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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Host protein marker of SARS-CoV-2 can 
be sensitively detected. 

• Picomolar sensitivity can be achieved 
through photochemical amplfication 

• Peptide-based fully synthesizable probe 
enables cheap and fast detection. 

• Direct detection in fractioned clinical 
tissue samples is possible.  
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A B S T R A C T   

To combat the new virus currently ravaging the whole world, every possible anti-virus strategy should be explored. As 
the main strategy of targeting the virus itself is being frustrated by the rapid mutation of the virus, people are seeking 
an alternative “host targeting” strategy: neutralizing proteins in the human body that cooperate with the virus. The 
cathepsin family is such a group of promising host targets, the main biological function of which is to digest the 
extracellular matrix (ECM) to clear a path for virus spreading. To evaluate the potential of cathepsin as a host target, we 
have constructed a biosensing interface mimicking the ECM, which can detect cathepsin from 3.3 pM to 33 nM with 
the limit of detection of 1 pM. Based on our quantitative analysis enabled by this biosensing interface, it is clear that 
patients with background diseases such as chronic inflammation and tumor, tend to have higher cathepsin activity, 
confirming the potential of cathepsin to serve as a host target for combating COVID-19 virus.  
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1. Introduction 

COVID-19 virus rampages across continents, and the situation is dire 
[1]: complete extermination of this threat is going to take decades, and 
effective vaccines are still years away. The therapy we can currently rely 
upon are mainly small molecule and antibody-based drugs targeting key 
virus proteins [2], but these proteins mutate so fast that the long-term 
effectiveness of any such drug cannot be guaranteed [3]. Should this 
direct targeting strategy fail, the globalized civilization may seem to face 
the real danger of being overwhelmed by the virus. To increase our 
chance of winning this anti-virus war, an alternative targeting strategy is 
urgently needed and can be developed in parallel to the direct targeting 
strategy. “Host targeting” is such a strategy: the virus relies heavily on 
proteins of the human body to complete its life cycle, so inhibiting those 
proteins working with the virus can also check the virus [4]. One 
promising group of such host target proteins is the cathepsin family of 
enzymes [5] for regulating the extracellular matrix (ECM). Cells secrete 
enzymes and other bioactive factors to modify the components of ECM, 
leading to altered biological properties of the ECM [6] which can in turn 
influence the spreading of the virus. Central to this cross-talk is the 
pro-viral spreading interactions of the secreted factors with the ECM 
components [7]. In the past, information on these interactions is usually 
inferred from the quantification and activity assay of the various factors 
fractioned from the sample. The complete image of the interactions can 
only be pieced together by combing the results of several separated as-
says. Recently, with the development of biosensing and interface 
nanotechnology [8,9], it is now possible to construct biosensing in-
terfaces mimicking the ECM. In such a biomimetic sensing system, the 
secreted bioactive factors could interact with the sensing interface in 
similar ways as with the ECM, resulting in analogous biophysical and 
biological changes in the biosensing interface. 

An ECM mimicking biosensing interface has been designed here to 
evaluate the potential of cathepsin B in facilitating virus spreading 
through digesting the basement membrane [10,11]. The basement 
membrane consists mainly of proteoiscan which are formed by protein 
components attached with oligosaccharides such as heparin. Heparin 
can serve as a temporary reservoir of enzymes and other factors [12]. 

The secreted enzymes can digest the protein and heparin components of 
the basement membrane [13], and can also activate the other factors 
stored in heparin, by enzymatic cleavage [14]. The cytokines and 
growth factors, etc, thus released, can then complete the cross-talk with 
the virus-infested cells. A similar process can take place in a biosensing 
interface as is designed (Scheme 1) here. The interface is formed by 
designed peptide probes immobilized on the electrode surface. These 
probes, like the protein components of ECM, contain both the attaching 
sites of heparin and the motifs that can be recognized and modified by 
enzymes and other factors. A network mimicking the basement mem-
brane can be constructed from the probes and heparin. The secreted 
enzymes and bioactive factors from the virus-infested cells can firstly be 
enriched by heparin that presenting many binding sites of low affinity, 
as in the case of the native ECM. Then interactions of the secreted factors 
and the specific sites on the peptide probes can initiate biosensing re-
actions that can finally digest the heparin network, similar to the 
digestion of the ECM in the virus spreading process. Through this bio-
mimetic sensing process, the factor secreting activity of virus infested 
cells can lead to similar biophysical and biological changes as observed 
in virus spreading. 

2. Experimental 

Chemicals and biological materials. Peptide probe 1, for cathepsin 
B (11-Mercaptoundecanoic acid (MUA)K-DAHKI-(ARKKAA-
KA)3VLVLVLVL), and probe 2, for TGF beta 1 ((MUA)K–FSHF-(ARK-
KAAKA)3VLVLVLVL), were custom-synthesized as lyophilized powder, 
purity>95%, by Shanghai Science Peptide Co, Ltd. Cathepsin B, TGF 
beta 1 and anti-TGF beta 1 antibody as its inhibitor, were from R&D 
system. MUA, 9-mercapto-1-nonanol (MN), benzylviologen (BV) and 
cucurbit [8]uril (CB [8]) were from Sigma-Aldrich. All the other 
chemicals were of analytical grade. The solutions of the peptide probe 
were prepared by dissolving the powder into 10 μM with 10 mM phos-
phate buffer solution (PBS) (pH 7.4). The label in Scheme 1 b was pre-
pared as follows: Briefly, BV and CB [8] powder of equal molar amounts 
were dissolved in 10 mM PBS (pH 7.0) to 750 μM followed by moderate 
vortex-agitating overnight. This solution was freshly prepared each time 

Scheme 1. The proposed method to detect cathepsin and the associated growth factor. (a) The assay for cathepsin. (b) The assay for growth factor. Not drawn 
to scale. 
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and was brought to its experimental application immediately after the 
agitation process. The lyophilized powder of cathepsin was dissolved 
with 25 mM MES (2-(N-morpholino)ethanesulfonic acid), pH 5.0 to 
various desired concentrations as the standard samples. The original 
buffered TGF was dissolved with 10 mM PBS, pH 7.4 to the desired 
concentrations. All solutions were prepared with double-distilled water, 
which was purified with a Milli-Q purification system (Branstead, USA) 
to a specific resistance of 18 MΩ cm. WM793 cell (ATCC) was main-
tained in Tu2% (80% MCDB153, 20% Leibovitz’s L-15, 2% fetal bovine 
Serum, 5 μg/mL insulin and 1.68 mM CaCl2) medium, and maintained in 
a humidified atmosphere with 5% CO2 at 37 ◦C. For the detection, the 
cells were plated in 24 well culture plates (Nanjing Protein in Biotech-
nology Co.) and were incubated with various concentrations of anti-TGF 
for three days, with the control groups maintained in the same condition 
in the absence of the antibody. The cell culture medium was then 
collected for subsequent detection. Cell viability was also assessed by 
MTT-reducing capacity. For the detection of clinical samples, serum 
samples were collected from patients (15 for AD and 15 for PD) at The 
Second Hospital of Nanjing after elected consent by the local ethical 
committee. 15 serum samples of healthy individuals were also collected 
as the control. 

2.1. Electrode treatment 

Transparent Au slides (Aldrich, layer thickness 100 Å) were cut to fit 
the size of the cuvette used for spectra measurement. These slides were 
cleaned by sonicating for 20 min in ethanolamine (20 wt %) at around 
50 ◦C, followed by immersion for 10 s in piranha solution (Caution: 
piranha solution is dangerous and should be handled with care). After dried 
under a mild stream of nitrogen, the slides were immersed in the as-
sembly solution (2.5 μM probe 1 or probe 2 and 5 mM Tris (2-carbox-
yethyl)phosphine hydrochloride (TCEP) in 10 mM PBS, pH 7.4) at 4 ◦C 
for 16 h, TCEP was adopted to prevent disulfide formation between 
peptide probes. The slides were then immersed in 9-mercaptononanol 
(MN) solution (1 mM MN in 10 mM PBS, pH 7.4) at room temperature 
for 3 h. The electrode was then incubated at room temperature for 30 
min, with 10 μM CuCl2 in the case of probe 1 modified electrode, or with 
750 μM label in the case of probe 2 modified electrode. After gentle 
rinsing with ddH2O, incubation with 3.5 μM heparin was conducted for 
30 min, followed by gentle rinsing with ddH2O. 

2.2. Detection 

Standard samples of cathepsin/TGF or culture media collected from 
TGF inhibitor incubated cells were incubated with the slide at 37 ◦C for 
the proper time. For probe 1 modified electrode, using the slides as the 
working electrode, the whole mixture was brought under cyclic vol-
tammetric scans with proper scanning parameters, to induce the diges-
tion of the sensing layer. For probe 2 modified electrode, the slide was 
dipped in 10 mM PBS pH 7.4 and exposed to UV radiation (PLS-LAM500 
high-voltage mercury lamp, Perfectlight Co, Ltd.) for 6 min. After gentle 
rinsing, the slide could be employed for electrochemical measurement. 

2.3. Experimental measurements 

Isothermal titration calorimetry (ITC) measurements were conduct-
ed using a MicroCal ITC200 System (GE healthcare life sciences). The 
titration was conducted at 25 ◦C. The titration schedule consisted of 38 
consecutive injections of 1 μL with at least a 120 s interval between 
injections. Heats of dilution, measured by titrating beyond saturation, 
were subtracted from each data set. All solutions were degassed before 
titration. The data were analyzed using Origin 7.0 software. Electro-
chemical measurements were carried out on a CHI660D Potentiostat 
(CH Instruments) with a conventional three-electrode system: the 
modified electrode as the working electrode, a saturated calomel elec-
trode (SCE) as the reference electrode, and a platinum wire as the 

counter electrode. Square wave voltammograms (SWVs) were recorded 
in 10 mM PBS, pH 7.4, which was deoxygenated by purging with ni-
trogen gas and maintained under this inert atmosphere during the 
electrochemical measurements. The experimental parameters for EIS: 
bias potential, 0.224 V vs. SCE; amplitude, 5 mV; frequency range, 0.1 
Hz–10 kHz electrolyte solution: 5 mM Fe(CN)6

3− /4− with 1 M KCl. The 
data are obtained from at least three times of repetitions of independent 
experiments, error bars are shown in the figures. 

3. Results and discussion 

Shown in Scheme 1 is the proposed method to detect secreted 
cathepsin and the associated growth factor as a means to analyze the 
potential of cathepsin B in facilitating virus spreading. In scheme 1a is 
illustrated the assay for the secreted Cathepsin B. Probe 1 is first 
immobilized on the electrode surface (step a1) by its mercapto group- 
containing immobilizing motif (green sequence), then Cu (II) ion is 
complexed (step a1) by the Cu ion binding motif [15] (black sequence), 
this motif can also serve as the specific substrate of cathepsin [16]the 
heparin-binding heparin-binding motif [17] (violet sequence), heparin 
can be assembled on the electrode surface (step a2). So, on the electrode 
surface is formed a biosensing layer composed of peptide and heparin, 
presenting the binding and activating sites of secreted factors such as the 
target enzyme. 

The secreted target enzyme can first be enriched by the weak binding 
sites on the heparin layer, just as in the case in the native basement 
membrane. Then the activity of the target enzyme can destroy the Cu 
binding sites (step a3) of the peptide probes, thereby the peptide com-
ponents of the sensing layer are destroyed. And, similar to the digestion 
of protein components of the basement membrane can lead to the 
release of bioactive factors, the Cu ion can be released from the peptide 
probes, and then bind with the weak binding sites presented in the 
heparin layer. Using the electrode to provide reducing power, the Cu II 
ion residing in the heparin layer can be reduced to Cu I, which, due to its 
instability, automatically become oxidized back to Cu II, simultaneously 
generating reactive oxygen species [18,19], mainly hydroxyl radical 
[20]. These radicals can then induce the radical depolymerization of 
heparin (Step a4). 

On the other hand, in the absence of the enzyme cleavage, the pep-
tide probes remain intact. Cu ion complexed in the peptide probes can 
still generate hydroxyl radical from the solvent H2O. However, due to its 
high instability, this reactive species cannot diffuse very far from its site 
of generation, before reacting with the assembled biomolecules or the 
solvent [21,22]. Therefore by optimizing the conditions of the electro-
chemically controllable Cu ion reduction, it may be possible to keep the 
heparin away from the attacking the reactive oxygen species. 

The general layout of the assay for transforming growth factor-beta 1 
(TGF beta1), shown in scheme 1b, is similar to that in 1a. The peptide 
probe also consists of the three motifs for immobilizing (black 
sequheparin-bindingrin binding (violet sequence), and the motif in be-
tween (orange sequence) that is responsible for binding either with the 
label or with the target protein TGF be1 [23]. This sequhigh-affinityle 
forms the high affinity binding sites of the TGF, while inside this 
sequence there are also two tryptophan moieties (for the clearance of 
presentation, these are represented by one hydroxylphenyl group in 
Scheme 1) that can bind with the label [24]. This label is benylviologen 
(BV) complexed by cucurbit [8]uril (Q8) which we have previously 
employed to recognize other aromatic residual containing peptides in 
protein biosensing [24]. After formation of the sensing layer (steps b1, 
b2), the target TGF enriched by heparin can bind with the peptide 
probes to replace the relatively weak binding labels (step b3), these 
released labels then become trapped inside the heparin layer. UV radi-
ation can be employed to excite the Q8 caged BV to generate reactive 
oxygen species [24] (step b4). Following a similar rational as the above 
Cu catalyzed reaction, this reaction can be tuned to differentially in-
fluence the heparin layer in the absence/presence of the target TGF. In 
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both these assays, the target-induced digestion of the sensing layer is 
probed with an in-solution electroactive reporter [Fe(CN)6]3-/4- to 
generate the final signal readout. 

The proper functioning of the designed probe has been firstly vali-
dated with various experiments. Fig. S1 shows the Cu binding ability of 
the surface immobilized probe 1 before/after cleavage by the target 
enzyme. Before enzyme cleavage, relatively strong binding with Cu II 
ion can be observed, while the enzyme cleavage can completely abolish 
the binding by destroying the binding sites on the electrode surface. The 
recognition of the label and the target TGF by probe 2 is studied using 
isothermal titration calorimetry (ITC), (Figs. S2a and b). Probe 2 can 
bind strongly to both targets, but its binding with target TGF is stronger. 
Meanwhile, the interactions between heparin and various species 
involved in the above design have also been studied (Figs. S2c–f). It can 
be seen that the Cu ion, the target enzyme, the label, and the target TGF 
can all have weak interactions with heparin. So the heparin layer of the 
above design may serve to pre-enrich the target enzyme and TGF, and 
can also trap the Cu ion or the label released by their respective probe- 
target interactions. 

Electrochemical impedance spectra have also been recorded through 
the procedure of sensing layer preparation and detection (Fig. S3). For 
the assay of the target enzyme (Fig. S3a), the bare electrode appears as a 

straight line on the graph (curve a), indicating nearly no impedance to 
electron transfer. After surface immobilization of the peptide probes, the 
impedance increases and manifested as a semicircle of moderate radius 
(curve b). Subsequent formation of the heparin layer drastically in-
creases the impedance (curve c), due to its strong repulsion with the 
negatively charged [Fe(CN)6]3-/4-. After interaction with the target 
enzyme, the impedance shows no evident change (curve d), since the 
effect of enzyme cleavage and the retaining of the enzyme inside the 
sensing layer may counteract each other. However, after electrochemi-
cally controlled Cu catalyzed depolymerization of heparin, the imped-
ance decreases (curve e), to a level lower than that of the peptide- 
modified electrode, showing the cleavage of the probes by the target 
enzyme. For the assay of the target TGF (Fig. S3b), the bare (curve a), 
peptide modified (curve b), and heparin-coated (curve c) electrodes 
behave similarly to their respective counterparts above (Fig. S3a curve 
ãc). The binding of the target TGF also induces an only slight increase of 
the impedance (curve d), while after UV radiation-induced digestion, 
the impedance also decreases dramatically (curve e), but does not 
dropping below the level of the peptide modified electrode. 

Experimental conditions of the designed assays are then investigated 
and optimized. The signal-to-background ratio depends on proper con-
trol over the density of the heparin layer and the electrochemical/ 
photochemical digestion, corresponding to the two assays (Scheme 1a, 
b). The density of the heparin layer is first studied by comparing the 
signal and background responses of [Fe(CN)6]3-/4- obtained on sensing 
layers formed by different concentrations of heparin (Fig. S4, first row). 
With the increase of heparin surface density, the background is gradu-
ally suppressed, but an excessively thick surface layer gradually blocks 
the signal response, so the largest signal-to-background ratio is obtained 
before the concentration for heparin surface coating becomes surplus. In 
the second and the third rows of Fig. S4, the proper control over the 
electrochemical digestion is investigated by varying parameters such as 
the range of potential scanning (the second row of Fig. S4) and the 
duration of the scanning (the third row of Fig. S4). By up-regulating both 
parameters, the increase of the signal response is more evident than that 
of the background (Fig. S4b’ and S4b’’), so the optimal conditions can be 
obtained before the electrochemical digestion become surplus. The in-
crease of the background under excessive electrochemical conditions 
may be explained as the Cu ion trapped between the peptide probes 
began to generate the surplus amount of reactive oxygen species that can 
start to digest the heparin layer. For the detection of the target TGF, a 
similar phenomenon can be observed (the fourth row of Fig. S4), and the 
optimal conditions can be obtained before the parameters of 

Fig. 1. Square wave voltammograms (SWVs) of [Fe(CN)6]3-/4- for quantitative analysis of cathepsin (a) and TGF (b), following steps a1~a5 and b1~b5 of Scheme 1, 
respectively. Insets show the peak currents in (a) and (b) as a function of the concentration of their respective targets. Linear regression between the peak currents 
and the logarithm of target concentration has also been shown. Error bars indicate the standard deviation (n = 3). 

Fig. 2. SWVs of [Fe(CN)6]3-/4- showing the specificity of the proposed assay in 
detecting cathepsin (a), TGF (b), and various control species. Control species in 
(a), blank control (PBS 10 mM, pH 7.4), or 33 nM of TGF, HSA, denatured 
cathepsin and metalloprotease 9; control species in (b), blank control or 10 nM 
of cathepsin, HSA, TNF-alpha and denatured TGF. 
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photochemical digestion become surplus. 
Under these optimized conditions, the proper incubation time 

required for the interactions with the target enzyme and TGF is inves-
tigated (Fig. S5), and a quantitative signal response can be obtained for 
the detection of both targets (Fig. 1). For Cathepsin B, a linear range of 
detection can be established from 3.3 pM to 33 nM (Fig. 1a inset), with 
the limit of detection (LOD) defined at a signal-to-noise ratio of 3:1 as 
low as 1 pM, while the linear range for TGF beta 1 is from 1 pM to 10 nM 
(Fig. 1b inset), LOD: 0.42 pM. For both targets, satisfactory specificity of 
detection can also be obtained (Fig. 2), with the various control species 
only yielding negligible signal response similar to the blank control. 

COVID-19 patients with background diseases are known to have a 

higher rate of mortality, while host targets such as cathepsin also have 
elevated activity in such background diseases as chronic inflammation 
and tumor. To study this elevated activity in the background disease, the 
proposed method is then employed in analyzing the factor-secreting 
activity of human melanoma cell (WM793 cell) in connection with its 
ability of proliferation. WM793 cells incubated with an inhibitor of the 
TGF show decreased power of proliferation (Fig. 3a), this is paralleled 
with decreased secretion of the target enzyme and TGF in an inhibitor 
dose-dependent manner (Fig. 3b and c and their insets). A sensing layer 
similar to that shown in Scheme 1b, but with cathepsin B embedded in 
the heparin layer is also employed to detect the target TGF (Fig. 3d), the 
result is largely similar to that of Fig. 3b, only that the detected TGF 

Fig. 3. Detection of the cell secreted cathepsin and TGF, in connection with cell proliferation. (a) MTT assayed cell viability of WM793 (red line) treated with 
different amounts of TGF inhibitor, as shown on the graph. Controls are from the same culture of the cell but without incubating with the inhibitor (black line). Error 
bars indicate the standard deviation (n = 3). (b) SWVs are the signal responses in detecting secreted cathepsin in the culture media of the cells treated with the 
inhibitor, as in (a). Inset shows the detected cathepsin concentration as a function of the amount of inhibitor. The concentrations are obtained by applying the above 
regression formula to the recorded peak current values. (c) and (d) are similar results obtained in detecting secreted TGF and total secreted TGF, including the latent 
TGF, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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become more abundant, this may be explained as that the secreted latent 
TGFs are digested by the heparin-embedded enzyme to mature and to 
initiate subsequent biosensing steps [25]. So, by a slight modification of 
the original design, more sophisticated aspects of the factor-secreting 
activity can be studied using the proposed method. The analytical per-
formance of the proposed method has also been compared with 
commercially available ELISA assays (Table S1), their performance are 
comparable. 

Elevated cathepsin activity and the associated ECM reformation are 
frequently observed in many inflammatory conditions that deteriorate 
the survival rate of COVID patients [26]. Specifically, the virus 
spreading process always involves both the secretion of enzymes to 
digest the ECM components and the secretion of various growth factors 
and cytokines to orchestrate the behavior of the resident cells [27]. 
Employing the above developed method, clinical serum samples are 
prepared and the abundance of secreted Cathepsin B and TGF beta 1 is 
detected (Fig. 4). 

4. Conclusion 

In this work, we have constructed a bio-mimetic sensing surface to 
evaluate the potential of cathepsin B as a “host target” for COVID-19. 
Our quantitative analysis obtained using this biosensing interface 
shows clearly that those patients with background diseases such as 
chronic inflammation and tumor tend to have high cathepsin activity, 
coherent with the fact that COVID-19 mortality is much higher for those 
with background disease, confirming the potential of cathepsin to serve 
as a host target for combating COVID-19 virus. 
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