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Targeted screening of natural thrombin inhibitors
from herbal extracts using an enzyme-immobilized
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An enzyme-immobilized microfluidic reactor (EIMR) is a highly efficient platform for in vitro screening of
catalysts and inhibitors. Herein, an EIMR integrated in a glass-PDMS hybrid microfluidic chip (HMC) was
developed for in situ screening of potential thrombin inhibitors from complex herbal extracts. Thrombin
was selectively immobilized in situ on a gold nanoparticle-functionalized porous silica film
(AUNPs@FPSF)-coated ITO glass slide using the DNA aptamer TBA;5, while the microfluidic part of the
EIMR, comprising a microchannel and microfluidic connections, was formed in a polydimethylsiloxane
(PDMS) plate. The EIMR was compatible with dual-model detection: fluorescence analysis and matrix-
assisted laser desorption/ionization mass spectrometry (MALDI MS). A customized fluorescent substrate
was synthesized for in situ monitoring of the thrombin reaction using fluorescence microscopy, and its
enzymatic hydrolysate was detected and quantified using MALDI MS. The reproducibility of the EIMR was
significantly improved by optimizing conditions for thrombin immobilization and the concentration of a
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fluorescent substrate. As a result, eight potential thrombin inhibitors were discovered from five herbal
extracts, and their inhibitory activities were determined using MALDI MS. Overall, the developed EIMR
exhibited the advantages of high sensitivity, ease of use, and fast-response, facilitating the screening of
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1. Introduction

Cardiocerebrovascular disease is a serious threat to human
beings, characterized by high prevalence, high rates of disabil-
ity, and high mortality. Aging populations, economic develop-
ment, and lifestyle changes contribute to the rising prevalence
of cardiocerebrovascular disease, highlighting the urgent need
for effective treatment options." Thrombin, a key enzyme
involved in blood coagulation and platelet aggregation, is of
fundamental importance in maintaining normal hemostatic
function.”® Thrombin is widely distributed in the vascular
system and is involved in multiple pathological processes,
such as stroke, thrombosis, blood clotting, cancer invasion,
and neurodegenerative diseases.* It has become a crucial
target of multiple cardiocerebrovascular disease therapies
because of its central role in the coagulation cascade.>® When
a blood vessel is damaged, inactive zymogen prothrombin is
rapidly converted to thrombin, resulting in a large variation in
the thrombin concentration during a coagulation reaction.”
Anti-thrombin therapy is one of the most effective strategies
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candidate enzyme inhibitors from complex herbal plants.

for the prevention and treatment of cardiocerebrovascular dis-
eases.® Therefore, efforts have been made to discover novel,
highly efficient thrombin inhibitors with low toxicity,
especially sourced from natural products.

Herbal plants contain a large pool of bioactive compounds,
which show high potential in preventing cardiocerebrovascular
diseases.” ™" Considerable attention has been paid to the
development of various methods for the rapid in vitro screen-
ing of natural products with cardio- and cerebrovascular pro-
tective activities. Generally, extraction, fractionation, purifi-
cation, structure identification, and activity determination are
the basic components involved in traditional screening
methods. However, these methods have several limitations,
such as labor-intensive operation, non-targeted screening, and
low efficiency.”>"'® Owing to its specificity toward a particular
substrate and high catalytic efficiency, the enzyme immobiliz-
ation strategy has been successfully employed for the rapid dis-
covery of active natural products from herbal extracts.'*'®
However, conventional techniques for enzyme immobilization
suffer from suboptimal recovery of in vitro biological activity
due to insufficient enzyme loading and inadequate
stability."®'” In contrast, an enzyme-immobilized microfluidic
reactor (EIMR), which involves the use of microfluidic chips
for enzyme immobilization, has attracted significant attention
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due to its ability to precisely control immobilization para-
meters, resulting in immobilized enzymes with high activity
and stability."®"® In combination with the additional benefits
of miniaturization, heterogeneous catalysis, and flow-mode
operation, this technique represents a promising alternative
screening option for enzyme inhibitors.>® Moreover, an EIMR
is compatible with multiple analytical modalities, such as
chromatography, electrophoresis, fluorescence, and mass spec-
trometry (MS), for biomedical, pharmaceutical, and proteomic
studies.>*>*

Nevertheless, current microfluidic-based screening systems
still face critical technical challenges. Fluorescence analysis
plays an important role in enzyme inhibitor screening due to
its high sensitivity, real-time monitoring capability, high
throughput, and non-invasiveness.>® However, the limited
selectivity of fluorescence spectroscopy and possible spon-
taneous fluorescence or fluorescence quenching (e.g., flavo-
noids and anthraquinones) may lead to false-positive or false-
negative results.”> Matrix-assisted laser desorption/ionization
mass spectrometry (MALDI MS) serves as a valuable sup-
plement to fluorescence analysis, enabling in situ analysis of
complex samples and exhibiting advantages such as superior
mass resolution, salt tolerance, resistance to contamination,
and high compatibility.>®>” MALDI MS can be integrated with
microfluidic chips to facilitate the rapid discovery and identifi-
cation of active compounds in herbal extracts.”® The dual-
signal mode based on fluorescence and MALDI MS can mini-
mize the occurrence of false-positive or false-negative results
to improve the reproducibility and accuracy of candidate drug
screening.

In this work, a hybrid microfluidic chip (HMC) was devel-
oped, which was made of an AuNPs-functionalized porous
silica film (AuNPs@FPSF)-coated indium tin oxide (ITO) glass
slide and polydimethylsiloxane (PDMS) plate with a micro-
channel array. The DNA aptamer TBA;5; was immobilized on
the HMC via an Au-S bond for thrombin immobilization. After
sequentially infusing herbal extracts and the fluorescence sub-
strate of thrombin into the channels, the thrombin reaction
was monitored via fluorescence microscopy. The channels
were subsequently analyzed via MALDI MS to quantify the
thrombin hydrolysate. Ultimately, eight potential thrombin
inhibitors were found and identified in five herbal extracts. It
is an efficient screening method for the “fishing and detec-
tion” of candidate thrombin inhibitors from herbal extracts.

2. Experimental

2.1. Preparation of HMC

The porous silica film (PSF)-coated ITO glass slide was syn-
thesized using a modified Stober-solution growth approach.>®
Initially, 0.24 g of cetyltrimethylammonium bromide (CTAB)
was dissolved in 105 mL of deionized water and mixed with
42 mL of ethanol. A 125 pL ammonia aqueous solution
(25 wt%) and 200 pL tetraethoxysilane (TEOS) were then added
dropwise under vigorous stirring. After thorough mixing, the
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freshly cleaned ITO glass slide was immersed in the solution
under quiescent condition at 60 °C in a water bath. The silica
film was formed on the ITO glass slide after 24 h. The modi-
fied ITO glass slide was rinsed thoroughly with water and aged
at 100 °C overnight. The CTAB surfactants in the silica nano-
channels were removed by immersing the ITO glass slide in
0.1 M HCl-ethanol solution under moderate stirring for
15 min. The PSF-coated ITO glass slide was thoroughly rinsed
with ethanol and aged at 80 °C for 2 h, which was used as a
hard template to support the AuNPs. A quaternary amino
(R4N") functionalized PSF-coated ITO glass slide was prepared
by immersing the slide in an acetone solution containing 1%
N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride
(TMAC) (v/v) for 2 h under magnetic stirring at room tempera-
ture and then rinsing it with acetone, ethanol, and water in
sequence. After aging at 80 °C for 2 h, the FPSF-coated ITO
glass slide was immersed in a 5 mM HAuCl, solution for 8 h
under stirring at room temperature, followed by rinsing with
water and immersion in 0.1 M NaBH, with ice bath cooling for
2 h. Finally, an AuNPs@FPSF/ITO glass was achieved upon
aging at 80 °C for 2 h and kept in a desiccator until use. All
chemicals were used as purchased (see SI for details of
Reagents and Materials).

A PDMS plate with six microchannels was designed. The
channel dimensions were approximately 15 mm in length,
1 mm in width, and 65 pm in height (see SI for details of the
preparation of the PDMS microchannel plate). Finally, the
PDMS microchannel plate was tightly bonded onto the
AuNPs@FPSF/ITO glass via plasma activation to ensure
leakage-free flow operation of the HMC. Before use, the HMC
was degassed in a vacuum chamber for 1 h.

2.2. Fabrication of the EIMR

Initially, the DNA aptamer TBA,5; was infused into the chan-
nels of the HMC and immobilized on the AuNPs@FPSF/ITO
glass via Au-S bond. The disulfide bond of TBA;5; was reduced
by incubating TBA;s; with tris(2-carboxyethyl) phosphine
hydrochloride (TCEP) for 0.5 h with the TBA;5-to-TCEP volume
ratio of 40: 1. TBA;5 (15 pM) dissolved in Tris-EDTA buffer was
pumped into the channels sequentially for 15 min at a flow
rate of 0.5 pL min~" and incubated for 16 h at 4 °C. To prevent
nonspecific adsorption, 0.1% BSA buffer (1 mg mL™") was
infused at a flow rate of 1 pL min™" for 10 min and incubated
for 0.5 h at 4 °C. The BSA solution was removed via vacuum
suction, and the channels were rinsed with 1x PBS for 10 min
at a flow rate of 1 pL min~". Subsequently, thrombin (20 U
mL™") was infused into the channels for 10 min at a flow rate
of 0.5 pL. min~" and incubated for 1 h at 25 °C away from light.
The channels were then washed with the BSA solution followed
by 1x PBS.

2.3. Determination of thrombin activity and screening of
inhibitor using the EIMR

The activity of thrombin immobilized in the EIMR was deter-
mined via MALDI MS. The fluorescence substrate (30 pM,
FITC-GC-11 NH,) dissolved in acetonitrile/water (1 : 4, v/v) was

This journal is © The Royal Society of Chemistry 2026
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pumped into the channels at a flow rate of 0.5 pL min~" until
the channels were filled, followed by incubation for 0.5 h at
37 °C.

For thrombin inhibitor screening, argatroban or herbal
extract solutions were infused into the channels for 0.5 h at a
flow rate of 0.5 pL min™" and incubated for 0.5 h at 37 °C, and
then, the channels were washed with deionized water for
10 min at a flow rate of 1 pL min~'. Afterward, 30 pM of
FITC-GC-11 NH, was infused into the channels at a flow rate of
0.5 pL. min~" until the channels were filled, followed by incu-
bation for 0.5 h at 37 °C. The enzymatic reaction in the chan-
nels was monitored in situ via fluorescence microscopy, and
the fluorescence intensity was quantified using the Image]
software. After the enzymatic reaction, the channels were com-
pletely dried at room temperature, and the PDMS plate was
removed. The AuNPs@FPSF/ITO glass was sprayed with a
MALDI matrix using a laboratory-constructed electro-sprayer
and directly subjected to MALDI MS analysis.

2.4. Validation of the in vitro activity of potential thrombin
inhibitors

80 pL of thrombin (20 U mL™"), 20 pL of potential inhibitors at
different concentrations (from 10 pM to 100 uM), and 20 pL of
thrombin chromogenic substrate S-2238 (2 mM) were sequen-
tially added to a 96-well plate. The mixed solution was shaken
and incubated at 37 °C for 15 min, and absorbance was
measured at 405 nm using a microplate reader. All measure-
ments were performed in triplicate.
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3. Results and discussion

3.1. Fabrication and characterization of the EIMR

As shown in Fig. 1A, the EIMR was developed based on an
HMC. AuNPs@FPSF coatings were synthesized in situ for
thrombin immobilization via three successive steps: growing a
porous silica film using the Stober-solution growth approach,
functionalizing the porous silica film with R,N" moieties, and
reducing [AuCl,]” by NaBH,. Due to their good stability and
biocompatibility, AuNPs were selected for the covalent-bonded
immobilization of the thrombin DNA aptamer TBA;s. The
entire synthesis procedure is simple, cost-effective, and does
not require sophisticated facilities and conditions. The
HRTEM and EDS were used to characterize the morphology
and microstructure of the AUNPs@FPSF coatings. The HRTEM
image shows that the structure of the coating is intact, and
AuNPs are distributed uniformly in silica nanochannels
without aggregation (Fig. 1B and C). The high density and
uniform dispersion of AuNPs were mainly attributed to a facile
and effective post-grafting with TMAC, which possesses a
strong electrostatic interaction with AuCl,”.*° EDS elemental
maps reveal the spatial distribution of silicon (Si), oxygen (O),
and gold (Au) species across the substrate surface, providing
evidence for the successful fabrication of porous silica films
with subsequent site-specific immobilization of AuNPs
(Fig. 1D).

An aptamer-based EIMR demonstrates significant potential
in enzyme immobilization applications owing to its unique
advantages such as target-specific recognition, native confor-
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ITO Glass Silica Film Porous Silica
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RaN* PP ‘.'.l DHAuCI, T
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Microfluidic Reactor

Porous Silica Film
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Fig. 1

(A) Fabrication of the EIMR based on an AuNPs@FPSF/ITO glass-six-channel PDMS hybrid microfluidic chip. (B) HRTEM image of

AuNPs@FPSF. (C) HRTEM image of AuNPs. The black dot marked by the white box represents an AUNP immobilized on a functionalized porous silica
film. (D) HRTEM-EDS images of Si (yellow), O (green), and Au (red) in AuNPs@FPSF.
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Fig. 2 (A) Schematic depicting the immobilization of thrombin in the EIMR. (B) Schematic of the binding between TBA;s and thrombin. (C) MALDI

mass spectra of blank DHB (black line), TBA;s (blue line), and TBA;5 immobilized on the AUNPs@FPSF/ITO glass (red line). (D) MALDI mass spectra of
blank DHB (black line), thrombin (blue line), and thrombin infused into the channel without (green line) and with (red line) immobilization of TBA;5

on the AUNPs@FPSF/ITO glass, respectively.

mation preservation, high binding affinity, and directional
immobilization to maintain active sites.*>*" Thrombin was
subsequently immobilized in the channels using the DNA
aptamer TBA;5 to achieve an EIMR, which could be integrated
with fluorescence and MALDI MS for determining thrombin
activity and in situ screening of potential thrombin inhibitors
from complex herbal extracts. TBA;5 is a 15-base-long func-
tional single-stranded DNA aptamer with an SH-Cs oligo at 3’
termini, which can bind to the fibrinogen-recognition exosite
of thrombin. TBA,5; was immobilized on the AuNPs@FPSF/ITO
glass through the Au-S bond (Fig. 2A and B), and MALDI MS
was used to evaluate its immobilization. As shown in Fig. 2C,
TBA;5 can be detected in the channels ([M + H]', m/z 4924.2).
After infusing thrombin into the channels, the characteristic
peaks of thrombin with high MS signal intensity were detected
(Fig. 2D). As expected, no characteristic thrombin peaks were
detected in the channel without immobilization of TBA,5; on
AuNPs@FPSF. These results demonstrated that there was no
non-specific adsorption of AuNPs@FPSF to thrombin and that
TBA,; 5 could strongly hold the thrombin during fluid flow.

3.2. Feasibility testing of the EIMR for thrombin activity assay

The activity of immobilized thrombin was first assessed for
subsequent applications. The customized fluorescent substrate
FITC-GC-11 NH, was synthesized for characterizing and moni-
toring thrombin activity. The identity of FITC-GC-11 NH, was
first confirmed via MALDI MS and displayed molecular ions at
m/z 1537.4 (M + H]') (Fig. S1). The reaction of thrombin with
its substrate could be monitored in real-time via fluorescence
microscopy due to the introduction of a fluorescent tag
(Fig. 3A). As shown in Fig. 3B, compared with the blank
channel infused with FITC-GC-11 NH,, the fluorescence inten-
sity obtained from the TBA,s-immobilized channel signifi-
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cantly increased after sequential infusion of thrombin and
FITC-GC-11 NH,, which was mainly due to the thrombin-cata-
lyzed hydrolysis resulting in an aggregation-induced emission
effect, and thus improved the fluorescence detection sensi-
tivity. Subsequently, the PDMS plate was removed, and the
AuNPs@FPSF/ITO glass was sprayed with DHB matrix for
MALDI MS analysis (Fig. 3C). The enzymatic hydrolysate was
identified and quantified by MALDI MS to determine the
thrombin activity. A peak at m/z 992.4 was observed in the
MALDI mass spectrum after the infusion of FITC-GC-11 NH,.
Further analysis showed that the peak at m/z 992.4 was attribu-
ted to the peptide fragment FITC-Gly-p-Phe-Pip-Arg, generated
by thrombin cleavage of Arg-Ser (Fig. S2). The identity of
FITC-Gly-p-Phe-Pip-Arg was confirmed by comparing it with
the MALDI MS/MS spectrum of the reference standard
(Fig. S3). Therefore, the thrombin immobilized in the micro-
fluidic reactor remained active and could in situ cleave
FITC-GC-11 NH, in the EIMR. The fluorescence intensity and
MS S/N ratio of the enzymatic hydrolysate FITC-Gly-p-Phe-Pip-
Arg were used to further determine the optimal infusion time
of thrombin and the substrate concentration. As shown in
Fig. S4A and B, the fluorescence intensity and MS S/N ratio of
the enzymatic hydrolysate increased with the infusion period
ranging from 0 to 60 min, and thus, the optimal infusion time
for thrombin immobilization was set to 60 min. Moreover, the
optimal concentration of the fluorescent substrate was deter-
mined (Fig. S4C and D). The fluorescence intensity and MS
S/N ratio of the enzymatic hydrolysate increased with the con-
centration of the substrate in the range of 0-30 pM, and no sig-
nificant increase was observed over 30 uM. Therefore, 30 pM of
the substrate was used for subsequent experiments.

The K, of thrombin for FITC-GC-11 NH, was determined
by measuring the amount of enzymatic hydrolysate via MALDI

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (A) Experimental workflow for monitoring the activity of thrombin. (B) Mean fluorescence intensities and (C) MALDI mass spectra obtained

from different channels. (a) Channel infused with FITC-GC-11 NH,, (b) TBA;s-immobilized channel infused with FITC-GC-11 NH,, and (c) TBAs-
immobilized channel sequentially infused with thrombin and FITC-GC-11 NH,. Error bars correspond to the standard deviation of fluorescence
intensities obtained from three positions of one channel. ns: no significant difference, ****p < 0.0001.

MS under the optimal conditions described above. The cali-
bration curve was constructed by plotting the average MS S/N
ratio of [FITC-Gly-p-Phe-Pip-Arg + H]" against the concentration
of FITC-Gly-p-Phe-Pip-Arg. As shown in Fig. 4A, the MALDI MS
results exhibited ideal linearity in the range of 1-50 pM with
R® = 0.9912. Different amounts of FITC-GC-11 NH,, ranging
from 5 to 30 pM, were then incubated with 20 U mL™" throm-
bin for the calculation of K, (Fig. 4B). The K, value of throm-
bin for FITC-GC-11 NH, was 2.6 x 10> M, showing good agree-
ment with the previous study results.>” Therefore, the devel-
oped EIMR in this work was reliable for determining thrombin
activity.

3.3. Reproducibility testing of EIMR

The reproducibility across different channels and reactors was
evaluated to confirm the reliability of the developed EIMR. The
mean fluorescence intensity measured after enzymatic hydro-
lysis from three channels in one reactor was 54.1 + 1.9, and the
MS S/N ratio of the enzymatic hydrolysate measured from ten

This journal is © The Royal Society of Chemistry 2026

spots in one channel was 543.6 + 5.3 (Fig. 4C-D and Table S1).
Moreover, in Fig. 4C-D and Table S2, the fluorescence inten-
sity measured after enzymatic hydrolysis from one channel of
three reactors was 54.0 + 0.8, and the MS S/N ratio of the enzy-
matic hydrolysate measured from ten spots from one channel
of three reactors was 533.6 + 2.3. Overall, the EIMR showed sat-
isfactory reproducibility from channel-to-channel (RSD < 9%)
(Table S1) and reactor-to-reactor (RSD < 10%) (Table S2).

3.4. Evaluation of the aptamer specificity and quantitative
ability of EIMR

Quantitative detection of thrombin activity is useful for the
early diagnosis of cardiovascular diseases and monitoring of
anticoagulation therapy and postoperative coagulation status
in patients.”® To further demonstrate the performance of
EIMR in the measurement of thrombin activity in complex bio-
logical systems, brain thrombin activity was determined in a
rat model of transient middle cerebral artery occlusion
(tMCAO). Initially, lysozyme, pepsin, trypsin, and thrombin
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no significant difference.

were selected to evaluate the selectivity of FITC-GC-11 NH, in a
solution system. As shown in Fig. 5A, the fluorescence intensi-
ties increased significantly after the addition of thrombin and
trypsin to the FITC-GC-11 NH, solution, while no significant
changes in fluorescence intensities were observed after the
addition of pepsin and lysozyme. This is because trypsin
shares the same cleavage site as thrombin.** MALDI MS ana-
lysis further verified the fluorescence results. The enzymatic
hydrolysate FITC-Gly-p-Phe-Pip-Arg was detected after the
addition of thrombin and trypsin, indicating that both
enzymes could cleave FITC-GC-11 NH, at Arg-Ser (Fig. 5B).
Trypsin and thrombin were then used to test the specificity of
TBA,5 immobilized on the AuNPs@FPSF/ITO glass. As shown
in Fig. 5C, no significant difference in fluorescence intensity
was observed between the channels sequentially infused with
trypsin and FITC-GC-11 NH, and the channels infused with
FITC-GC-11 NH,, whereas the fluorescence intensities in the
channels significantly increased after sequential infusion with
thrombin and FITC-GC-11 NH,. The MALDI MS results indi-
cated that FITC-Gly-p-Phe-Pip-Arg was detected in the throm-
bin-infused channels, while FITC-Gly-p-Phe-Pip-Arg was not
detected in the trypsin-infused channels (Fig. 5D). The results
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ITC-Gly-p-Phe-Pip-Arg obtained from ten mass spectra of one channel. ns:

indicated that TBA;s could specifically bind to thrombin.
Furthermore, the thrombin activities of the ischemic and con-
tralateral hemispheres of tMCAO rats were determined using
the developed EIMR. As shown in Fig. S5 and Table S3, the
thrombin activity in the ischemic hemisphere (right, 11 =
1.3 mU mL™") was significantly higher than that in the contral-
ateral hemisphere (left, 2.6 + 0.8 mU mL™"). The above results
indicated that the developed EIMR has good specificity and
quantitative ability for determining thrombin activity in
complex biological samples.

3.5. Screening and identification of natural thrombin
inhibitors from herbal extracts using the EIMR

Due to its satisfactory performance, the EIMR showed great
potential for the screening of thrombin inhibitors from complex
herbal extracts (Fig. 6A). Initially, the direct thrombin inhibitor
argatroban was utilized to validate the feasibility of the EIMR.
The fluorescence results indicated that the fluorescence intensity
in the channel significantly decreased after the infusion of arga-
troban, whereas a strong fluorescence intensity was observed in
the absence of argatroban (Fig. S6A). This result was further con-
firmed by the MALDI MS analysis, which demonstrated the pres-

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (A) Evaluation of the selectivity of FITC-GC-11 NH, via fluorescence microscopy and (B) MALDI MS. (C) Mean fluorescence intensity and (D)

MALDI mass spectra of FITC-Gly-p-Phe-Pip-Arg obtained from different channels infused with FITC-GC-11 NH,: (a) blank channel and TBA;s-
immobilized channel infused with (b) trypsin and (c) thrombin. Error bars correspond to the standard deviation of fluorescence intensities obtained
from three positions of one channel. ns: no significant difference, ****p < 0.0001.

ence of both argatroban ([M + H]', m/z 509.1) and the substrate
(m/z 1537.4) in the channels after the infusion of argatroban,
whereas the MS signal of the enzymatic hydrolysate FITC-Gly-p-
Phe-Pip-Arg (m/z 992.4) was not observed (Fig. S6B and D). As
expected, FITC-Gly-p-Phe-Pip-Arg could be detected in channels
without the infusion of argatroban.

Furthermore, the fabricated EIMR was used for screening
potential thrombin inhibitors from complex herbal extracts.
Five herbal extracts with potency in activating blood circula-
tion and removing blood stasis were selected to evaluate their
thrombin inhibitory activities and screen potential natural
thrombin inhibitors, including the Carthami Flos extract
(CFE),”® Coptidis Rhizoma extract (CRE),*® Polygalae Radix
extract (PRE),>” Ligustri Lucidi Fructus extract (LLFE),*® and
Hyperici Perforati Herba extract (HPHE).>® As shown in Fig. 6B,
compared with the channel without the infusion of inhibitors,
the fluorescence intensity of the channels significantly decreased
after the infusion of CFE, CRE, PRE, HPHE, and LLFE, indicating
that the five herbal extracts have potential anti-thrombin effects.
MALDI MS was further used to detect the enzymatic hydrolysate
FITC-Gly-p-Phe-Pip-Arg and identify potential thrombin inhibitors

This journal is © The Royal Society of Chemistry 2026

in herbal extracts (Fig. 6B). The MS signal intensity of FITC-Gly-p-
Phe-Pip-Arg significantly decreased in the channels after the infu-
sion of five herbal extracts, consistent with the fluorescence
results. To further screen the compounds with a binding affinity
towards thrombin, MALDI MS analysis was conducted on the
EIMR. As shown in Fig. 6C, eight peaks were detected in both raw
herbal extracts and the EIMR after the infusion of five herbal
extracts. By comparing the MALDI MS/MS spectra of detected
peaks with reference standards, eight natural products were
identified as luteolin (M + H]", m/z 287.1) and baicalin (M + HJ',
m/z 447.1) from LLFE, quercetin (M + H]', m/z 303.1) and hypero-
side (M + Na]', m/z 487.1) from HPHE, berberine (M]", m/z
336.1) from CRE, sibiricaxanthone A (M + Na]', m/z 561.1) and
tenuifolin (M + Na]’, m/z 703.1) from PRE, and hydroxysafflor
yellow A ([M — H] ™, m/z 611.1) from CFE (Fig. S7).

3.6. Validation of the in vitro activity of potential thrombin
inhibitors

Subsequently, the thrombin chromogenic substrate S-2238 was
used to validate the inhibitory effect of eight compounds on
thrombin. As shown in Fig. S8, all eight compounds showed
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Fig. 6 (A) Schematic of the thrombin inhibitor screening from five herbal extracts using the EIMR. (B) Mean fluorescence intensity and corres-

ponding fluorescence images and representative MALDI mass spectra of Fl
of argatroban and five herbal extracts. Error bars correspond to the stand

TC-Gly-p-Phe-Pip-Arg obtained from different channels after the infusion
ard deviation of fluorescence intensities obtained from three positions of

one channel. (C) MALDI mass spectra obtained from raw herbal extracts and the EIMR. CFE: carthami flos extract, PRE: polygalae radix extract,

HPHE: hyperici perforati herba extract, CRE: coptidis rhizoma extract, LLFE

potential anti-thrombin activity. Among them, luteolin, quer-
cetin, berberine, baicalein, and hypericin showed good anti-
thrombin activity, consistent with previous studies.”®*®*!
However, the thrombin inhibitory activities of hydroxysafflor
yellow A, tenuifolin, and sibiricaxanthone A were barely
reported in the literature. Therefore, the ICs, values of hydroxy-
safflor yellow A, tenuifolin, and sibiricaxanthone A for the inhi-
bition of thrombin were further determined via MALDI MS
(Fig. S9). The concentration-response curves of three candidate
thrombin inhibitors were generated, and the ICs, values of

Analyst

: ligustri lucidi fructus extract.

hydroxysafflor yellow A, tenuifolin, and sibiricaxanthone A
were 34.97 pM, 9.64 pM, and 12.55 pM, respectively.

4. Conclusions

In summary, an enzyme-immobilized microfluidic reactor
(EIMR) integrated with two detection modalities, fluorescence
and MALDI MS, was developed to determine thrombin activity
in biological samples and to in situ screen and identify poten-

This journal is © The Royal Society of Chemistry 2026
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tial natural thrombin inhibitors from complex herbal extracts.
The developed EIMR showed high tolerance towards interfer-
ences from complex herbal extracts and could be used for reac-
tions in a micromixing channel with less reagent consump-
tion. The inhibitory effects of five herbal extracts on thrombin
were evaluated using the EIMR. More importantly, eight
natural products with strong anti-thrombin activity were dis-
covered and identified from five herbal extracts, among which
the ICsq values of hydroxysafflor yellow A, tenuifolin, and sibir-
icaxanthone A were below 35 pM. Overall, the developed EIMR
possesses certain advantages, such as miniaturization, inte-
gration, and portability, and provides a promising screening
platform for identifying drug candidates from natural sources.
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