
hotspots. Also, the assay presented in this work has not yet been tested in realistic
in vitro conditions, where non-specic cleavage or ligand exchange may compli-
cate the measurement. We expect that our ratiometric measurement will be an
important asset in these conditions. Possibly more stable monolayers using
a double cysteine22 or alkanethiol-PEG45 chains will be required in these cases. In
summary, the important advantages of the real-time detection of protease activity
presented in this manuscript over existing SERS-based techniques are the
completely label-free measurements and the inherent control against ligand
exchange. Furthermore we use a nanosphere-lithography based SERS platform
that offers controllable hotspots and is relatively easy and cheap to fabricate. In
combination with microuidics, SERS-based microchips can offer a promising
platform for a sensitive, selective and multiplexed measurement of protease
activity in various applications.
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