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Abstract

We report the peptide-programmed fractal assembly of silver nanoparticles (AgNPs) in a
diffusion-limited aggregation (DLA) mode, and this change in morphology generates a significant
color change. We show that peptides with specific repetitions of defined amino acids (/.e.,
arginine, histidine, or phenylalanine) can induce assembly and coalescence of the AgNPs (20

nm) into a hyperbranched structure (AgFSs) (~2 pm). The dynamic process of this assembly

was systematically investigated, and the extinction of the nanostructures can be modulated from
400 to 600 nm by varying the peptide sequences and molar ratio. According to this rationale,

two strategies of SARS-CoV-2 detection were investigated. The activity of the main protease
(Mpro) involved in SARS-CoV-2 was validated with a peptide substrate that can bridge the AgNPs
after the proteolytic cleavage. A subnanomolar limit of detection (0.5 nM) and the capacity to
distinguish by the naked eye in a wide concentration range (1.25-30 nM) were achieved. Next, a
multichannel sensor-array based on multiplex peptides that can visually distinguish SARS-CoV-2
proteases from influenza proteases in doped human samples was investigated.

Graphical Abstract

Keywords
coalescence; colorimetric sensing; fractal structures; peptides; sensor-array silver nanomaterials

Colorimetric biosensors have attracted increasing attention for the /n vitro detection of
various disease biomarkers. The use of simple spectrometry and/or naked eye detectionl->
makes them simpler and easier than traditional polymerase chain reaction (PCR) or enzyme-
linked immunosorbent assay (ELISA) testing.6:” Plasmonic metal nanostructures have
been extensively investigated for this purpose8-10 because they possess efficient extinction
coefficients and tunable localized surface plasmon resonance (LSPR) bands in the visible
region depending on their size, morphology, or dielectric environment.11-14 Tuning the size
and morphology of the nanoparticle v7athe analytes has been investigated by etching or
growing a secondary material on the presynthesized nanoparticles to obtain a well-defined
nanostructure and hence color change.1®:16 However, these steps often use complicated
redox chemistry during the sensing process that can interfere with the analyte.1”
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Tuning the interparticle distance of the individual nanoparticles in the ensemble in response
to the analytes is another strategy.18 These systems often result in an irregular assembly (i.e.,
aggregation) with a relatively low sensitivity due to the broad LSPR and mono-colorimetric
change.1920 Ordered and programmable assembly can be obtained by modifying the
nanoparticles with a recognition motif such as via antigen—antibody interactions?1.22

and DNA pairing?3-2 but requires specific surface ligands and elaborate assembling
conditions.28:27 Biomarker-mediated assembly of nanoparticles into defined hierarchical
microstructures with distinct optical properties remains relatively rare.

Here, we report the peptide-induced fractal assembly of silver nanoparticles (AgNPs) into
hyperbranched structures via diffusion-limited aggregation (DLA). DLA is a theoretical
model that describes the self-assembly of molecules driven by free energy minimization
of the system mostly through diffusion.28-31 We identified peptides that could control

the initiation and extent of DLA as a function of biomarker concentration. Surprisingly,
the particles undergo coalescence during the assembly, which leads to the change of
morphology of the material. We characterized this phenomenon with spectroscopy and
microscopy and control peptides. Finally, the peptide-induced assembly of AgNPs into
well-defined nanostructures—without complicated ligands or assembly conditions—could
be used for colorimetric biosensors. We show two examples applied to the detection of
SARS-CoV-2 virus: (i) the detection of the enzymatic activity of the main protease (Mpro)
of SARS-CoV-2 and (ii) a multichannel sensor-array for the distinction between SARS-
CoV-2- and influenza-infected external breath condensate (EBC) or saliva samples.

RESULTS AND DISCUSSION

We first designed “bridging” peptides that contain at least two repetitions of amino acids
(7.e., arginine, histidine, or phenylalanine) that can interact with the nanoparticles via
electrostatic or hydrophobic interactions (Figure 1A and B). The peptides easily induce

a highly structured assembly of AgNPs v7a DLA followed by a change in the particle
morphology, thus producing hyperbranched fractal Ag nanostructures (AgFSs) (Figure 1C
and D). Fractal structures are particularly interesting in optics or diagnostics because they
express many nanometer-scale spatial regions of high local electric fields with a significantly
enhanced absorption and scatter.32-33 They are usually obtained either by the chemical
reduction34 or electrochemical deposition3® of a metal salt or by physical treatments of
presynthesized nanoparticles such as solvent evaporation38 or microwave exposure.3’

Characterization of the Fractal Assembly.

AgNPs with a core size of approximately 20 nm and coated with bis(o-
sulfonatophenyl)phenylphosphine (BSPP) were synthesized via a seed-mediated growth
procedure.38 BSPP was chosen for the phosphine-silver coordination and its negative charge
and aromaticity. Detailed synthesis procedure and characterization of the AgNPs-BSPP can
be found in the Supporting Information (Figures S1 to S7). We first demonstrated the DLA-
mediated assembly by using a simple peptide sequence (/.e., RRK). Our assumption was
that the two arginines could act like a bridge between the nanoparticles due to electrostatic
interactions with the BSPP (Figure 1B). Transmission electronic microscopy (TEM) was
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used to confirm that the peptide RRK can be used to induce the fractal assembly of the
AgNPs-BSPP. Figure 1C and D show the TEM images of AgNPs-BSPP (0.3 nM) before and
after the addition of 1 /M RRK. This concentration was chosen because it corresponds to a
density of 2.6 RRK/nm2, which is approximately twice the maximal density of peptide that
could be theoretically carried (1.3/nm?2). Fractal structures with a diameter of approximately
2 um, primary branches of 1 xm, and secondary branches between 100 and 200 nm were
observed (Figure 1D).

Energy-dispersive X-ray spectroscopy (EDX) revealed that the fractal structures were mostly
silver (Figure 2A and B) with trace carbon from RRK (Figure 2C) and trace phosphorus

and sulfur from BSPP (Figure S9e and f). X-ray diffraction (XRD) analysis revealed a face-
centered cubic (FCC) crystal structure for the AgNPs-BSPP as peaks at 38.9°, 44.4°, 64.8°,
and 78.1° corresponding to Ag(1,1,1), Ag(2,0,0), Ag(2,2,0), and Ag(3,1,1), respectively. The
FCC crystal structure was maintained during the peptide-induced morphological change;
that is, very similar XRD patterns were observed for the AgNPs-BSPP that reacted with 1
UM RRK (Figure 2D).

The dynamic evolution of the assembly was evaluated with multispectral advanced
nanoparticle tracking analysis (MANTA).39 MANTA measures scattering to size and count
nanoparticles viathree lasers with different wavelengths (e.g., blue, green, and red); the
wavelength of scatter depends on nanoparticle size. For example, large nanoparticles
(>300 nm) scatter more in green and red, while small nanoparticles (<200 nm) scatter in
blue. Therefore, pristine 35 nm AgNPs-BSPP appeared blue (Figure 2E). After 5 min of
interaction with 1 4M peptide RRK, green and red light scattering were observed because
of the increased size of AgNPs-BSPP (Figure 2F). Finally, the formation of the large
fractal structures caused red scattering (Figure 2G). Importantly, less than 10% of the initial
AgNPs-BSPP remained after 5 min: the number of particles decreasing from ~1.5 x 1021
(pristine) to ~1.5 x 1020 (5 min). After 15 min, there were no remaining AGNPs-BSPP
particles. Only particles with a mode size of several hundred nanometers could be detected
(Figure 2H).

Similarly, the evolution of the RRK-induced assembly was monitored by TEM. Briefly, 1
4M RRK was added to the AgNPs-BSPP at 4 °C (to slow down the reaction), and TEM
images were recorded over time. The temperature has a strong effect on the kinetics of the
reaction per DLA (Figure $10).40 Only aggregated particles were observed at early stages
(~1 min) (Figure 2I), but merging particles and larger structures were observed after a few
minutes (~6 min) (Figure 2J). Fractal structures could be identified at later time points (~12
min) with the primary branches appearing (Figure 2K) and attracting the remaining spherical
particles. Over time (from ~18 to ~30 min), the spherical particles merged with the fractal
structures, thus increasing the fractal dimension with secondary branch formation (Figure
2L, M, and N). At longer time points, AgNPs-BSPP were no longer seen, in good agreement
with MANTA and TEM (Figures S11 to S15).

Inductively coupled plasma (ICP) was used to highlight the role of redox chemistry in the
formation of the AgFSs (Figure S16). The concentrations of silver ions for AgNPs-BSPP
before and after the reaction with 1 /M RRK were compared. The total concentrations of
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silver ions were identical. The concentrations of silver ions in the supernatant were also very
similar (less than 10% difference), suggesting that no or few free silver ions were used to

build the AgFSs; that is, the AgFSs were built from AgNPs. AgNPs-BSPP purified from free
silver ions were even more sensitive to AgFS formation upon addition of RRK (Figure S16).

TEM analysis of the early stages of the assembly revealed many cases of particles merging
together to form larger particles (Figure S17). The mechanism underlying the morphology
change is believed to be the coalescence of the particles induced by the interfacial
dissolution. To reduce the total surface area, the particles may coalesce to compensate for
the loss of Ag atoms during the assembly; this is probably induced by complexation of the
silver atoms with BSPP.41 BSPP likely induces release of silver ions into the solution during
the assembly, thus leading to the fusion of the particles. This agrees well with Magdassi

et al., who showed that AgNPs can behave as “soft” particles and undergo spontaneous
coalescence in solution at room temperature after the modification of their surface properties
with charge neutralization and desorption of surface-stabilizing ligands.#243 It is particularly
interesting as usually the shape transformation relies on light, heat, or excess reducing
agent.44

The surface chemistry of the particles was investigated to further demonstrate the

role of surface ligands in nanoparticle aggregation. AgNPs coated with thiolated
poly(ethylene)glycol (HS-PEG4¢-COOH, M,, = 2000) ending by a carboxyl group were
synthesized similar to the approach used for AgNPs-BSPP. AgNPs-S-PEG-COOH were
insensitive to the addition of RRK even at high concentrations (>100 xM) (Figure S18B and
C). The results show that the dense PEG layer, strongly anchored to the surface viaa Ag—S
bond, prevents any kind of assembly or coalescence of the AgNPs. AgNPs coated with other
non-PEG thiolated ligands (/.e., mercaptobenzoic acid, MBA) were only weakly sensitive to
RRK addition, thus confirming that a robust organic layer coating the particles protects them
from coalescence (Figure S18).

Citrate-capped AgNPs (AgNPs-citrate) were also investigated as a control of “surface-
accessible” AgNPs. AgNPs-citrate are probably the most commonly used AgNPs and are
surrounded by citrate anions physiosorbed onto the surface. Addition of 100 M RRK
could induce assembly of AgNPs-citrate, and dense aggregates were observed (Figure S18).
However, there was no change in the morphology, and fractal silver structures were not
observed. Citrate anions likely remain adsorbed onto the surface during the assembly, and
no silver atoms are removed from the surface unlike BSPP. This agrees well with Park et
al., who showed that the strong adsorption of citrate anions on metal nanoparticles leads

to a stabilized network that is extremely challenging to displace.*®> Tan et a/. have shown
that BSPP can chelate silver ions, forming soluble BSPP-Ag* complexes, resulting even in
the dissolution of silver cores.#6 Thus, we believe that the BSPP coating, unlike citrate, can
desorb from the AgNPs during their peptide-mediated assembly, allowing the particles to
undergo spontaneous coalescence after releasing Ag™ into the solution.

For comparison, gold nanoparticles coated with BSPP (AuNPs-BSPP) were also
investigated. AUNPs-BSPP were produced from a ligand-exchange procedure starting from
citrate-capped AuNPs (see Supporting Information Figure S19 for detailed synthesis). While
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the fractal assembly of AuNPs-BSPP was observed upon the addition of RRK, no change
in morphology could be identified (Figure S19A). In the literature, the coalescence of bare
gold nanocrystals in aqueous solution has been reported after formation of nanobridges

that induce contact between different crystals and thus the rearrangement into a single
crystal.4” This process is attributed to an accumulation of gold ions at the interface to
promote the fusion of the gold nanocrystals. The BSPP coating is thus believed to protect
the gold surface from ionic release: It cannot solubilize gold ions from the surface, and no
coalescence is observed. In contrast, the BSPP coating on AgNPs helps to release the silver
ions into solution. BSPP can efficiently solubilize the silver, thus facilitating particle fusion.

We note that AgNPs synthesized in the absence of BSPP (AgNPs-Bare), probably coated by
only ascorbate, were also investigated: They were expected to be capable of coalescence as
well. However, these particles were not sufficiently stable to be conveniently manipulated
and were thus not suitable for use as a sensing reporter, as similar colorimetric signal was
generated in the absence or presence of the target protein due to noncontrolled aggregation
of the particles (Figure S18D and E). AgNPs-BSPP are thus believed to be a compromise
between stability and tunability, thus leading to coalescence.

Control of the Assembly with Peptides.

The RRK-induced assembly of the AgNPs-BSPP was compared to other stimuli-induced
aggregation such as in the presence of high ionic strength, pH variations, or halide addition.
All of these conditions led to the aggregation/dissolution of the AgNPs-BSPP as their LSPR
band first deformed and then decreased; no absorbance could be measured (Figure S20). We
suggest that the RRK peptide can gently interact with the AgNPs-BSPP and act as a bridge
between the particles, thus forcing them to assemble.

We further investigated the effect of the peptide concentration on the assembly: More
peptide should induce more particle bridging. Different concentrations of the peptide RRK
were added to the AgNPs-BSPP, and the assembly was characterized by TEM. The intensity
of the assembly (/.e., the number of AgNPs that assemble as monitored by the change

in absorbance) was proportional to the amount of peptide added. While a low amount of
RRK (e.g., 100 nM) induced the aggregation of the particles (Figure 3B), a higher amount
(e.g., 250 nM) induced the formation of ~200 nm flower-like structure (Figure 3C). At 400
nM, 500 nm dendritic structures were identified (Figure 3D), and large fractal structures
over 1 um appeared at 1 ¢M (Figure 3E). Importantly, the intensity of the assembly is not
driven by the absolute concentration of peptides but the molar ratio of peptides per particles.
Indeed, a linear relationship between the concentration of RRK needed for assembly and the
concentration of the AgNPs-BSPP was obtained, thus confirming that the peptides bridge
the particles (Figure S21). The intensity of the assembly has a direct impact on the optical
properties of the AgNPs-BSPP.

The LSPR band of AuNPs-BSPP deforms strongly upon the addition of RRK with
decreased 400 nm absorbance and an increase at 600 nm (Figure 3F). The deformation
was proportional to the amount of peptide added and agrees well with TEM: The addition
of more peptides led to a decrease in spherical AQNPs-BSPP (Abs. at 400 nm) and larger
structures (Abs. at 600 nm). The morphology changes led to a wide range of colors (Figure
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3G). The kinetics of the fractal assembly induced by the RRK sequence was studied by
monitoring its intensity (Abs.go0 nm/AbS.400 nm) Over time by UV-vis spectroscopy (Figure
3H). After a few minutes (<3 min), the ratio Abs.ggg nm/ADbS.400 nm Was already at 80% of

its maximal value; the plateau was reached after approximately 20 min. The kinetics did not
depend on the concentration of RRK added: the plateau was reached after 20 min for various
concentrations (150, 200, and 500 nM). Only the value of the Abs.gpg nm/AbS.400 nm ratio
varied with RRK concentration. The kinetics of the assembly of AgNPs-BSPP exposed to
more RRK concentrations can be found in the Supporting Information, Figure S22.

The effect of the peptide sequence was studied next; we assumed that peptides that can have
more or stronger interactions with the particles would have more effect on the assembly.

To study this, we next focused on the fractal assembly of AgNPs-BSPP induced by arginine-
based peptides containing different amounts of arginine in the sequence (Figure 31). Our
results showed that repeating the RRK sequence leads to stronger assembly proportional

to the number of repeat RRK units ((RRK)3 > (RRK), > RRK) probably because (RRK)3
offers more electrostatic interactions with AgNPs-BSPP than (RRK), or RRK. The decrease
in the intensity of the assembly at high concentrations of (RRK)3 or (RRK), could also be
explained by the repulsion forces between the initial aggregate that became too positively
charged or by the saturation of the surface that occurs earlier with (RRK), and (RRK)3 than
RRK. The C-terminal lysine could increase the affinity of the peptides for the particles; the
RRK sequence has a stronger effect than only RR.

Arginine was also important to the assembly: If one arginine is replaced by threonine, the
resulting TRK could induce only a minor assembly at high concentration (~100 xM). The
necessity of repetition of two arginines was further confirmed by using peptides containing
single or no arginine (TSG, R, TRG). The results suggest that only the side chain of arginine
interacts significantly with the particles rather than the terminal amines. At least 2-fold
repetition of arginine is then needed. For example, a bis-amine C12 alkane could not bridge
the particles (see Figure S23). The confirmation of electrostatic interactions was shown by
adding the RRK peptide to the AgNPs-BSPP at different pH values. The intensity of the
assembly decreases as the pH becomes closer to the pKj; of the arginine side chain (~12)
(Figure S24).

BSPP is interesting because it can be involved in hydrophobic interactions in addition

to electrostatic interactions. Other amino acids were investigated to trigger the assembly
of the AgNPs-BSPP such as histidine- or phenylalanine-based peptides. Similarly, the
effect of HHK was studied and was observed to be almost identical to RRK (Figure 3J).
We thus hypothesized that a histidine-based peptide can interact with the particles via

a combination of electrostatic and hydrophobic interactions. To test this hypothesis, we
synthesized DDGDSFRHHK, which has no net positive charge (mostly zwitterionic) but
still has a strong effect on the assembly. Histidine alone did not induce any assembly
(Figure 3J). FFK induced strong assembly but at higher concentrations than RRK or HHK.
These results indicate that the particles are less sensitive to hydrophobic interactions than
electrostatic interactions or chelation (Figure 3K). However, increasing the hydrophobic
nature of the peptide increases their effect on the particles. As an example, we show peptide
CKLVFF, which has a higher affinity. The decrease in the intensity of the assembly at high
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concentrations is due to its hydrophobicity: This peptide can self-assemble in water and thus
is unavailable to interact with the particles.48 The UV-vis spectra and pictures from the
titration of all the peptides to the AgNPs-BSPP suspension can be found in the Supporting
Information, Figures S25 to S39.

A change in particle morphology was observed regardless of the type of interaction (Figure
S40). Also, minor differences in the reaction rate were observed for all of the interactions
presented here. There was no more evolution of the LSPR band after 20 min (Figure S41).
The addition of histidine- or phenylalanine-based peptides was performed on citrate-capped
AgNPs to demonstrate the versatility of BSPP. Unlike AgNPs-BSPP, AgNPs-citrate are
insensitive to the addition of HHK or FFK even at high concentrations (>100 M) perhaps
because the citrate anions can only be involved in electrostatic interactions, and AgNPs-
citrate are most sensitive to the RRK sequence (Figure S42).

The peptide—particle interaction described here has interesting practical value in colorimetric
biosensing. Indeed, a wide range of colorimetric signal can be obtained due to the fractal
assembly of the particles. The intensity of the assembly can be tuned by modulating the
peptide sequences or the peptide concentrations. The peptides are promising recognition
elements that are easy and cheap to synthesize with perfect control over their sequences.

We then show how this peptide—particle relationship can be employed for the detection

of SARS-CoV-2 virus viatwo different strategies.4 Detecting SARS proteases could have
value in rapid diagnosis® or discriminating it from influenza.>!

Detection of the Enzymatic Activity of the Main Protease of SARS-CoV-2 Virus.

We first demonstrate the detection of the enzymatic activity of the Mpro produced by the
SARS-CoV-2 virus. We designed peptide “M1” (Figure 4A) with a recognition sequence
TSAVLQSGF where Mpro can cleave after the Q residue.523 This recognition sequence
was conjugated with (i) a bridging motif (RCGRGC) and (ii) a negatively charged
quenching site (DDD). The sequence had a net negative charge with negligible capability

to induce the nanoparticle aggregation. In the presence of Mpro, M1 is cleaved and the
fragment SGFRCGRGC is released, leading to the assembly of AgNPs-BSPP viathe same
bridging mechanism as described previously. The intensity of the assembly is proportional to
the concentration of bridging peptides, and the optical change should be proportional to the
initial concentration of Mpro (Figure 4A).

To validate our proposed sensing mechanism, different concentrations of Mpro were
incubated with M1 for 4 h followed by the addition of the AgNPs-BSPP as a read-out
reporter. Figure 4B shows the optical responses (Abs.go0 nm/AbS.400 nm) obtained 15 min
after the addition of AgNPs-BSPP to all the samples. The signal intensity was proportional
to the concentration of Mpro with a linear relationship between 0 nM and 2.5 nM and a
limit of detection (LOD) of 500 pM (LOD by eye is ~1.2 nM). Mpro itself cannot induce
assembly of the AgNPs-BSPP (Figure S43). The LOD we report in this Ag-based system

is 1 order of magnitude lower than with Au nanoparticles.>3 Another value of silver is the
semiquantitative nature of the color change: 1.2-2.5 nM (orange), 3.7-5.0 nM (red), and 7.5
nM or greater (blue). The read-out time of 15 min was motivated by the fact that noncleaved
M1 induces a slight assembly of the particles but only after 30 min. However, this assembly

ACS Nano. Author manuscript; available in PMC 2023 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Retout et al. Page 9

is much weaker than when M1 is cleaved as (i) the Ay,x Of the secondary absorption peak
is at 515 nm and (ii) the intensity of the ratio Abs.515 nm/AbS.400 nm i 50% lower than that
of the ratio Abs.gpg nm/AbS.400 nm- This induces a yellow-to-orange color change after 90
min (Figure 4C). This confirms the importance of the quenching site. A read-out time of 15
min ensures that the change of color observed is only due to peptide cleavage. Figure 4D
shows the TEM image of the AgNPs-BSPP mixed with 12.5 nM Mpro incubated with M1,
confirming the fractal assembly and the coalescence of the nanoparticles.

Various control experiments were performed to demonstrate that only the combination of
Mpro and the peptide M1 could trigger the assembly of the particles (Table 1). Peptides M2,
M3, or M4 are missing the arginines at the level of the bridging motif, and no assembly

was observed when cleaved by Mpro (Figure 4E and Figure S44A). The specificity of this
sensing platform was also investigated. Peptide M1 was incubated with either the papain-
like protease (PLpro) of the SARS-CoV-2 virus or neuraminidase (NA) of the influenza
virus.>* Figure 4E shows that none of these proteases induced a color change (Figure S44B).
We suspect that this approach is modular for other proteases of interest.

Sensor-Array for the Distinction between SARS-CoV-2 and Influenza-Infected Samples.

We next demonstrate a “chemical-nose” sensor-array for the distinction of SARS-CoV-2
versus influenza samples. Unlike specific sensing, the chemical nose works on the principle
of selective binding between an analyte and an array of multiple receptors that will generate
distinct responses for each analyte. The responses can thus be grouped in patterns that are
specific to each analyte. Usually, array-based sensing strategies can maximize sensitivity
because they can detect slight changes in complex environments. We used the peptides as
receptors as described above.

The targets were Mpro, PLpro, and NA. These proteins are expressed by the viruses and

are necessary for viral replication (Figure 5A). Samples containing the proteases have a
different composition than healthy samples due to the presence of the viral proteins. This

in turn affects peptide—particle interactions. Briefly, the sample is independently mixed with
multiple bridging peptides (/.¢e., one peptide per well; Table 2), and the AgNPs-BSPP are
then added. Multiple peptides—each with a specific affinity for the particles (defined as the
concentration needed to induce an optical response of 0.5)—were used as receptors to obtain
a specific pattern of optical responses for each sample. Low or high interferences lead to
high or low assembly of the particles, respectively.

We first investigated the optical response produced for 10 nM Mpro, PLpro, or NA spiked
in water, and we compared it to those of interfering proteins: hemoglobin (Hgb), bovine
serum albumin (BSA), trypsin (Tps), and pepsin (Pps). Figure 5B shows the average
optical response pattern for all of these proteins. A specific fingerprint was observed for
each protein as well as a specific associated color pattern (Figure S45) followed by linear
discriminant analysis (LDA).55%6 DA is a tool that can differentiate different classes of
objects viaa linear combination of variables and maximizing the ratio of between-class
variance to the within-class variance.>” Analysis of the 8 x 8 x 4 training matrix (eight
peptides x eight conditions x four replicates; Table S1) generated canonical factors that
are linear combinations of the optical response patterns (Table S1). Figure 5C shows the
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two-dimensional plot of the first two linear discriminants (70.46% and 18.9%). An ellipse
with 75% confidence could be drawn without any overlaps. This finding shows that LDA
can be used in a simplified representation of the optical response patterns.

The detection of Mpro, PLpro, and NA in complex media such as EBC or saliva was further
evaluated. The optical responses were strongly inhibited in these media (Figures S46 and
S47). After optimization, we found conditions in which the maximal optical response (/.e.,
blue sample) was obtained for each peptide in PCR-tested-negative EBC or saliva (Table
S2). Negative EBC and saliva samples were spiked with different concentrations of Mpro,
PLpro, or NA (from 0.1 to 50 nM) for the optimized sensor-array (Figures S48-S51). A
LOD of 0.5 nM for Mpro and PLpro and 1.0 nM for NA was determined in EBC as well
as in saliva (Figure 5D). Importantly, samples spiked with SARS proteases or influenza
proteases could easily be distinguished by eye from 1 to 50 nM. Figure 5E shows a picture
of the simplified sensor-array; that is, only the three most discriminating peptides (HHK,
(RRK)3, and FFK) are represented for EBC spiked with 3 nM of protein. EBC spiked with
NA and a mixture of Mpro and PLpro was easily differentiated from the other samples
(Figure S52).

To demonstrate the robustness of this system, a blind study on 50 unknown samples was
performed. Briefly, 50 samples of negative EBC were spiked with either 3 nM Mpro, PLpro,
Mpro, and PLpro, NA or nothing. A reader blinded to the composition of each sample

used images of the sensor-array to determine the protein composition of each sample and
suggested the nature of the viral infection. The peptides used for the sensor-array can

be seen in Table S3. An accuracy of 100% was obtained for samples spiked with SARS
proteases, influenza proteases, or neither (Figure 5F). Despite an accuracy of 100% for the
identification of PLpro-spiked samples, samples spiked with Mpro versus Mpro and PLpro
could not be differentiated. This indicates that Mpro dominates the optical change. This
could be improved by including other peptides in the sensor-array. Collectively, our sensor-
array was validated for the efficient simple visual distinction of samples with SARS-CoV-2
or influenza biomarkers (Figures S54-S58 and Table S4).

From the blind study, 21 unknown samples were tested against our sensor-array (8 peptides)
with the assistance of LDA (Table S5). Figure 5G shows the canonical score plot obtained
by the LDA. A high degree of separation was obtained as ellipses of 99% of confidence
were generated. The trained LDA was tested against nine supplementary unknown samples,
and all could be correctly identified (Table S6).

Compared to other molecular- and nanotechnology-based analytical approaches for
COVID-19 diagnosis,®® our method is more convenient and can be easily applied for point-
of-care testing. Qiu et al. showed the detection of SARS-CoV-2 genes with two-dimensional
gold nanoislands illuminated at their plasmonic resonance.>® Despite a high sensitivity (0.22
pM), this system is not suitable for field use. Moitra ef a/. showed the naked eye detection
of RNA of SARS-CoV-2 with gold nanoparticles capped with oligonucleotides with a LOD
of 0.18 ng/.L.5% However, extensive sample preparation is required for RNA extraction.
Also, extracted RNA is easily degraded and could lead to misdiagnosis of COVID-19. The
strength of our approach versusthese competing systems is that it combines a colorimetric
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signal that can be detected even by the general public with the specificity and convenience
offered by synthetic peptide probes.

CONCLUSIONS

We report peptide-induced fractal assembly of AgNPs with applications in colorimetric
biomarker detection. The peptides contain a “bridging motif’, /e, repetitions of arginine,
histidine, or phenylalanine residues, that induces the formation of hyperbranched silver
nanostructures. While the morphology transition is usually induced by external factors

such as light, heat, or pressure, the AgNPs-BSPP can undergo spontaneous coalescence
here due to the BSPP coating of our particles that can desorb during the peptide-mediated
assembly, releasing silver ions into the solution and making the silver surface accessible

for coalescence. The fractal assembly was strongly dependent on the peptide sequences as
well as the molar ratio of the peptide per particles. Meanwhile, the optical properties of

the material can be simply tuned with the peptide design. This has important implications
in colorimetric biosensing because peptides are promising affinity probes that are easy and
cheap to produce with fine-tuning over their sequence. We demonstrate this approach with
detection of SARS-CoV-2 proteases and a sensor-array to discriminate SARS-CoV-2 from
influenza via spiked human samples. Despite the subnanomolar limits of detection shown
here, future work is needed to further optimize the peptide sequences for better sensitivity.
For example, a peptide containing twice the number of arginine compared to M1 might have
a stronger effect on the assembly of AgNPs after the proteolytic cleavage by Mpro than M1.

EXPERIMENTAL SECTION

AgNPs-BSPP Synthesis.

BSPP-coated AgNPs (AgNPs-BSPP) were synthesized via a two-step procedure. First, silver
seeds were produced by the reduction of silver nitrate (0.1 mM, 6 mL) with sodium
borohydride (0.1 M, 60 L) in a glass vial under magnetic stirring for 16 h. The seeds

were then grown into nanoparticles by adding sodium ascorbate (15 mM, 400 /L), BSPP

(5 mM, 200 yL), dropwise silver nitrate (1 mM, 4 mL), and then BSPP again (5 mM, 400
L), and the resulting solution was stirred for 48 h at room temperature. Detailed synthesis
procedure and characterization of the AgNPs-BSPP (UV-vis, TEM, XRD, EDX) can be
found in the Supporting Information.

Peptide Synthesis.

Peptides TSG, TRG, TRK, RR, FFK, DDGDSFRHHK, SGFRRGRR, M1, M2, and

M3 were made using standard Fmoc synthesis on an Aapptec Eclipse personal peptide
synthesizer. Wang resin was used as the solid support for all peptides and was cleaved

using a mixture of TFA/EODT/thioanisole/anisole (88:5:5:2, v/v) for 3 h under an argon
blanket. The freshly cleaved peptide was precipitated in —80 °C diethyl ether and washed
several times (3x) using centrifugation. After the final centrifugation cycle, diethyl ether was
decanted, and the white peptide slurry was dissolved in an HoO/glacial acetic acid mixture
(90:10, v/v) to ensure trifluoroacetic acid (TFA) salt replacement with acetate salt during
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lyophilization. The peptide was frozen, lyophilized overnight, and then stored at -20 °C
under an argon blanket.

Peptide Purification.

Peptide purification was carried out using a Shimadzu LC-40 HPLC system equipped with
an LC-40D solvent delivery module, photodiode array detector SPD-M40, and degassing
unit DGU-403. The sample was dissolved in water and acetonitrile, applied on a Zorbax
300 BS, C18 column (5 mm, 9.4 x 250 mm) from Agilent, and eluted at 1.5 mL/min with

a 40 min gradient from 10% to 95% acetonitrile in water (with 0.05% TFA). Preparative
injections were monitored at 190, 220, and 254 nm. All products were purified by HPLC to
reach a purity of >90%. Peptide synthesis was confirmed using electrospray ionization mass
spectrometry (ESI-MS) viathe Micromass Quattro Ultima mass spectrometer. ESI-MS and
HPLC spectra can be found in the Supporting Information, Figure S8.

Peptide—Particle Interaction.

The modification of the optical properties of the particles was analyzed as follows: 250 gL
of AgNPs-BSPP was mixed with different concentrations of peptides in a 96-well plate.
After 15 min, the UV-vis spectra were recorded using a hybrid multimode microplate reader
(Synergy H1 model, BioTek Instruments, Inc.).

Protease Detection.

Mpro was incubated with 5 ¢M of the peptide M1 in Tris-HCI buffer for 4 h at 37 °C. After
incubation, 10 /L of the sample was added to 90 L of AgNPs-BSPP (A = 0.8); pictures and
UV-vis spectra were recorded 15 min later.

Sensor-Array.

In a 96-well plate, peptides were mixed with the target proteins in either water, EBC

(10%), or saliva (0.1%). After 5 min, 250 4L of AgNPs-BSPP was added and UV-vis
spectra were recorded. Negative EBC were collected from 7 people known to be COVID-19-
negative by PCR, using a lab condensate tube setup. All the volunteers signed an informed
consent form, and all work was approved by the UCSD IRB. We prepared 50 EBC samples
containing either 30 nM Mpro and PLpro, 30 nM NA, or no dopant. An operator ignoring
the composition of each samples performed the testing and identified the sample by eye.

Linear Discriminant Analysis.

LDA was computed with R statistical environment version 4.0.2 (R Core Team 2020,
Vienna). LDA was performed using the following R package libraries: MASS,51 ggord,
goplot2%2 tydiverse3 and caret5* An 8 x 8 x 4 training matrix (eight peptides x 8
conditions x 4 replicates) was generated from the optical responses pattern of 256 samples
of water spiked with different proteins (Mpro, PLpro, NA, BSA, Hgb, Pps, Tps) or nothing.
The 8 x 5 x 7 (eight peptides x five conditions x seven replicates) training matrix for the
influenza versus SARS-CoV-2 distinction was generated from the optical responses of the
samples produced during the blind study. The training matrices were used to perform LDA.
The 8 x 3 x 3 test matrix (eight peptides x three conditions x three replicates) was generated
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from 72 unknown samples of EBC spiked with either 30 nM Mpro/PLpro, NA, or nothing.
The LDA was then used to correctly identify each sample using the training matrix for the
influenza versus SARS-CoV-2 distinction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Fractal assembly of AgNPs and change of morphology. (A) Illustration of the peptide-

induced assembly of the AgNPs-BSPP and their coalescence into AgFSs. (B) Example of
amino acids that can be used to bridge the AgNPs-BSPP v7a electrostatic or hydrophobic
interactions (pi—pi) with BSPP. TEM images of AgNPs-BSPP (C) before and (D) after the
addition of 1 M of the RRK peptide showing the change of morphology.
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Figure 2.
Assembly characterization. (A, B, and C) EDX elemental mapping of AgNPs-BSPP after the

reaction with 1 /M RRK showing the (B) silver and (C) carbon composition of the material.
(D) Crystal structure of AgNPs-BSPP (1) before and (11) 30 min after the reaction with 1
UM RRK obtained by XRD. (E, F, G, and H) Multispectral advanced nanoparticle tracking
analysis (MANTA) images of the AgNPs- BSPP (E) before or (F) 5 min and (G) 15 min
after the addition of 1 /M RRK showing the size evolution and (H) the corresponding size
distribution. (1, J, K, L, M, and N) TEM images showing the evolution of the assembly of
AgNPs-BSPP upon the addition of 1 M RRK at 4°c
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Figure 3.
Peptide-mediated assembly. TEM images showing the different structures obtained for

AgNPs-BSPP that reacted for 15 min with different concentrations of RRK: (A) 0 nM, (B)
150 nM, (C) 250 nM, (D) 400 nM, and (E) 1 tM. (F) Deformation of the UV-vis spectrum
of AgNPs-BSPP 15 min after the addition of different concentrations of RRK from 0 nM

to 10 M (the arrow indicates the increase of peptides added) and (G) the corresponding
pictures. (H) Evolution of the assembly intensity (Abs.ggo nm/AbS.400 nm) Over time for
different concentrations of RRK added to AgNPs-BSPP. Evolution of the assembly intensity
as a function of the peptide concentration for (1) arginine-based, (J) histidine-based, or (K)
phenylalanine-based peptides.
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Figure 4.
Detection of the enzymatic activity of Mpro. (A) Illustration of the sensing mechanism with

(1) the incubation of the peptide M1 and Mpro that after 4 h leads to the cleavage of M1
and (2) the read-out of Mpro activity with the AgNPs-BSPP that assemble due to the release
of a “bridging fragment”. The optical responses are proportional to the concentration of
Mpro. (B) Optical response (Abs.gog nm/AbS.400 nm) obtained 15 min after the addition of
AgNPs-BSPP to Mpro samples that were incubated 4 h either with 5 zM M1 (blue) or in
the absence of M1 (black). Inset shows the corresponding pictures. (C) Optical response
(Abs.515 nm/AbS.400 nm) of the AgNPs-BSPP mixed with M1 in the absence of Mpro over
time. Insets show pictures of the sample at 15, 45, and 90 min. (D) TEM images showing
the reshaping of the AgNPs-BSPP when mixed with 12.5 nM Mpro incubated with M1. (E)
Optical response at 15 min obtained for the detection of (I) Mpro incubated with either M1,
M2, M3, or M4 or (1) PLpro and NA incubated with M1. Insets show the corresponding
pictures.
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Optical response intensity
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Figureb.
Sensor-array mechanism and mode of response. (A) Illustration of the sensor-array with

the optical response that is proportional to the interference caused by the analyte in the
peptide—particles interaction. (B) Optical response pattern obtained for different proteins and
eight peptides. Four replicates were performed for each protein. (C) Canonical score plot for
the first two factors of the simplified optical response pattern of the sensor-array obtained by
LDA against 10 nM of different proteins in water. Ellipses are 75% confidence. (D) Optical
response intensity as a function of the concentration of proteins spiked in EBC or saliva. (E)
Simplified picture of the sensor-array against healthy EBC spiked or not with 3 nM Mpro,
PLpro, or NA. (F) Blind study results showing the total number of the different samples and
the correctly identified samples. Tot. = total and Corr. = correct. (G) Canonical score plot for
the first two factors of the simplified optical response pattern from the sensor-array obtained
by the LDA against 3 nM Mpro and PLpro or NA spiked in healthy EBC. Ellipses are 99%
of confidence.
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Table 1.

Experimental Summary and Peptides Employed

M1
M2
M3
M4
PLpro
NA

peptides
DDDTSAVLQSGFRCGRGC
DDDTSAVLQSGFACGAGC
DDDTSAVLQSGFAGGAGG
TSAVLQ
DDDTSAVLQSGFRCGRGC
DDDTSAVLQSGFRCGRGC

protease LOD (nM)
Mpro 0.5
Mpro

Mpro

Mpro

PLpro

NA
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Table 2.

Peptides Used in the Sensor-Array

peptide
P1
P2
P3
P4
P5
P6
P7
P8
P9

sequence
RR

RRK

HHK

(RRK),

(RRK);
CKLVFF
DDGDSFRHHK
SGFRRGRR
FFK

Cos
3 M
200 nM
180 nM
55 nM
16 nM
130 nM
60 nM
12nM
10 4M
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