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Abstract

The transmission of SARS-CoV-2 coronavirus has led to the COVID-19 pandemic. Nucleic acid 

testing while specific has limitations for mass surveillance. One alternative is the main protease 

(Mpro) due to its functional importance in mediating the viral life cycle. Here, we describe a 

combination of modular substrate and gold colloids to detect Mpro via visual readout. The strategy 

involves zwitterionic peptide that carries opposite charges at the C-/N-terminus to exploit the 

specific recognition by Mpro. Autolytic cleavage releases positively-charged moiety that assembles 

the nanoparticles with rapid color changes (t <10 min). We determine a limit of detection for 

Mpro in breath condensate matrices <10 nM. We further assayed ten COVID-negative subjects and 

found no false-positive result. In the light of simplicity, our test for viral protease is not limited 

to an equipped laboratory, but also is amenable to integrating as portable point-of-care devices 

including those on face-coverings.
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We reported a rapid colorimetric detection of SARS-CoV-2 protease using a zwitterionic peptide 

and gold colloids. Our sensor showed good performance in exhaled breath condensate with a 

limit of detection in the low nanomolar range. This technology can be integrated into regular face 

coverings for COVID-detection.
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Introduction

Proteolytic post-processing is a critical step in the lifecycle of many proteins from infectious 

microorganisms (e.g., virus).[1, 2] For example, the functional polypeptides required for 

SARS-CoV-2 replication and transcription are released from the proteins by extensive 

proteolytic processing predominately by the main protease (Mpro, also known as 3CLpro/

nsp5).[3] Analytical detection of these proteolytic events could have value in diagnosis 

and therapeutic screening development.[4] Established protocols for probing proteases 

include the use of optically-addressed substrates, enzyme-linked immunosorbent assay, and 

gel electrophoresis.[5, 6] However, these techniques require labor-intensive chromophore 

labelling, multi-step detection procedures, and/or specific instrumentation. A cost-effective, 

easy, and colorimetric sensing platform could thus solve these major limitations analogous 

to the impact of lateral flow assays.
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Colorimetric sensors based on gold nanoparticles (AuNPs) are popular because of their 

unique photophysical properties including a surface plasmon resonance (SPR) band with 

a high molar absorption coefficient. Aggregation enhances the near-field interactions of 

proximal nanoparticles and leads to a bathochromic shift in the SPR band; this in turn leads 

to a pronounced color change.[7] Strategies for plasmonic coupling can be grouped into 

chemical linking and physical factors.[8, 9] For example, dithiothreitol is a simple molecule 

to cluster AuNPs due to the strong thiol-to-gold bond.[10, 11, 12] Nanoplasmonic sensing 

based on this covalent bond have been reported for thrombin, trypsin, furin, etc.[10, 13]

Alternatively, controlled physical factors (e.g., ionic strength, solvent polarity, and ligand 

hydrophilicity) can also impact colloidal dispersion.[9, 14, 15] In particular, nanoparticles 

primarily stabilized through electrostatic double layer repulsions tend to aggregate via 
the addition of excess salt due to charge screening.[15] Tuning non-specific electrostatic 

interactions has also led to several simple and rapid colorimetric assays for heavy metal 

ions.[16] In principle, these electrostatic processes could be repurposed for sensing other 

targets (here, proteases) by rationally designing the electrophoretic property of a specific 

substrate where the selectivity is based on molecular recognition between the enzyme and 

the substrate.

Here we report on a general formula of modular zwitterionic peptides, (Asp)n−(AA)x−

(Arg)m, that induce AuNP aggregation in response to proteases. We then apply this system 

to colorimetrically measure Mpro. Unlike nucleic acids testing, protease detection uses 

autolytic cleavage of the substrates that amplifies signals without the polymerase chain 

reaction. The key role of Mpro in the propagation of infectious SARS-CoV-2—in addition to 

a lack of human homologues—make this protease an ideal maker for COVID-19 diagnosis.
[2, 4]

Results and Discussion

In our system, the modular zwitterionic peptide has oppositely charged termini, i.e., (Asp)n 

and (Arg)m, flanking a specific Mpro cleavage site (AA)x. Because n ≥ m, the intact peptide 

carries a net neutral charge. Accordingly, the interactions between the intact peptide and 

sulfonated ligand-coated AuNPs are minimized given the negatively charged sulfonate 

groups. Proteolytic segmentation of the peptide would switch the electrophoretic property of 

the corresponding fragment, thus triggering the collapse of gold suspension via electrostatic 

attractions. This induces a visible color change. By using a combination of the zwitterionic 

peptide and AuNPs in label-free conditions, we showed that this approach can rapidly detect 

Mpro at approximately 3 to 10 nM in buffer and exhaled breath condensate in 10 min. 

Several mutated peptides were built to investigate the sensing mechanism and to optimize 

the sensor performance. Finally, we reframed the sensor configuration by building it into 

a lateral flow strip to create portable sensing devices as a point-of-care surveillance tool 

for COVID disease. Overall, the novel peptide-enabled colorimetric assay does not require 

interfacial bioconjugations or any specific instrumentations, and thus may have value in 

surveillance of COVID.
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Figure 1a schematically shows the intact peptide and its proteolytic fragments with distinct 

physicochemical properties (e.g., net charge, interfacial affinity) to modulate the dispersity 

of a gold suspension. We hypothesize that successful proteolysis of the substrate will 

induce clustering of the monodispersed particles, which changes the color from ruby red 

to violet-blue by naked eye. In addition, this color change reporter when integrated with 

routinely-used mask could allow one to easily monitor the COVID-infectious status (Figure 

1b,c).

The zwitterionic peptides were rationally designed to encompass arranging three functional 

domains in a linear N-to-C-terminal configuration (Figure 2a), including: (i) an N-terminal 

charge shielding domain made of repeating aspartic acid (Asp, D) for neutralizing the charge 

of the intact peptide, i.e., part iii; (ii) an exposed protease-recognition sequence; and (iii) 

a C-terminal aggregating site for clustering gold colloids. The aggregating domain (part 

iii) has a repeating arginine (Arg, R) and a cysteine (Cys, C) bridge with high affinity 

to AuNPs via electrostatic and coordinating interactions.[17] Overall, the peptide design 

meets two key requirements. The first is little or no attraction between the intact peptide 

and AuNPs. This is achieved by matching the charge state of intact peptide to that of 

particle surfaces, which typically originates from the terminal groups of the surface ligand.
[18] Second, peptide fragmentation by the protease exposes the aggregating domain that 

favors tight self-assembly of particles. This modular design is also intended to obviate 

the need for major revisions when targeting a new protease. That is, the specificity of 

the sensor is tuned by changing only the cleavage site while keep the other components 

the same. In addition, the inclusion of aspartic acid and arginine residue improves the 

hydrophilicity of the oligopeptide and ensures the sensor performance in aqueous media. 

Figure 2a shows a representative peptide ZY7 synthesized based on the above criteria: 

DDDTSAVLQSGFRCGRGC (net charge = 0). Specifically, ZY7 contains a Mpro cleavage 

sequence LQ↓SG [i.e., at C-terminus of glutamine (Q)] surrounded by a negatively and 

positively charged moiety (i.e., DDD vs. RCGR).[19] To the best of our knowledge, no 

mammalian protease cleaves after a C-terminal glutamine. Hence this cleavage site is unique 

for viral proteases only. Proteolysis of ZY7 peptide by Mpro has been confirmed by HPLC 

and ESI-MS and results in the formation of two fragments: DDDTSAVLQ (net charge = −3) 

and SGFRCGRGC (net charge = +3, with a dithiol bridge); see Figure 2b and Table 1.

The functional peptide is used under label-free conditions with AuNPs as a readout 

to detect the presence of Mpro. This is advantageous because surface labelling 

techniques often require precise control over the bio-nano functionalization and 

may involve frequently unanticipated particle aggregation.[20] Here, we chose bis(p-

sulfonatophenyl)phenylphosphine (BSPP) to modify the 13-nm citrate-AuNPs made by 

Turkevich method, which fulfill with two guiding parameters.[21] First, the BSPP ligand is 

rich in terminal sulfonate groups and thus gives the nanoparticle strong negative charges, 

i.e., the zeta potentials (ζ) are −26.5 ± 1.5 mV. Second, the nanoparticles are colloidally 

stable in various media due to the effective phosphorus-to-gold coordination, large steric 

hindrance from the bulky aromatic rings, and strong electrostatic double layer repulsions.
[22] BSPP-capped AuNPs have a compact ligand layer and thus favor tight interparticle 

interactions, e.g., the hydrodynamic diameter (DH) is 19.1 nm with a PDI of 0.10 (Figure 
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S1).[23] More characterizations of the ligand exchange and the resulting particles such as 

TEM, DLS, UV-Vis, and 1H NMR are given in Figure S1.

We here selected Mpro peptidase as a model example to test our label-free peptide and 

BSPP-AuNPs. Mpro regulates viral replication and transcription and is therefore an attractive 

therapeutic and diagnostic target for SARS-CoV-2.[3, 4] We first validated our hypothesis 

by incubating BSPP-AuNPs with either ZY7 parent peptide or its pre-digested fragments. 

The full cleavage was confirmed by HPLC and ESI-MS (Figures 2b and S2). Figure 2c 

shows the color change as a function of the peptide concentration and time. The addition 

of ZY7 fragments (6−50 μM) to the BSPP gold dispersion caused an instant color shift 

from ruby red to purple. Such a color evolution continuously built with increasing fragments 

concentration and reaction time. In comparison, BSPP-AuNPs coexist with the ZY7 parent 

peptide with no change of the color (Figure S3b).

Characterizations of the gold aggregates and several peptide derivatives of ZY7 were 

subsequently employed for a mechanistic study. TEM images in Figure 1c and 

hydrodynamic diameter (DH) by dynamic light scattering (DLS, Figure 2d) clearly indicate 

the formation of AuNP aggregates in the presence of ZY7 fragments. This size increases 

commensurate with alternations in surface charge. For example, the zeta potentials of BSPP-

AuNPs mixed with increasing amount of ZY7 fragments showed a sizable increase from 

original value to nearly neutral, e.g., −26.5 vs. −2.5 mV; see Figure 2e. We attribute this 

increasing charge to the positive guanidine groups in arginine-rich fragment adsorbed onto 

the surface sulfonate via electrostatic attractions.[15] This neutralized the surface charge and 

compromised the interparticle repulsions thus resulting in the collapse of colloidal system.

To confirm this, we synthesized an analogue peptide NR10, where the arginine residues 

were substituted with neutral alanine; see Table 1. In this case, the absence of arginine 

determinants caused no aggregation of the AuNPs irrespective of proteolytic cleavage 

(Figure S3). This manifested in no change in DH (i.e., approx. 20 nm) and zeta potentials, 

albeit there was a slight decrease in the surface potential due to weak association of NR10 

of −2 charge on the particle surfaces (i.e., −30 vs. −40 mV). We therefore conclude 

that the aggregation of BSPP-AuNPs was dominated by the positively charged arginine 

residues rather than disulfide bridging. To this end, we quantitatively assessed the color 

changes through analyses of the progression of UV-Vis spectra. In Figure 2f–g, the time-

lapsed absorbance profiles of AuNPs with ZY7 parent peptide remain essentially the same 

indicating a preserved dispersity. The ZY7 fragment led to a sizable decrease in the SPR at 

520 nm commensurate with a noticeably raising band at 600 nm. This is a clear indication of 

AuNP aggregation and color change.[12] We thus define a ratiometric signal, Abs600/Abs520, 

to quantify the aggregation and color change.

The above mechanism favors electrostatic-induced flocculation of AuNPs and was further 

corroborated by a reversible colorimetric experiment, employing several different surfactants 

(Figure S4). For example, the addition of ionic surfactants such as cetyltrimethylammonium 

bromide (CTAB) and sodium dodecyl sulfate (SDS) recovered colloidal AuNPs from the 

aggregates. Excess anionic SDS scavenges the positively charged peptide fragments, thus 

restoring the electrostatic double layer repulsions between particles.[24]
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To study the limit of detection (LoD) for Mpro based on our sensing system, we first 

optimized the concentration of ZY7 peptide in an assay. Experimentally, BSPP-AuNPs (3.8 

nM, 100 μL) were incubated with peptides and the optical measurements (Abs600/Abs520) 

were recorded at 10 min after AuNP addition. The minimum amount of fragment needed 

to induce a noticeable color change has to exceed 3.2 μM, but parent ZY7 should not 

cause particle aggregation and only slightly affects the particle dispersity at concentrations 

higher than 55.3 μM (Figure 3a). Excess ZY7 peptide likely increases the ionic strength and 

screens the repulsive forces between particles thus making the system colloidally unstable. 

Accordingly, we defined a working window for the assays based on ZY7 as 3.2−55.3 μM; 

see Table 1. In practice, a concentration of 50 μM has been observed to yield the best result 

and was defined as the optimal peptide concentration for the rest of this study.

To understand the clinical value of the system, we tested Mpro detection in three different 

matrices including Tris buffer (TB), exhaled breath condensate (EBC), and diluted pooled 

saliva (50%). The enzyme assay was performed by incubating a defined concentration of 

ZY7 substrate (i.e., 50 μM) with various concentrations of spiked Mpro (i.e., 0−200 nM) in 

a 20 μL volume for 3 h. Subsequently, 100 μL of BSPP gold dispersion (3.2 nM) was added 

as a readout mechanism. All concentrations are with respect to a 120 μL volume; see more 

details in Supporting Information. Representative aggregation kinetics in EBC within 1 hour 

are shown in Figure 3b. Similar data collected in other biological media were supplemented 

in Figure S5. The trend clearly indicates that higher amount of Mpro led to more particle 

aggregations or rapid color change and vice versa. Importantly, BSPP-AuNPs were stable in 

the presence of Mpro alone and in all tested buffers (Figure S5).

Next, we set 10 min as the readout time for pursuing a rapid protease detection. Figure 3c 

shows the ratio of Abs600/Abs520 as a function of Mpro concentration. Thus, the LoD for 

Mpro was determined to be: 27.7 nM in Tris buffer (TB), 33.4 nM in EBC matrix, and 68.4 

nM in 50% saliva. The method for LoD calculation is reported in previous literature.[25] 

This suggests that our sensor is best performing in TB and EBC media, while other complex 

matrices such as saliva would yield sensitivity in about 3-fold lower or more. No aggregation 

occurred in human plasma presumably negative proteins that scavenge the positively charged 

peptide fragments.[26] The clinical-relevant level of Mpro in novel SARS-CoV-2 infected 

cells still lacks rigor reports.[27] Nevertheless, the protease LoD of our sensor is similar to 

other nanoparticle-based protease assays (i.e., in low nanomolar ranges), but is much less 

time-consuming (i.e., t =10 min).[5, 10, 26, 28, 29] On the contrary, control experiment using 

a scrambled peptide sequence, MS7, showed no AuNP aggregation at any concentrations 

of Mpro (Figure 3d). For MS7 peptide, we substituted the indispensable glutamine (Q) 

at P1 site with its analogue, glutamic acid (E), and therefore no specific recognition by 

Mpro, circumventing the formation of aggregating fragments; see Table 1. Importantly, the 

colorimetric detection can be carried out in a one-pot assay. The enzymatic cleavage and 

particle aggregation took place simultaneously in-situ, albeit a longer readout time was 

needed (~1 h). The LoD of the one-pot assay for Mpro is about 40.9 nM (Figure S6).

We briefly describe the perspective to improve our protease detection limit. The above 

modulation of particle dispersity is based on the electrophoretic property of substrates, 

and thus we further explored the effect of tuning arginine number from 0, 1, 2, and 
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4, which corresponds to NR10, OR8, ZY7, and YR9 peptide, respectively (Table 1). 

According to Figure 4a,b, the aggregating sequences containing zero or single guanidine 

side chain produce no optical signal change. These non-aggregating systems have low 

ionic valence and attenuated electrostatic interactions according to the Schulze-Hardy rule.
[15, 29] Compared to the ZY7 fragment of two arginine residues, the inclusion of four 

arginine residues in YR9 strongly interferes with the particle surface potential and requires 

substantially lower concentrations to induce aggregations (e.g., 0.3 vs. 3.2 μM, Figure 4c). 

This also resulted in an eight-fold improvement in sensitivity to Mpro (Figure 4d). That is, 

the LoD is improved from 27.7 to 3.4 nM in TB by using YR9 peptide of high ionic valence 

(Table 1).

Next, we used a known competitive inhibitor (GC376) for Mpro to study the inhibition 

assays.[30] Figure 4e shows the results of assaying an increasing molarity of GC376 (i.e., 
0−1 μM) in the presence of constant amount of Mpro (100 nM) and ZY7 substrate (50 μM). 

Note that the inhibitor itself does not affect the particle dispersity; see the control line in 

Figure 4e. As anticipated, the aggregation kinetics were largely retarded due to low activities 

of pre-mixed Mpro with the inhibitor. Examination of the absorbance ratio at 15 min yields a 

typical inhibitor titration curve (Figure 4f). A linear form of the Morrison equation derived 

by Henderson (Eqn. S2, Figure S6) was applied to evaluate the titrated Mpro concentration 

([E]0=60 nM) and the potency of GC376 inhibitor [Ki (app) =15 nM, IC50 =45 nM].[31] 

This half maximal inhibitory concentration (IC50) is lower than the majority of reported 

values[3, 32] most likely due to the different assay conditions, such as incubation time and 

buffer pH.[5, 29] Overall, this inhibitor assay demonstrated that our sensing system can be 

employed to rapidly screen for anti-Mpro therapeutic agents.

We further cross-tested several mammalian proteins against our sensing system, including 

bovine serum albumin (BSA), hemoglobin, α-amylase (i.e., digests α−1,4-glucosidic bond 

in starch), thrombin (i.e., cleaves Arg-Gly bond in fibrinogen), and trypsin (i.e., cleaves at 

C-terminus of Arg or Lys). As shown in Figure 4g, no particle aggregation was detected 

in the presence of BSA and hemoglobin, indicating good compatibility of the sensor 

with common proteins. Similarly, no optical signal was addressed by addition of other 

enzymes such as α-amylase or thrombin. Nonetheless, arginine-specific proteases such 

as trypsin caused false positive results. ESI-MS data confirmed that ZY7 substrate was 

recognized by trypsin at the C-terminal of arginine at P4’ site, exposing a short CGRGC 

fragment that causes the AuNP aggregation (Figure S2i). Indeed, this short fragment was 

also found when the assay was performed in saliva (Figure S2h) leading to background 

signal (the pooled saliva could contain Arg-gingipains implicated in periodontal disease).[33] 

As a viable strategy to suppress such a side effect and use our sensor in other clinical 

samples containing trypsin-like enzymes, we mutated the aggregating amino acids with their 

D-enantiomers to create a new DS12 peptide; see Table 1. The results assaying from the 

DS12 substrate showed improved proteolytic resistance to trypsin (Figure 4h). Remarkably, 

no background activation was observed for the sensor based on DS12 in saliva media (see 

Figure S5j). Despite these expectations, the LoD for Mpro using DS12 substrate showed an 

approximately 3-fold reduction comparing to that of ZY7 substrate (Table 1). The loss in 

sensitivity is in alignment with previous reports of a 4-fold reduction in Mpro efficiency on 

alteration of the P4’ arginine.[19]
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The relevance of peptide/AuNP-based protease detection resides in its simplicity where no 

complex bioconjugation techniques or readout instrumentation are required. This allows 

for the large-scale implementation of qualitive diagnostics for protease markers. Tests like 

these can be easily affixed to routinely used face coverings turning them into easy-to-use 

diagnostic kits. We have previously reported the design and integration of a sticker-based 

testing platform that can be attached to face coverings for bio-detection.[34] Herein, we 

adapted the test onto a flow-cell inspired Mpro sensing strip (Figure 5a,b). The strip 

consisted of two pad lanes: (i) A test lane decorated with 50 μM of ZY7 peptide, and 

(ii) a positive control lane loaded with 50 μM of peptide fragment (YF15). This peptide 

fragment is the most potent aggregating domain from all the peptides listed in Table 1. 60 μL 

of BSPP-AuNPs was housed in the blister pack and used for readout or color agent (Figure 

5b). In principle, one pink and one purple lane would signify a COVID-negative test, while 

two purple lanes indicate a positive test for the presence of Mpro.

We determined the LoD for Mpro on the sensing strip. As illustrated in Figure 5c, various 

concentrations of Mpro in EBC (0−100 nM, with respect to 30 μL volume) were tested at 10 

min. The test lanes incubated with Mpro more than 40 nM started to appear as purple color, 

indicating positive test results. We thus conclude that the sensor LoD for Mpro is similar in 

both solution and semi-solid (i.e., polyester pad) phase, 30−40 nM.

In a real scenario for a COVID-infected patient, the strip/pad affixed on a face covering 

would collect the respiratory droplets that harbor Mpro biomarker (for 8 h or a normal 

workday). Meanwhile, on the absorbent pad the concentrated Mpro proteases start to cleave 

the pre-loaded ZY7 peptide. At the end of the day, the BSPP-AuNPs in the blister pack are 

released and moved to the absorbent pad via capillary action to interact with the peptides 

for 10 min readout. The present sensing device has been demonstrated to be suitable support 

for detecting α-amylase in our previous work.[34] As a proof-of-concept experiment, we 

show here ten EBC samples collected from the COVID-negative volunteers (i.e., verified 

by PCR test) and showed no false positives (Figure 5d). This result was also collaborated 

with solution-phase assays where no alterations in ratiometric signals were detected (Figure 

5g). Ongoing work focuses on evaluating these with EBC and saliva from COVID-positive 

subjects.

Conclusion

A universal formula of zwitterionic peptide, (Asp)n−(AA)x−(Arg)m, is reported to modulate 

the dispersity of AuNPs and applied for a colorimetrical detection of Mpro, a protease 

implicated in SARS-CoV-2 viral replication. We built a label-free peptide (ZY7) that carries 

net neutral charge causing no aggregation of negatively charged BSPP-AuNPs. While 

enzymatic cleave of ZY7 by Mpro releases a positively charged fragment that triggers 

the collapse of gold suspension via electrostatic interactions. By quantifying the color 

change with measurable absorbance ratio, we have determined that our sensor performs best 

in EBC with an LoD of 33.4 nM using the ZY7 peptide. This rapid and reproducible 

color change provides a simple platform for inhibitor-screening targeting at Mpro. We 

assayed ten COVID-negative human subjects and found no false-positive result. Overall, the 

present AuNP-based colorimetric assay does not require tedious bioconjugations or specific 
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instrumentations, and hence can be easily integrated into qualitative diagnostic kits for daily 

use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The surveillance approach uses a color change based on peptide-gold assembly. (a) 

Schematic illustration of the aggregation of bis(p-sulfonatophenyl)phenylphosphine-coated 

gold nanoparticles (BSPP-AuNPs) caused by the proteolytic hydrolysis of the intact peptide 

where the net charge of intact peptide and its fragment is reversed. The green cartoon 

designates proteases, i.e., Mpro; the tandem hexagon represents a modular zwitterionic 

peptide with a Mpro recognition site. (b) The colorimetric test could be coupled with face 

coverings with a lateral flow strip to indicate COVID infection in-situ (top). White-light 

image of BSPP-AuNPs after incubating with the proteolytic products. The visual color shifts 

from ruby red to violet-blue with increasing amount of Mpro from 0−200 nM (bottom). (c) 

TEM images of the dispersed BSPP-AuNPs (top) and proteolysis-induced gold aggregates 

[bottom, (i)]. The flocculated AuNPs can be redispersed using ionic surfactant additives, 

such as sodium dodecyl sulfate [SDS, (ii)], due to the restored electrostatic repulsion.
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Figure 2. 
Modular zwitterionic peptide and protease-induced gold aggregation. (a) Peptide ZY7 has 

three domains, including a charge-shielding (DDD), a Mpro recognition (LQ↓SG), and 

an aggregating site (RCGRGC). The net charge of ZY7 and its aggregating fragment is 

0 and +3, respectively. (b) HPLC and ESI-MS data show that Mpro selectively cleaves 

the ZY7 peptide at the C-terminus of glutamine (Q). Peak with * is the product. (c) 

The color evolution of BSPP-AuNPs (3.8 nM, 50 μL) in the presence of pre-cleaved 

ZY7 fragments. Shown are the cropped images with a color bar where purple represents 

more aggregation. The particle aggregation kinetic is concentration- and time-dependent, 

as shown in horizontal and vertical directions. (d) DLS profiles of BSPP-AuNPs (3.8 nM, 

100 μL) incubated with increasing concentrations of ZY7 parent peptide (blue) and ZY7 

fragments (red). No change of the hydrodynamic diameter (DH) for BSPP-AuNPs was 

observed when incubated with ZY7 peptide, while such a change became sizable in the 

presence of ZY7 fragments of more than ~3 μM. (e) Zeta potential measurements of AuNPs 

(3.8 nM, 100 μL) incubated with increasing concentrations of ZY7 parent peptide (blue) and 

ZY7 fragments (red). The ZY7 fragments adsorbed to the particle and altered the surface 

charges from −26.5 to −2.5 mV. Error bars represent triplicate measurements for one sample. 

(f-g) The time progression of optical absorption of AuNPs (3.8 nM, 50 μL) when incubated 

with ZY7 parent peptide and its fragments (c = 6.0 μM). The curves from red to purple were 

recorded every 10 min for 2 h. Noticeable peak changes were observed at 520 and 600 nm 

for a fragment-AuNP mixture.
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Figure 3. 
Operation window of the sensing system and limit of detection (LoD) for Mpro. (a) 

Ratiometric signal (Abs600/Abs520) collected from BSPP-AuNPs (3.8 nM, 100 μL) 

incubated with various amount of ZY7 parent (blue) and fragments (red). The working 

window for ZY7 substrate is 3.2−55.3 μM. (b) Time progression of absorbance ratio in the 

enzyme assay, where a fixed amount of ZY7 substrate (50 μM) is incubated with increasing 

concentrations Mpro (0−200 nM). The test media is exhaled breath condensate (EBC). The 

data points were read every 1 min for 1 h. (c) The absorbance ratio as a function of Mpro 

concentration, where ZY7 substrate (50 μM) is used. The determined LoD for Mpro is: 27.7 

nM in Tris buffer (TB), 33.4 nM in EBC matrix, and 68.4 nM in saliva. Note that the 

readout time is 20 min for saliva. The linear regions used to calculate LoDs can be found in 

Figure S5d. Error bar = standard deviation. (d) The absorbance ratio as a function of Mpro 

concentration in three biofluids, where MS7 (control) substrate (50 μM) is used. Readout 

time is set to be 10 min.
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Figure 4. 
Tunning sensitivity and specificity of the sensor. (a-c) The operation window of Mpro 

sensors based on NR10, OR8, and YR9 peptide, which contains 0, 1, and 4 arginine residues 

in its aggregating sequence, respectively; see Table 1. (d) The Mpro LoD of sensors based 

on four peptides of varying number of arginine: no LoD observed for NR10 and OR8 

substrate; 27.7 and 3.4 nM is determined for YR9 and ZY7 substrate, respectively. (e) 

Time progression of ratiometric signal (Abs600/Abs520) in inhibitor assays. Increasing molar 

ratio of [inhibitor]/[Mpro] from 0−10 was employed. The control curve (Ct.) designates 

inhibitor only without Mpro additive. (f) A typical inhibition titration curve fitted with the 

Morrison equation (Eqn. S2) is shown for the competitive inhibitor, GC376.[30] Inset shows 

the chemical structure of GC376 inhibitor. A Henderson equation was applied to resolve the 

apparent inhibitor dissociation constant, Ki (app) =15 nM, and active enzyme concentration, 

[E]0 =60 nM (out of 100 nM). The IC50 is 45 nM. (g) Sensor activation by other mammalian 

proteins (100 nM), including bovine serum albumin (BSA), hemoglobin, α-amylase (100 

U/mL), thrombin, and trypsin. Assay with and without Mpro is included as positive and 

negative control. (h) The response of sensors based on ZY7 and DS12 substrate to Mpro or 

trypsin in Tris buffer. LoD for Mpro is 27.7 and 114.4 nM for ZY7 and DS12, respectively; 

LoD for trypsin is 9.7 and 30.3 nM for ZY7 and DS12, respectively.
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Figure 5. 
Portable device for protease detection. (a) Structural illustration of the flow-cell device on a 

face covering for colorimetric sensing. The vents allow the transmitted respiratory droplets 

to be concentrated on the absorbent pad. The reagent yielding color change is packed in 

the reservoir. More details about the flow strip can be found in Table S1. (b) A white-light 

image of the assembled sensing trip, equipped with a BSPP-AuNP dispersion in the blister 

pack, ZY7 peptide on the test lane (left, dash box), and YF15 peptide on the positive-control 

lane (right, dash box). Scale bar of 1 cm is shown. (c) The sensing strip’s LoD for Mpro 

is estimated to be 30–40 nM. Monodispersed BSPP-AuNPs appear as pink-red, while the 

clustered gold aggregates by peptide fragments appear as violet-blue. (d) Strip testing of 

Mpro marker on COVID-negative participants (NP#, n=10). All test lanes show pink-red in 

the absence of SARS-CoV-2 protease. SEM images of non-aggregating AuNPs on the red 

lane (e) and clustered AuNPs (f) on the purple lane. (g) Sensor testing on aqueous EBC 

matrices collected from COVID-negative subjects (n=10). No absorbance ratio change/false 

positive was noticed.
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