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A B S T R A C T

The transmembrane protease serine 2 (TMPRSS2) plays a crucial role in the cellular entry of coronaviruses, 
making the search for its inhibitors pertinent for developing novel antiviral drugs. Cell membrane chromatog
raphy (CMC) is a novel methodology that immobilizes membrane receptors on silica gel, utilizing chromato
graphic techniques to discover new drugs. To enhance the accuracy of this method, this study employed styrene- 
maleic acid (SMA) copolymers for protein extraction His-tag for protein immobilization, which would minimize 
alterations to the biological structure of TMPRSS2. Methodological validation demonstrated that this model 
offers improved reproducibility and longer column lifespan compared to traditional CMC columns, alongside 
superior screening performance. Utilizing this model, a screening campaign was conducted against a commercial 
small molecule library containing 3010 compounds. Preliminary activity validation revealed that the screened 
famotidine and TS0665 effectively inhibited pseudovirus infection of cells. These findings provide an experi
mental foundation for the subsequent development of antiviral therapeutics.

1. Introduction

Coronaviruses primarily invade host cells via the membrane fusion 
pathway, leading to pneumonia characterized by high infection rate and 
severe symptoms, which poses a significant threat to global human 
health [1]. Studies indicate that TMPRSS2 plays a critical role in the 
membrane fusion process [2]. It cleaves two key spike proteins of the 
coronavirus, thereby activating the virus and facilitating its fusion with 
target cells [3,4]. Consequently, developing TMPRSS2 inhibitors rep
resents a promising strategy for identifying therapeutic agents against 
coronaviruses [5].

Currently known TMPRSS2 inhibitors include camostat [6] and 
nafamostat [7]. Camostat, a serine protease inhibitor, exhibits potent 
antiviral activity by targeting TMPRSS2 [8,9]. Nafamostat, another 
small-molecule serine protease inhibitor, is clinically used as an anti
coagulant [10] and has demonstrated efficacy against both type A 

influenza and coronaviruses. However, no TMPRSS2 inhibitor has yet 
shown significant clinical benefits in alleviating COVID-19 symptoms 
[11]. Hence, discovering novel TMPRSS2 inhibitors remains of great 
practical importance.

Common methods for screening membrane protein targets include 
virtual screening [12], fluorescence-based assays [13], and in vitro 
immobilized membrane protein screening [14]. Virtual screening may 
not always reflect actual binding interactions, while fluorescence-based 
methods are often limited in scalability and are unsuitable for high- 
throughput applications [15].

The concept of screening using membrane proteins in vitro origi
nated from the field of ‘bionics’, introduced by Otto Schmitt [16], with 
the aim of constructing functional models that mimic biological systems 
to address complex biomedical challenges. Notably, approximately 45 % 
of medicines exert their therapeutic effects by binding to receptor pro
teins located on the cell membrane [17]. By simulating this binding 
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process in vitro, screening accuracy and biological relevance can be 
significantly enhanced.

Cell membrane chromatography (CMC) is a biomimetic chromato
graphic method that can determine the binding characteristics between 
ligands and membrane receptors [18,19], and identify specific target 
components in a complex sample [20,21]. With the rapid development 
of receptor overexpression technology, engineered cell cultures, and 
immobilization strategy of membrane receptors, CMC technology has 
made significant progress over the past 30 years. However, due to the 
presence of large-molecular-weight protein tags and non-target proteins, 
the stability, selectivity and specificity of CMC are still compromised 
[22]. To address these issues, the extraction and functional immobili
zation of membrane proteins constitute two critically important steps in 
optimizing the screening platform.

Traditional detergent-based extraction may disrupt membrane pro
tein structures and introduce experimental bias [23,24], Furthermore, 
different membrane proteins often require specific detergents for 
extraction—a process that typically involves extensive empirical 
screening. In contrast, amphiphilic copolymers such as styrene-maleic 
acid (SMA) [25,26] offer a more efficient and generalizable alterna
tive. At pH 7–8, the hydrophobic segments bind to membrane proteins, 
excising them along with their native lipid environment, while the hy
drophilic segments face outward, forming water-soluble SMA lipid 
particles (SMALPs). This approach preserves the native protein structure 
and improves screening reliability.

Although SMALPs can be adsorbed onto silica gel for protein 
immobilization [27], this physical adsorption is often unstable, non- 
specific, and may lead to inaccurate screening results. To address this, 
covalent immobilization via chemical modification of silica and protein 
tagging can be used. However, the commonly used SNAP-tag [28,29], an 
affinity protein tag, has a relatively large molecular weight, which may 
interfere with the expression and tertiary structure of the target protein, 
thereby influencing screening outcomes. It is therefore necessary to 
select an alternative affinity tag with a lower molecular weight, For 
example His-tag [30].

In summary, we will optimize the screening model by integrating 
smaller tag based, His-tag, purification with SMA copolymer extraction 
technology. This combined approach enables targeted isolation of the 
receptor while preserving its native conformation, along with stable 
immobilization onto a solid-phase carrier. These improvements are ex
pected to significantly enhance the specificity and selectivity of the 
model. The optimized platform will subsequently be applied to screen a 
small-molecule library, with its reliability further validated through 
functional activity assays.

2. Materials and methods

2.1. Chemicals and reagents

Camostat, Levofloxacin, Metformin, Acyclovir, Clonidine was pur
chased from Yuan Ye Biotechnology Co., Ltd. (Shanghai, China). Acet
aminophen, Carbamazepine, Cilitizine, Moroxydine, Famotidine, 
Cimetidine was purchased from China National Institute for Food and 
Drug Control (Beijing, China). The small molecule library was purchased 
from Selleck Bioscience Co., Ltd. (Texas, USA). Methanol (chromato
graphic pure) was purchased from Thermo Fisher Scientific Co., Ltd. 
(Shanghai, China).

GAPDH antibody was purchased from SanYing Biotechnology Co., 
Ltd. (Wuhan, China). TMPRSS2 antibody was purchased from Wuhan 
ABclonal Technology Co., Ltd. (Wuhan, China). His-tag antibody was 
purchased from ProteinTech Biosciences Co., Ltd. (Wuhan, China). 
NaOH was purchased from Xinjinhua Chemical Co., Ltd. (Tianjin, 
China). Phosphate buffered saline (PBS) was purchased from Wuhan 
Saiwell Biotechnology Co., Ltd. (Wuhan, China). DMSO was purchased 
from GuangHua Science & Technology Co., Ltd. (Guangzhou, China). 
CCK-8 kit was purchased from MiShu Biotechnology Co., Ltd. (Xi’an, 

China). Fetal bovine serum (FBS) was purchased from Shanghai New
zerum Biotechnology Co., Ltd. (Shanghai, China).DiI membrane dye was 
purchased from Biyuntian Biotechnology Co., Ltd. (Shanghai, China). 
Boc-Gln-Ala-Arg-AMC (95 %) was purchased from MedChemexpress 
Biotechnology Co., Ltd. (Shanghai, China). Poly-L-lysine was purchased 
from Biyuntian Biotechnology Co., Ltd. (Shanghai, China).

2.2. Cell lines

TMPRSS2-His-tag HEK293T cell was constructed by Cyagen Biosci
ence Inc. (Suzhou, China). Calu-3 cell was purchased from Wuhan 
Procell Life Science & Technology Co., Ltd. (Wuhan, China). Caco2 cell 
was gifted from Lu Wen, a teacher of Xi’an Jiaotong University. All cells 
were cultured in carbon dioxide incubator (Celmate, Esco, Singapore), 
the condition is 5 % CO2, 37 ◦C.

2.3. Construction and characterization of high-expression TMPRSS2-his- 
tag HEK293T cells

The generation of HEK293T cells with high expression of TMPRSS2- 
His-tag was carried out by Cyagen Bioscience Inc. (Suzhou, China). Both 
negative control HEK293T cells (NC-HEK293T) and TMPRSS2-His-tag- 
expressing HEK293T cells were cultured and subsequently disrupted 
to obtain protein samples. The expression of TMPRSS2 was confirmed by 
using Quantitative Polymerase Chain Reaction (qPCR) and Western 
Blotting.

2.4. Preparation and characterization of SMA and VS silica gel

The SMAnh copolymer were hydrolyzed to yield SMA copolymer, 
and their chemical structure was confirmed by Fourier transform 
infrared spectroscopy (FT-IR) (Nicolet iS 50, Yingmei Electronic Tech
nology Co., Ltd., China). Under catalytic conditions, amino silica was 
reacted with divinyl sulfone for 12 h to obtain VS-functionalized silica 
(VS silica). The morphological features of the resulting VS silica were 
characterized using scanning electron microscopy (SEM) (GEMINI 500, 
Carl Zeiss, Germany).

2.5. Preparation and characterization of TMPRSS2-his-tag@VS/CMC 
stationary phase

TMPRSS2-His-tag HEK293T cells were cultured and disrupted. The 
resulting membrane fraction was collected by centrifuge and incubated 
with SMA copolymers for 2 h to form TMPRSS2-containing SMALPs. 
These SMALPs were then conjugated with VS silica via 12 h incubation, 
resulting in the preparation of TMPRSS2-His-tag@VS silica stationary 
phase. The morphology was characterized by using scanning electron 
microscope (SEM). Adding 200 μL DiI membrane dye into the solution, 
after 20 mins, photographed under immunofluorescence microscope 
(Ti-E-C2, Nicon, Japan) to verify the biological activity of the fixed 
phase.

2.6. System suitability for TMPRSS2-his-tag@VS silica/CMC model

The TMPRSS2-His-tag@VS silica gel stationary phase was packed 
into a chromatographic column (2.0 × 10 mm I.D. × L) by packing 
machine (RPL-10ZD, Ripley Technology Instrument Co., Ltd., China) to 
prepare the TMPRSS2-His-tag@VS/CMC analytical column. The column 
was then installed to high-performance liquid chromatography system 
(LC-2040C 3D, Shimadzu, Japan), sample analysis was carried out at 
37 ◦C with a flow phase of 5 mmol/L Na2HPO4⋅12H2O (pH 7.4) solution, 
and the flow rate of 0.20 mL/min. The sample injection volume was 5 μL 
for each sample, and diode array detector was used for full wavelength 
scanning of the sample.

To ensure the reliability of subsequent screening results, the appli
cability of the column was thoroughly validated. Both TMPRSS2- 
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positive and TMPRSS2-negative compounds were selected to evaluate 
the specificity and selectivity of the column. The intro-column repeat
ability was assessed by performing consecutive injections of the same 
sample on a single column. Meanwhile, three independently prepared 
CMC columns were used for parallel sample injections to determine the 
inter-column repeatability. Furthermore, to evaluate the column life
time, a freshly prepared CMC column was stored under appropriate 
conditions and one sample was injected daily over an extended period to 
monitor the degradation of chromatographic performance.

2.7. TMPRSS2-his-tag@VS silica/CMC model screening for potential 
inhibitory active compounds

The 3010 compounds in the library were pooled into groups of ten 
and formulated as 1 mmol/L screening samples. The integrity of the 
model was monitored by spiking with camostat (positive control) every 
eight samples. Samples were sorted by their relative retention time to 
the nearest camostat retention time. From these, mixed samples with the 
greatest relative retention times were identified, and each of their ten 
constituent compounds was prepared as a 1 mmol/L single-compound 
sample for further investigation of their retention profiles on the 
TMPRSS2-His-tag-CMC model.

2.8. TMPRSS2 intracellular enzyme activity assay

The intracellular proteolytic activity of TMPRSS2 was evaluated 
using a fluorogenic substrate to identify potential active compounds. 
The substrate Boc-Gln-Ala-Arg-AMC, which contains a fluorescent AMC 
group, was employed. Upon cleavage by TMPRSS2 in TMPRSS2-His-tag 
HEK293T cells, AMC is released,

Added poly-L-lysine to 96-well plate and overnight in incubator. The 
following day, the poly-L-lysine solution was removed, and the plate was 
washed twice with PBS. TMPRSS2-His-tag HEK293T cells were seeded at 
a density of 104 cells per well. After adhesion, the experimental group 
was added serum-free culture medium with concentration of 25 μmol/L, 
and the control group was added with an equal of DMSO, then the flu
orogenic substrate was added at final concentration of 50 μmol/L, fol
lowed by another 24 h of incubation. Subsequently, 65 μL of the 
supernatant from each well was transferred to a black 96-well plate, and 
fluorescence intensity was measured at room temperature using multi
functional microplate detection (BioTek Synergy Neo2, Agilent, USA), 
with excitation at 380 nm and emission at 460 nm.

2.9. Computer aided molecular docking

The interaction between small molecules and TMPRSS2 protein was 
simulated using the computational software SYBYL-X 2.0. The proced
ure was as follows: retired the three-dimensional structure of TMPRSS2 
from the Protein Data Bank (PDB ID: 7MEQ) and imported into SYBYL. 
Then sketch the structures of the small molecules within the software 
and subsequently energy-minimized. Molecular docking simulations 
were performed using the corresponding software module. The resulting 
poses were analyzed to determine whether each ligand was positioned 
within the protein’s active site, whether hydrogen bonds were formed 
with key amino acid residues, and to evaluate the number and distances 
of these hydrogen bonds.

2.10. Cell viability assay

Cells were seeded in 96-well plates at an appropriate density (Calu-3 
cells: 105 per well, Caco2 cells: 8 × 105 per well), no cells in blank group. 
After adhesion, the experimental groups were treated with TS0665 and 
famotidine at indicated final concentrations (Calu-3 cells: 1, 2, 5, 10, 20, 
50, 100 μmol/L; Caco2 cells: 1, 2, 5, 10, 20, 50, 100 μmol/L, 1, 5, 10, 20, 
50, 100, 200 μmol/L), while the control and blank groups received 10 μL 
of serum-free medium. Following 24 h of incubation, 10 μL of CCK-8 
solution was added to each well, mixed gently, and incubated for 1 h. 
The absorbance at 450 nm (OD450 nm) was measured using microplate 
reader (BioTek, USA) and cell viability was calculated using the 
following formula: 

Cell viability rate = (ODTtrated − ODBlank)/(ODControl − ODBlank)× 100% 

2.11. Investigation of the time of infection with pseudo virus

Calu-3 and Caco-2 cells were seeded in 96-well plates at logarithmic 
growth phase. After adhesion, 1 μL of SARS-CoV-2 pseudovirus was 
added to each well. The culture medium was replaced at 8, 24, and 48 
hpost-infection, followed by an additional 48-h incubation period. 
Subsequently, 30 μL of cell lysis solution was added to each well, and the 
plate was gently agitated. Following lysis at room temperature for 
approximately 3 min, 50 μL of luciferase substrate solution was added, 
and luciferase activity was measured using multifunctional microplate 
detection instrument in luminescence mode at a wavelength of 560 nm 
with an integration time of 1 s.

2.12. Inhibition activity of potential active compounds on infection of 
Calu-3 and Caco2 cells by SARS-CoV-2 pseudo-virus determined

Cells were seeded in 96-well plates at an appropriate density (Calu-3 
cells: 105 per well, Caco2 cells: 8 × 105 per well). After adhesion, the 
experimental groups were treated with TS0665 (10, 20, 50 μmol/L) and 
famotidine (5, 10, 20, 50 μmol/L), while control groups received an 
equivalent volume of compound-free culture medium. Following 2 h of 
incubation, 1 μL of SARS-CoV-2 pseudovirus was added to each well. 
Then Calu-3 cells were incubated for 8 h, and Caco-2 cells were incu
bated for 24 h. Subsequently, the supernatant was removed and replaced 
with fresh MEM medium supplemented with 10 % FBS. After 48 h of 
additional culture, luciferase activity in each well was measured using 
multifunctional microplate detection instrument in luminescence mode 
at a wavelength of 560 nm.

2.13. Statistical analysis

Graphpad prism 7 was used for data statistical analysis, and the re
sults were expressed as the mean ± standard deviation. Using t-test, p <
0.05 represented that the difference was statistically significant. (*p <
0.05, **p < 0.01, ***p < 0.001).

3. Results and discussion

3.1. Preparation and characterization of TMPRSS2-his-tag@VS /CMC 
stationary phase

The expression of TMPRSS2 was assessed using qPCR and western 

Table 1 
TMPRSS2 mRNA expression efficiency assay.

Human TMPRSS2 Human 
GADPH

ΔCT ΔΔCT 2− ΔΔCT Expressive efficiency

TMPRSS2-His-tag HEK293T 20.28 17.13 3.15 − 13.35 10,495.80 1,049,580 %
NC-HEK293T 33.41 16.91 16.50 0 1 100.00%
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Fig. 1. Verification of protein expression in cells. (a): TMPRSS2; (b): His-tag. ***P < 0.001, n = 3;

Fig. 2. Synthesis of SMA copolymers and extraction of membrane proteins. (a) Hydrolysis of SMAnh copolymers yields SMA copolymers. (b)The FT-IR spectrum of 
SMAnh copolymers(blue) and SMA copolymers(red). (c) Adding SMA copolymer to extract membrane protein, the membrane solution changed from turbid to clear. 
(d) The TEM images of the membrane solution before and after the extraction of membrane proteins from SMA copolymers. (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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Blotting. Compared to NC-HEK293T cells, TMPRSS2-His-tag HEK293T 
cells exhibited 10,495-fold increase in mRNA expression (Table. 1) and 
100-fold increase in protein expression (Fig. 1a). Additionally, His-tag 
expression was observed to be 15-fold higher (Fig. 1b). These results 
confirm the successful construction of the TMPRSS2-His-tag HEK293T 
cell.

The SMAnh copolymer contains maleic anhydride carbonyl groups, 
which exhibit a characteristic absorption band at 1777 cm− 1 in FT-IR 
spectroscopy. Following hydrolysis, these groups are converted into 
carboxylate carbonyl moieties, as evidenced by the appearance of new 
absorption peaks at 1569 cm− 1 and 1407 cm− 1, confirming the suc
cessful synthesis of SMA copolymer (Fig. 2a,b).

Subsequently, cell lysates were treated with the synthesized SMA 
copolymer to extract membrane proteins. Characterization studies 
indicated that The SMA copolymer fragments the sheet-like membrane 
structures, which initially range from 100 to 200 nm in diameter, into 
uniform nanodisks measuring approximately 10–15 nm. This process 
significantly improves the solubility of the membrane components in 
aqueous solution. (Fig. 2c,d).

Aminated silica gel was reacted with divinyl sulfone to yield VS silica 
gel. The membrane protein extracted by SMA copolymer was conjugated 
onto VS silica gel to fabricate the TMPRSS2-His-tag@VS/CMC stationary 
phase. Scanning electron microscopy (SEM) imaging showed that both 
the aminated silica and VS silica exhibited relatively smooth surface 
morphologies (Fig. 3a,b), suggesting that divinyl sulfone modification 
did not significantly alter the surface structure.

Following the coupling of the membrane protein, the initially smooth 
surface of the VS silica gel became coated with a thin, film-like layer, 
accompanied by a homogeneous distribution of fine particulate struc
tures, indicating successful immobilization of the protein-loaded 

nanodisks (Fig. 3c). Furthermore, immunofluorescence and confocal 
microscopy analyses confirmed that the TMPRSS2 protein immobilized 
on the stationary phase retained its biological activity and was uni
formly distributed (Fig. 3d-g).

These results demonstrate that incorporating a His-tag into 
TMPRSS2, functionalizing aminated silica with divinyl sulfone, and 
employing SMA copolymer for membrane protein extraction enable 
precise and efficient protein immobilization onto silica surfaces while 
preserving bioactivity. This approach establishes a robust foundation for 
subsequent experimental applications.

3.2. Evaluation and application of a TMPRSS2-his-tag-CMC model

The TMPRSS2-His-tag@VS/CMC column was prepared by wet 

Fig. 3. Characterization of the TMPRSS2-His-tag@VS/CMC stationary phase. The SEM images of aminated silica(a), VS silica(b) and the TMPRSS2-His-tag@VS/CMC 
stationary phase(c). Laser confocal images of TMPRSS2 membrane protein and phospholipid in TMPRSS2-His-tag@VS/CMC stationary phase. (d): DiI membrane dye 
incubation. (e): Incubation of anti-TMPRSS2 antibodies. (f): lit field. (g) merge.

Fig. 4. Results of the system adaptability investigation. (a): Specificity. (b): selectivity assessment. (c): repeatability assessment.

Table 2 
Repeatability investigation of TMPRSS2-His-tag-CMC model and TMPRSS2/ 
CMC model.

Repeatability within the column Between-column repeatability

Number R1 R2 Number R3 R4

1 34.73 27.37 1 34.44 27.43
2 34.36 25.62 2 35.02 24.33
3 34.44 25.38 3 34.62 24.83
4 34.21 24.99
5 33.60 23.46
RSD (%) 1.22 5.53 0.86 6.52

R1 and R3 are the retention times of camostat mesylate on the TMPRSS2-His- 
tag-CMC model, R2,R4 are the retention times of camostat mesylate on the 
traditional physical adsorption TMPRSS2/CMC model.
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Fig. 5. The screening results of the TMPRSS2-His-tag CMC model for small molecule compound libraries. (a): Horizontal axis tcamo represents retention time of 
positive nedicine with the shortest analysis time, and vertical axis tsample represents retention time of sample. Mixed screened samples with tsample/tcamo greater than 
1/2 are used for second round of screening and are represented by red dots. (b): Single screening results.Samples with tsample/tcamo greater than 1/2 were used for 
activity screening and indicated by red dots. (c): Chemical structures and chromatograms of some compounds. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 6. The results of intracellular enzyme activity inhibition of compounds and some structural diagrams. (a): Intracellular enzyme activity inhibition results of the 
retained compound TMPRSS2 in the TMPRSS2-His-tag CMC model. (B): Structure of guanidine-containing medicines. Compared with the control group. *P < 0.05, 
***P < 0.001, n = 5.
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packing. The system suitability of the model was evaluated, and the 
results demonstrated favorable specificity and selectivity (Fig. 4a, b). 
Furthermore, compared to conventional physical adsorption columns, 
the prepared column exhibited an extended service life (Fig. 4c) and 
enhanced reproducibility (Table 2). In conclusion, the TMPRSS2-His- 
tag/CMC model proves to be effective and suitable for compound 
screening applications.

The model was employed to screen a library of 3010 small molecule 
compounds. To enhance screening efficiency, compounds were pooled 
into groups of ten and co-injected as mixed samples. The retention times 
of these pooled samples are presented in Fig. 5a. Based on a threshold of 
half the retention time of the positive control, pools exhibiting strong 
retention were selected for further individual analysis. The retention 
profiles from these single-compound screenings are shown in Fig. 5b.

Ultimately, 50 small molecule compounds (1.7 % of the total library) 
demonstrated stronger retention, including TS0665, TS1685, TS0422, 
and TS28310, among others. Representative chromatographic and 
chemical structures of selected compounds bound to the TMPRSS2-His- 
tag-CMC model are illustrated in Fig. 5c. These findings suggest that the 
identified compounds are potential TMPRSS2 ligands; however, further 
pharmacological studies are necessary to confirm their inhibitory ac
tivity against TMPRSS2.

3.3. Activity verification of potential active compounds

The inhibitory activity of the screened ligands against TMPRSS2 was 
evaluated using an intracellular enzyme activity assay. Compared with 
the control group, seventeen treatment groups exhibited varying de
grees of inhibition on TMPRSS2 intracellular enzyme activity. Among 
these, compound TS0665 demonstrated significant inhibitory effects, 
achieving approximately 25 % inhibition at a concentration of 25 μmol/ 
L (Fig. 6a).

Structural comparison between TS0665 and the known TMPRSS2 
inhibitors camostat and nafamostat revealed that all three compounds 
show a similar guanidine moiety (Fig. 6b). This observation led to the 
hypothesis that the guanidine group may serve as a key pharmacophore 
responsible for the inhibitory activity against TMPRSS2.

To test this hypothesis, molecular docking was performed using six 
guanidine-containing drugs: famotidine, clonidine, mercaptopurine, 
cimetidine, acyclovir, and metformin (Fig. 7). The docking results 
indicated that the guanidine groups of TS0665, clonidine, cimetidine, 
and acyclovir form hydrogen bonds with SER441, while famotidine, 
mercaptopurine, and metformin interact via hydrogen bonding with 
ASP435, This finding aligns with the previously reported binding site of 
the drug on the TMPRSS2 receptor [31].

These findings suggest that the guanidine structure plays a crucial 
role in binding to key residues of TMPRSS2. To further validate this, the 

Fig. 7. Docking of compounds with TMPRSS2 virtual molecules. (a): TMPRSS2 active pocket and binding site with small molecules. (b): Camostat. (c): TS0665. (d): 
Famotidine. (e): Cimetidine. (f): Clonidine. (g): Moroxydine. (h): Acyclovir. (i): Metformin. The gray rod represents amino acid residues that interact with TMPRSS2 
through hydrogen bonding, with numbers indicating amino acid residues and yellow dashed lines representing hydrogen bonds. (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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six guanidine-containing drugs were subjected to the TMPRSS2 intra
cellular enzyme activity assay. Compared to the control group, famoti
dine, mercaptopurine, cimetidine, acyclovir, and metformin showed 
significant inhibitory effects on TMPRSS2 enzymatic activity (Fig. 6a). 
Among these, famotidine demonstrated significant inhibitory effects, 
achieving approximately 30 % inhibition at concentration of 25 μmol/L. 
These results support the conclusion that guanidine-based compounds 
are promising candidates for inhibiting TMPRSS2 intracellular enzyme 
activity.

TS0665 and famotidine, which exhibited superior inhibitory effects 
in prior assays, were selected for further investigation using a pseudo
virus infection model. First, the infection kinetics of the SARS-CoV-2 
pseudovirus in Calu-3 and Caco2 cells were characterized. As shown 
in Fig. 8a, the peak fluorescence intensity in Calu-3 cells occurred at 8 h 
post-infection and gradually decreased thereafter, whereas in Caco2 
cells, the highest relative luminescence was observed at 24 h. Conse
quently, 8 h and 24 h were selected as the respective infection endpoints 
for Calu-3 and Caco2 cells in subsequent pseudovirus experiments.

To evaluate the inhibitory effect of TS0665 on SARS-CoV-2 pseu
dovirus infection, its cytotoxicity was first assessed in two cell lines 
(Fig. 8b). TS0665 exhibited toxicity at a concentration of 50 μmol/L. 
Subsequent pseudovirus infection assays (Fig. 8c) revealed no inhibition 
at 10 μmol/L. However, at 20 μmol/L, the infection rates in Calu-3 and 
Caco2 cells were reduced to 55 ± 14 % and 67 ± 9 %, respectively. A 
further reduction to 35 ± 9 % and 35 ± 6 % was observed at 50 μmol/L.

Similarly, the cytotoxicity of famotidine was evaluated (Fig. 8d), 
which showed no significant toxicity in either cell line within the con
centration range of 0–50 μmol/L. Pseudovirus infection experiments 
(Fig. 8e) demonstrated that famotidine reduced infection in Caco2 cells 
to between 59 % and 73 % across the same concentration range, though 
without clear concentration dependence. In contrast, a marked 
concentration-dependent inhibition was observed in Calu-3 cells: no 

significant effect was detected at 5 μmol/L, while infection rates 
decreased to 48 ± 13 %, 41 ± 9 %, and 17 ± 11 % at concentrations of 
10, 20, and 50 μmol/L.

The results above demonstrate that both TS0665 and famotidine are 
capable of inhibiting SARS-CoV-2 pseudovirus infection in Calu-3 and 
Caco2 cells. Notably, famotidine exhibited superior inhibitory activity 
compared to TS0665. Furthermore, the antiviral effect of famotidine in 
Calu-3 cells was observed to be concentration-dependent.

4. Summary

This study successfully established a TMPRSS2 cell membrane 
chromatography screening model and applied it to screen a library of 
3010 compounds. Two compounds, TS0665 and famotidine, were 
identified as potential inhibitors, which demonstrated significant anti- 
pseudovirus activity in pseudo virus infection assays. This model ex
hibits high throughput, strong selectivity, and good specificity, 
providing an effective platform for large-scale screening of TMPRSS2 
small-molecule inhibitors. However, challenges such as limited column 
lifespan remain to be addressed. Furthermore, molecular docking sim
ulations suggested that the guanidino group may play a critical role in 
TMPRSS2 inhibition. Future work can expand the evaluation of 
TMPRSS2 inhibitory activity for compounds containing this functional 
group, thereby facilitating the exploration of potential structure-activity 
relationships.
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