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ABSTRACT: Plasmonic coupling via nanoparticle assembly is a
popular signal-generation method in bioanalytical sensors. Here,
we customized an all-peptide-based ligand that carries an
anchoring group, polyproline spacer, biomolecular recognition,
and zwitterionic domains for functionalizing gold nanoparticles
(AuNPs) as a colorimetric enzyme sensor. Our results underscore
the importance of the polyproline module, which enables the
SARS-CoV-2 main protease (M) to recognize the peptidic
ligand on nanosurfaces for subsequent plasmonic coupling via
Coulombic interactions. AuNP aggregation is favored by the
lowered surface potential due to enzymatic unveiling of the
zwitterionic module. Therefore, this system provides a naked-eye
measure for MP™. No proteolysis occurs on AuNPs modified with a
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control ligand lacking a spacer domain. Overall, this all-peptide-based ligand does not require complex molecular conjugations and
hence offers a simple and promising route for plasmonic sensing other proteases.

KEYWORDS: SARS-CoV-2 MP™, polyproline, interfacial proteolysis, plasmonic coupling, NEST, colorimetric sensor

olecular self-assembly can transduce and amplify
biochemical analytes into physiochemical signals.'™
The assembly of ligand-protected inorganic nanoparticles
(NPs) is particularly attractive because their optical properties
change as a function of interparticle spacing. For instance, the
coupled metallic NPs in close proximity leads to a collective
plasmon and red-shifts the resonant wavelength relative to
individual nanoparticles—this in turn causes color change.” In
addition, coating molecules can cause NPs to respond to
biomolecular stimuli via changes in affinity," "' hydro-
philicity,n_14 charge valence,"”™" or reactivity,l’20 which
subsequently induce colloidal aggregation and color changes
suitable for sensing applications. Previous studies have
provided some insights to guide the rationale design of coating
ligand for better bionanoscale recognition, revealing that the
collective architecture presented on nanosurfaces determines
the accessibility, homogeneity, orientation, and functionality,
etc 2122
Assembly of NPs into larger structures has been reported by
employing several types of biomolecules (e.g, oligonucleo-
tides,*”** enzymes,” peptides’®). NP dimensions are com-
parable to those of many macromolecules, and thus a spacer
module in coating ligand is the key to overcome steric
repulsion between the nanosurfaces and targeting analytes and
ensure molecular interactions.”””® For instance, synthetic
alkane chains (e.g,, Cs) have been inserted into the antisense
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oligonucleotides for capping gold nanoparticles (AuNPs),
which enables naked-eye diagnosis of SARS-CoV-2.”" Like-
wise, molecular modeling and experimental results showed that
the same alkyl block relieves kinase from steric hindrance in
catalyzing the surface-bound substrates.’® Alternatively, these
synthetic linkers can be replaced with a natural oligonucleotide
(e.g., repeating thymine) for surface functionalization to form
an all-DNA-based layer that directs AuNP-superlattice
formation.”’ In other cases, proteases and their peptide
substrates can organize nanostructures for colorimetric
measure.”

In one example from our lab, we used a protease-activatable
zwitterionic peptide with switchable electrophoretic proper-
ties—the peptide assembles the charged AuNPs following
cleavage by SARS-CoV-2 main protease (MP®).' Although
effective at measuring proteases, this approach and others
adapt a stepwise strategy: (i) incubation of enzyme with
substrate and (i) NP introduction.'”"”**** This complicates
the instructed processes for end-users from using the point-of-
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Figure 1. Modular peptide design for energy transfer (ET) and colorimetric (CM) sensing of SARS-CoV-2 MP™. A spacer domain is required to
reduce steric hindrance and allows for proteolytic activation of optical signals in (a) nanosurface energy transfer (NSET) sensors adopting a
sandwiched AuNP—peptide—dye and in (b) colorimetric sensors using zwitterionic peptide-coated AuNPs. (c) Thiolate peptide ligands include the
backfiller (BF-D,), MP™ substrates for NSET (ET-P, and ET-P;) and colorimetric (CM-P, and CM-P,) model. Remark: CM-P; peptide switches
the polyPro scaffold and Arg domain, and cm-p, contains only one Arg. Amino acids on the critical modules are color coded; i.e., MP™ cleaves at Q|

S (P1 and P1’ site).

care diagnostic kit. Strategies that render proteolysis and
plasmonic coupling in one pot have mainly focused on
conjugating substrates onto polymeric ligands such as
poly(ethylene glycol) (PEG) and extending the spatial distance
for biointeractions.'**”**** Nonetheless, the PEGylation
process, conjugate purification, and postreaction evaluation
remain complex. Furthermore, PEG could make NP-based
colorimetric sensors challenging due to the great steric
stabilization offered by the entropy-driven polymeric archi-
tecture, thus impeding NP coagulation.” In comparison, the
polyproline (polyPro, or P,) helix is a neutral, compact, and
rigid linker with simultaneous good water-solubility and
hydrophobicity due to the lack of intramolecular hydrogen
bonds.**™** The favorable hydrophobic interactions among
polyPro segments patterned tight self-assembled monolayers
on nanosurfaces.””*’ This motivated us to explore a polyPro as
an alternative spacer in a ligand for coating NPs and directing
in situ plasmonic coupling,

We validated this NP—peptide construct for detecting the
SARS-CoV-2 MFP® through two models including an energy
transfer (ET)-based AuNP—peptide—dye and a color-based
AuNP—zwitterion—peptide conjugate. The peptide consisted
of a surface anchoring group, a neutral spacer, a biomolecular
recognition element, and a zwitterionic domain. MP® was
selected as the target enzyme due to its important function in
protein postprocessing of the SARS-CoV-2 polypeptide.”’ We
hypothesized that inclusion of polyPro in the ligand would
promote interfacial proteolysis and ensure a compact coating
for plasmonic coupling (i.e., length of P & 2.1 nm;">** the size
of monomeric MP™ at 33 kDa is about 2—4 nm*""**). The role
of spacer was first validated in a typical ET-based configuration
(i.e, AuNP—peptide—dye, Figure la) where the polyPro
module enabled MP™-activatable photoluminescence (PL)
recovery and vice versa. We then compared the MP-mediated
aggregation of AuNPs modified with the zwitterionic ligand
(i.e, CM-P, sequence: D,AVLQJSGFRGRP,C, Figure 1b)
versus a control ligand (i.e., CM-P,: D,AVLQJ|SGFRGRC, no
P,). Here, the polyPro linker also allowed successful interfacial
proteolysis, which lowered the surface potential to an unstable
regime (e.g, —10 to 0 mV), thus providing a color readout of
MP™ with a detection limit of 50 nM.

Validation in NSET Model. The interactions of plasmonic
surfaces with proximal dye emitters result in efficient PL
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quenching.” This has been referred to as nanosurface energy
transfer (NSET), a popular strategy of signal transduction for
developing analytical biosensors.” Figure la illustrates the
configuration of NSET-based enzymatic sensors involving a
peptide linker, i, AuNP—peptide—dye conjugate (13 nm
AuNP by Turkevich method"’). Here we embedded two
peptides in the conjugates for MP™ detection: D,AVLQJ
SGFP,C (named ET-P,) and D,AVLQJSGEC (ET-P,,
control) (Figure 1c). The ET-P, peptide was rationally
designed to encompass five functional domains including (i)
a terminal amino for N-hydroxysuccinimide (NHS)-dye
labeling, (ii) dihomo Asp (D,) for promoting NP stabilization,
(iii) an MP™ recognition site, (iv) a polyPro spacer, and (v) a
Cys anchor. The negative control (ET-P;) lacked the P,
domain. Proteolysis of the peptide by MF™ was confirmed by
ESI-MS (Figure S1). Indeed, cleavage at the C-terminal side of
Gln (Q) is rarely seen for human proteases except for
kallikrein-3 that is expressed only in the prostate.”® We note
that a short and acetylated peptide in the DDPPC sequence
(Figure 1c) was used as a backfiller (or inert ligand) with the
above peptides to control the surface density of the MF®
substrate.

We selected NHS-TAMRA dye as NSET-donor because it
has a sizable spectral overlap with AuNP absorption (Figure
2a). Successful peptide-TAMRA conjugation (i.e., ET-P,T and
ET-P,T) via NHS-amine chemistry was confirmed by MALDI-
TOF MS (Figure S1). AuNP—peptide—dye conjugates were
then prepared by ligating citrate—AuNPs with ET-P,T and BF-
D, at a molar ratio of 20:80.* Purification was performed
using size exclusion chromatography (i.e,, PD-10 column with
Sephadex G25):**°° The first eluted band containing Au
conjugates had remarkable separation from the second band of
unbound ET-P,T and was collected for further use (Figure
2b). Figure 2c shows the absorbance of polyvalent AuNP—
(ET-P,T), conjugates and deconvoluted contribution from
AuNP and dye component. The valence number, n = 257, is
extracted by comparing the deconvoluted absorbance to their
molar absorption coefficients, i.e., €50, = 6.58 X 107 M™*
cm™! for AuNP and e, = 8.0 X 10* M™' cm™ for
TAMRA.>" Figure 2d shows a substantial loss (96.8%) in the
dye PL after AuNP conjugation. A weak collisional quenching
of 41.3% was measured from a mixture of AuNPs and free ET-
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Figure 2. Inclusion of polyPro enables NSET-sensor activation by
MP™, (a) Normalized optical spectra of AuNP and TAMRA dye,
along with their spectral overlap. Abs. = full lines, and photo-
luminescence (PL) = dash line. (b) Time-lapsed images of size
exclusion chromatography for purifying AuNP conjugates (1st band,
retention time = 1 min) from the free peptide—dye (2nd band,
retention time = 10 min). (c) Abs. spectral deconvolution of the
AuNP—(ET-P,T), conjugates yields AuNP and dye contribution;
valence number, n = 257. (d) PL spectra collected from free ET-P,T,
AuNPs mixed with ET-P,T, and AuNP—(ET-P,T), conjugates. (e)
Time-dependent PLgg,, changes of AuNP—(ET-P,T),s; and
AuNP—(ET-P,T),,, conjugates incubated with MP® (50 or 200
nM). Error bars = standard deviations (duplicates). (f) ke /Ky
determination for hydrolysis of the ET-P, by MP® in 10 mM PB,
pH 8.0, at 37 °C. The MP™ (440 nM, by titration) was incubated with
the fluorogenic substrate ([S]y = 0—50 uM, sequence shown on top),
and the product concentration at 30 min was determined. Data were
fitted to the Michaelis—Menten equation (eq S13).

P,T (control); see more NEST analysis in Supporting
Information.

The AuNP—(ET-P,T),s; and AuNP—(ET-P,T),,, conju-
gates were incubated with MP™, and their kinetics were
compared. Figure 2e shows a clear enhancement in the dye PL
for AuNP—(ET-P,T),s, with up to 10-fold recovery at 6 h.
This indicates that approximately 60% of the docked ET-P,T
substrate were liberated from nanosurfaces, assuming that the
PL intensity for a mixed AuNPs/ET-P,T corresponds a full
digestion. On the contrary, AuNP—(ET-PyT),,; showed no
signal activation. This discrepancy in the PL kinetics validated
the key role of P, spacer in the peptide design, which allows for
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successful interfacial proteolysis and turn-on of PL signals in a
NSET model.

The kinetics of signal activation were relatively long (Figure
2e). To understand the reason, we determined the specificity
constant (k./Ky) for ET-P, by MP® using a fluorogenic
substrate (Cy3-ET-P,—CyS.5; Figure S4) and was 1,327 M
s7, which is 2.5-fold less than that from a previous work,>?
presumably because of the alternation of P4’ residues from Arg
to Pro.>® Thus, the slow detection seen here is a function of the
protease and not a function of the detection system. Detailed
kinetic analysis was provided in the Supporting Information. In
addition, this fluorogenic substrate enabled Forster resonance
energy transfer (FRET), a spectroscopic ruler, to measure the
impact of sterics.”* The overlap integral for Cy3-Cy5.5 pair is
3.4 x 1073 M~ cm®* and the Forster distance (R,) is 3.7
nm. The measured FRET quenching efficiency was 82.8% for
Cy3-ET-P,—CyS.S (Figure S4f). Thus, the estimated donor—
acceptor distance was 2.9 nm (eq S10), comprising of a P,
block (2.1 nm****) and the cleavage sequence (0.8 nm). That
is, the substrate extension without a P, spacer is smaller than
the MP™ size, thus giving rise to steric effects.

Peptide Ligand for Colorimetric (CM) Test. We next
designed an all-peptide-based ligand (i.e, CM-P;) and coated
it on AuNPs for colorimetric sensing of MP™. Specifically, the
CM-P, peptide was synthesized to encompass four functional
domains (Figure 1c): (i) four Asp (D) residues for promoting
colloidal stability and two Arg (R) residues for Coulombic
interactions, (i) an MP™ recognition site, (iii) a polyPro
spacer, and (iv) a Cys anchor. The MP™ cleavage was
confirmed by ESI-MS (Figure S1). Of note, this modular
design can be reconfigured for other proteases by simply
changing the enzyme recognition site. We hypothesized that
the inclusion of a polyPro scaffold flanked by oppositely
charged domains (i.e., zwitterionic backbone, net charge = —2)
in the peptide would promote enzyme accessibility and NP
stabilization via an electrostatic double layer repulsion,
respectively. After enzymatic cleavage, the positively charged
peptide segment would bring the surface potential to neutrality
and simultaneously induce plasmonic coupling with color
changes.

Tight control of CM-P, fraction on the nanosurfaces was
then realized by incorporating a backfiller ligand (i.e., black
squiggly line in Figure 1b). For this, we synthesized and
compared three non-MP™ substrates to passivate gold surfaces:
BF-D,, BF-D,, and BF-D,, which contained 1, 2, and 4 Asp
residues, respectively (Table S1).*”°° Ligation with these
backfillers had two important implications: (i) improving the
colloidal stability and (ii) controlling the density of the MP™
substrate. Figure 3ab shows the trend of hydrodynamic size
(Dy) and zeta potential ({) of citrate—AuNPs incubated with
the above backfillers at increasing concentrations (0—300 xM).
AuNPs mixed with the BF-D; peptide (>5 M) showed a rapid
raising { from —30 to —5 mV, commensurate with particle
aggregation manifesting in growing Dy. In comparison, no
sizable changes were measured for AuNPs ligated with BF-D,
and BF-D, regardless of the applied concentration. This
indicates that the thiolated backfillers tethered with two or
more Asp residues can compensate charge loss after
substituting native citrate anions. BF-D, has a high charge
valence, but it did not dramatically lower the surface potential
even at high concentrations; the exact reason is unclear. We
thus choose BF-D, as the backfiller for the next experiments. In
practice, direct ligation of AuNPs with a mixture of BF-D, and
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Figure 3. Activation of the colorimetric sensor by M
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. Hydrodynamic size (a) and zeta potential (b) of citrate—AuNPs mixed with three sets of

backfiller peptide (i.e, BF-D,, BF-D,, and BF-D,) at varying concentrations from 0 to 300 #M. Incubation time = 30 min. Zeta potential (c) and
agarose gel (d) of AuNPs ligated with 0—100% CM-P,. This peptide is combined with the BF-D, backfiller. AuNPs were unstable when CM-P,
exceeds 80% (or { > —20 mV) and the control band used citrate—AuNPs. The mobility shift is shown on the top of each band in cm. (e)
Absorption of 60% CM-P,—AuNPs (2.8 nM, 80 uL) incubated with MP™ (200 nM) at 0 min, 12 h, and 3 d. Red shifts of the SPR band were
observed at 548 and $85 nm depending on incubation time. (f) Time progression of ratiometric absorbance (Absg,/Abssy,) at 0—60% CM-P,—
AuNPs (2.8 nM, 80 uL) incubated with MP™ (200 nM). Phosphate buffer (10 mM, pH 8.0) was used, and the time interval is 2 min for 12 h. Error
bar = standard deviation (duplicates). The inset shows the reaction color before and after proteolysis. (g) TEM images of the monodispersed 60%
CM-P,—AuNPs (top) and gold aggregates after proteolysis (bottom) by MP™. (h) The MP™ concentration- and time-dependent color evolution of
60% CM-P,—AuNPs (2.8 nM, 80 uL). Remark: the last column is collected from a mixture of 60% CM-P,—AuNPs and citrate—AuNPs at a 1:1
equivalence. These are cropped images with a color bar where pink/purple represents particle flocculation. (i) Control tracks the time-dependent
ratiometric absorbance of 0—60% CM-P,—AuNPs (2.8 nM, 80 uL) without MP.

CM-P, ligands may cause irreversible aggregation. We thus
optimized the immobilization strategy by first introducing BF-
D, backfiller to AuNP dispersion (i., 1 min incubation at
130,000 molar excess) followed by swift CM-P, addition; this
provided a stable ligand exchange presumably due to the
strong electrostatic repulsion rendered by backfillers.”
Removal of these free ligands after exchange reaction was
implemented using the same size exclusion chromatography as
above (Figure 2b)."*° The peptide—AuNP conjugates were
characterized using UV—vis spectroscopy, TEM, agarose gel
(see below), and FT-IR*® (Figure S5).

Figure 3c indicates the { of AuNPs immobilized with CM-P,
and BF-D, peptide at varying molar ratios. A slight change
from —30 to —20 mV was measured for AuNPs grafted with
0—60% CM-P,, while a dramatic increase from —20 to near —5
mV occurred for 80% or more CM-P,—AuNPs. The increase
in surface potential was attributed to the high fraction of CM-
P, carrying positively charged guanidine from Arg residues.
Agarose gel analysis confirmed the same trend (Figure 3d):
The mobility shift to the anode reduced as one increased the
concentration of CM-P, on AuNPs. Notably, the bands of
AuNPs with CM-P; exceeding 80% began to smear or
aggregate, thus suggesting that a minimum amount of BF-D,
backfiller was desired for good colloidal stability. A control
band used pristine citrate—AuNPs and showed instant
aggregation in the running buffer.

Protease Detection. MP™ regulates viral replication and
transcription and is therefore an attractive diagnostic and
therapeutic target for SARS-CoV-2."' Figure 3e shows an
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immediate difference between the absorption spectra of 60%
CM-P,—AuNPs (2.8 nM) with/without MP* (200 nM). This
condition yielded substrate and enzyme at a molar ratio of
10:1, using a total number of 1,200 ligands per NP estimated
from the above NSET model. Clearly, enzymatic unveiling of
60% CM-P,—AuNPs led to a pronounced decrease in the SPR
band (i.e., 522 nm) commensurate with a noticeable red shift
to 548 nm at 12 h. A continuous monitoring of enzyme assays
for 3 d resulted in a maximized aggregation with a broad band
at 585 nm. Despite these two new bands after proteolysis, we
still applied the ratiometric signal, Absgy/Abssy, for
aggregation quantification due to the maximized signal
difference (Figure S6).

Figure 3f shows the time-dependent ratiometric kinetics of 0
to 60% CM-P,—AuNPs incubated with MP° (200 nM). Only
60% CM-P,—AuNPs had activated signals in 12 h proteolytic
assay, while the other NP conjugates remained colloidally
stable. TEM confirmed that the monodispersed AuNPs (before
proteolysis) agglomerated significantly in the presence of MP®
(Figure 3g). This plasmonic coupling led to protease
concentration- and time-dependent color changes from red
to pink/purple (Figure 3h). A typical blue colored aggregation,
however, was not observed due to trade-off of the polyPro
scaffold at improving enzyme accessibility while restricting
close proximity of neighbor metallic cores.”*>°" It is not
unusual that assay time at hour scale was needed to maximize
color changes due to (i) a low keo/Ka> and (i) irregular
enzymatic kinetic at cumbersome bio-NP interfaces.’”*
Notably, ESI-MS measured the NP supernatant after
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Figure 4. Sensitivity, specificity, and mechanistic study. (a) Time progression of the abs. ratio in enzyme assays, where 60% CM-P,—AuNPs (2.8
nM, 80 uL) were incubated with increasing concentrations of MP* (0—200 nM). Data were read every 2 min for 24 h. The curve using 200 nM
MP™ is reproduced from Figure 3f. (b) The abs. ratio as a function of MP™ concentration was extracted from panel (a) at 12 h. The LoD is 50.6 nM
in PB buffer. The inset shows the linear region used for LoD calculation. Error bar = standard deviation (duplicates). (c) Inhibition curve collected
by titrating MP® (100 nM) with varying amounts of GC376.>” Error bar = standard deviation (triplicates). The inset shows the chemical structure
of GC376 inhibitor. (d) Sensor performance interfered by other proteins (200 nM), including bovine serum albumin (BSA), hemoglobin, a-
amylase (50 U/mL>®), thrombin, influenza neuraminidase (5 U/mL>?), and trypsin. Samples with and without MP™ were the controls. Error bar =
standard deviation (triplicates). (e) Sensor performance in other biological media. Negative control used the sample without MP™. Error bar =
standard deviation (triplicates). Time progression of ratiometric absorbance, where CM-Py—AuNPs (f), CM-P;—AuNPs (g), cm-p,—AuNPs (h),
and a mixture of CM-P,—AuNPs and citrate—AuNPs at a 1:1 equivalence (i) were incubated with/without MP* (200 nM). The amount of AuNPs
used was 2.8 nM, 80 uL, and the surfaces install 60% of target peptide. The peptide sequence is listed in each panel, and the cleavage site is marked
with |. Error bar = standard deviation (duplicates). (j) Zeta potential of AuNPs after 12 h proteolysis showed a more-or-less increase when coated
with 60% of CM-P,, CM-P,, CM-Ps, or cm-p; or in a cascade reaction. (k) Time progression of the abs. ratio in another protease assay, where 20%
FS6-Py—AuNPs and FS6-P,—AuNPs (2.8 nM, 80 uL) were incubated with MMP-14 (30 nM).

was calculated using a reported method and was 50.6 nM.%*
Despite this value being 2—S5-fold higher than those of stepwise
colorimetric sensors, it is similar to other one-step probes due
to its unique configuration where all biochemical events took
place in situ.'"'*1%

Specificity Tests. The GC376 inhibitor was used to
evaluate the enzymatic role of MP™ in colorimetric assays. MF™
(100 nM) was incubated with GC376 at varying molar ratios
(i.e., [1]/[E] = 0—10) for 10 min prior to mixing with the 60%
CM-P,—AuNP conjugates. Examination of the absorbance
ratio at 12 h yields a typical inhibitor titration curve (Figure
4c). The Henderson equation (eq S18, Figure S8) estimated
the active MP™ concentration to be 70 nM and the potency of

proteolysis with the liberated Asp-rich fragment, D,AVLQ
(Figure S 1s). In contrast, negative control monitored the CM-
P,—AuNPs without MP™ and showed no color change (Figure
30).

To study the limit of detection (LoD) for MP™ using the
colorimetric sensor, enzyme assay was performed by
incubating a fixed amount of 60% CM-P,—AuNP conjugates
(2.8 nM, 80 uL) with 0—200 nM of MP in phosphate buffer
(10 mM, pH 8.0). In Figure 4a, the aggregation kinetics
indicated that a higher amount of MP™ resulted in more
particle aggregation and faster color change and vice versa. We
set 12 h as the readout time, and Figure 4b plots the Absgyo/
Abss, ratio as a function of MP™ concentration. Thus, the LoD
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GC376 inhibitor to be K¢, = 41 nM and ICy, = 76 nM.%
These values at nanomolar range agree well with our previous
work.'®

The specificity of our system was further evaluated toward
other proteins such as bovine serum albumin (BSA),
hemoglobin, a-amylase, thrombin, influenza neuraminidase,
and trypsin. In Figure 4d, no particle aggregation was detected
in the presence of BSA, hemoglobin, and other enzymes.
Trypsin did produce a false positive signal, albeit at a low level
(~40%). ESI-MS on the supernatant of trypsin assay indicated
that the CM-P, substrate was recognized by trypsin at the C-
terminal of Arg at the P4’ site, thus liberating the Asp-rich
segment and leading to AuNP aggregation (Figure Sl1t).

Matrix Effect. We evaluated matrix effects by first spiking
MP® in 10 pL of PB (10 mM, pH 8.0), exhaled breath
condensate (EBC), BSA solution (1%), human plasma,
DMEM cell culture media, urine, or human pooled saliva.
Subsequently, the 60% CM-P,—AuNP dispersion (2.8 nM, 80
uL) was added to reach a 200 nM protease concentration, and
the abs. ratio at 12 h was recorded (Figure 4e). The AuNP
conjugates worked best in buffer and EBC. BSA solution (1%),
human plasma, and cell growth media impeded the aggregation
kinetics presumably because negatively charged proteins
scavenge the exposed positive charges on nanosurfaces.
Urine and pooled human saliva, however, completely
quenched the aggregation reactions. This has been reported
in other literature'®"” and is likely attributed to @-2-globulin
(i.e, a broad-spectrum protease inhibitor’”) binding foreign
proteins.

Mechanistic Studies. We next studied how subtle changes
in peptide structure can significantly impact the NP interacting
with biomolecules. This provides useful insights to customize
substrates for one-step enzyme sensors with improved
sensitivity. (i) Role of polyPro. We synthesized a CM-P,
peptide (D,AVLQJSGFRGRC)—an analogue of CM-P;, but
without a polyPro linker; see Figure 1c. In this scenario, 60%
CM-Py—AuNPs yielded no aggregation regardless of the MP*
presence (Figure 4f), thus stressing the critical role of spacer in
promoting interfacial proteolysis. (ii) Role of Arg/Asp. The
CM-P; peptide (D,AVLQJSGFP,RRC) was then made by
position-swapping the polyPro and Arg domains. This was
intended to shorten the interparticle distance for better
plasmonic coupling as in previous reports underlying charge-
complementary interactions between guanidine and carbox-
ylate groups.'®'®** Instead, no aggregation happened for MP™-
treated 60% CM-P;—AuNPs (Figure 4g); this is presumably
due to shielded Arg residues by prevalent polyPro at the
exterior.'® Similarly, there was no detectable aggregation
regardless of MP™ in AuNPs capped with a cm-p7 peptide
(D;AVLQJ SGFRP,C), where only one Arg was added (Figure
4h). This agrees with the notion that a threshold amount of
Arg residue was required for charge cancellation and NP
destabilization, as suggested in Figure 3f. However, ligand
exchange of bare AuNPs with triple-Arg-containing peptide
(DsAVLQISGFRGRRP,C, Figure Slr) could not yield
conjugates of high quality because of rapid aggregation upon
mixing. (iii) Role of NP stability. Furthermore, we designed a
cascade AuNP dispersion consisting of a mixture of 60% CM-
P,—AuNPs and citrate—AuNPs at 1:1 equivalence, which
remarkably boosted the MP™ response within an hour (Figure
4i). This increase in kinetics is due to citrate—AuNPs being
extremely sensitive to minor changes in surface potential, thus
causing a fast cascade aggregation at a high-cross-linking
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degree when exposed to low amounts of MF*-processed 60%
CM-P,—AuNPs. Of note, the protease itself does not affect the
dispersity of citrate—AuNPs (Figure S9).

The NP flocculation induced by electrostatic attraction was
further corroborated with zeta potential measurement. Figure
4j shows surface potential of the above peptide—AuNPs before
and after MP™ incubation for 12 h. The literature classifies NP
dispersions with {-values of +0—10 mV, +10—20 mV, +20—
30 mV, and >#30 mV as highly unstable, borderline
(un)stable, moderately stable, and highly stable, respectively,
assuming that steric interactions scarcely contribute to current
colloidal stability.”® All the AuNP samples showed a rise on
their {-value depending on the exact peptide architecture on
nanosurfaces. For example, 60% CM-P,—AuNPs and the
cascade AuNP mixture had sizable { changes from near —22
mV to —11 mV and —2 mV, respectively. This manifested in
colloid destabilization and color changes, which were
particularly dramatic for the cascade dispersions. In compar-
ison, both 60% CM-P;—AuNPs and cm-p,—AuNPs showed
some loss of negative charges due to surface proteolysis
liberating the Asp-stretching. However, their final {-values
were still +20—30 mV, and thus no NP aggregation. In
contrast, the 60% CM-P;—AuNPs showed essentially no {
change due to a lack of surface proteolysis.

To this end, we also demonstrated that our modular peptide
design can detect other proteases by tuning the specific
cleavage site. Figure 4k shows that AuNPs conjugated with the
FS6-P, peptide equipped with a P, linker responded the matrix
metalloproteinase-14 (MMP-14°"") and vice versa; see
sequence in Table S1 and Figure S2. Also, despite that trypsin
turned on the CM-P,—AuNPs (Figure 4d), this did not occur
to the CM-P,—AuNPs (Figure S9).

In conclusion, we investigated how a spacer impacts the
proteolytic activation of responsive nanosensors based on
NSET or plasmonic coupling transduction mechanism. We
designed a modular all-peptide-based ligand (CM-P,) that
incorporated a polyPro scaffold and zwitterionic backbone to
promote enzyme accessibility and NP stabilization. We then
coated this peptidic ligand onto 13 nm AuNPs and validated
the conjugates for colorimetric protease sensing. The results
showed that enzymatic unveiling of 60% CM-P,—AuNPs by
MP™ was successful, which induced color changes via
electrostatic attraction. By quantifying color change with a
measurable abs. ratio, we determined a LoD of 50.6 nM.
Overall, this peptidic ligand allows for in situ occurrence of
interfacial proteolysis and plasmonic coupling. The preparation
does not require complex bioconjugations and postreaction
evaluations and hence offers a simple and promising route for
sensing other proteases.
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