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a b s t r a c t

Thrombin can participate in many physiological and pathological processes so that its sensitive deter-

mination is important in diagnostic and pharmaceutical fields. The content of hirudin in leech is a key

criterion for determining the quality of leech. In this work, a dual-modal biosensor was constructed based

on fluorescence resonance energy transfer between UCNPs and Cy5 via a thrombin-responsive peptide as

a linker. Thrombin cleaved the peptide and Cy5 released, leading to the fluorescence recovery of UCNPs

at a specific wavelength, which enabled the successful ratiometric fluorescence detection of thrombin.

Simultaneously, Cy5 in the supernatant allowed a colorimetric detection. Hirudin inhibited the activity of

thrombin, causing the intensity reduction of the corresponding fluorescence and absorbance signals. The

linear ranges of the fluorescence and colorimetric detection for thrombin were 10−9 ∼ 10−4 U/mL with a

detection limit of 1.15×10−10 U/mL and 0.0025–5U/mL with a detection limit of 1.12×10−3 U/mL, respec-

tively. The linear ranges of the fluorescence and colorimetric detection for hirudin were 10−8–10−4 U/mL

with a detection limit of 6.026×10−9 U/mL and 0.005–5U/mL with a detection limit of 2.82×10−3 U/mL,

respectively. This developed biosensor was further applied to the detection of anti-thrombin components

in leech extract and the results showed that it had an excellent analytical performance, indicating this

dual-modal biosensor provided a new specific and sensitive method for the detection of anti-thrombin

components in practical sample, which is significant in quality evaluation of traditional Chinese medicine.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Thrombin is a serine protease involved in many physiological

and pathological activities such as blood coagulation, cardiovascu-

lar disease, liver disease, Alzheimer’s disease, leukemia, and other

blood-related diseases [1]. The activity of thrombin is a truer rep-

resentation of its biological function and a better indication of the

disease state [2]. Therefore, the detection of thrombin activity is

very essential. Recently, a number of methods have been devel-

oped for thrombin activity detection, including fluorescence [3,4],

colorimetric [5], surface enhanced Raman scattering [6], electro-

chemical [7] and electrochemiluminescence [8,9]. To enhance the

accuracy and versatility, integration technology was usually used

[10,11]. For example, Bi et al. [12] developed a dual-channel assay
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for thrombin based on photoelectrochemical and differential pulse

voltammetry methods. Ali et al. [13] developed a dual-channel as-

say for thrombin based on colorimetric and fluorescence methods.

Hirudin, extracted from Hirudo medicinalis, is a natural and ef-

fective inhibitor of thrombin, which has good anticoagulant and

antithrombotic effects. They can be used as therapeutic ingredi-

ents for cardiovascular disease, while they can be considered toxic

peptides with a risk of bleeding [14]. The activity of anti-thrombin

components in leech serves as a key criterion for determining the

quality of leech. In the Chinese Pharmacopoeia, hirudin activity

is assessed by thrombin inhibition assay that thrombin is added

into leech extract until fibrin formation is observed with the naked

eye [15]. However, this method is highly subjective and cannot be

accurately quantitatively analyzed. High performance liquid chro-

matography is applied to quantitatively detect hirudin, but the pu-

rification processes is complicated [16]. Therefore, it is significant

https://doi.org/10.1016/j.cclet.2026.112407
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Scheme 1. Schematic representation of a UCNPs-based FRET biosensor for the detection of thrombin and hirudin in vitro.

to develop a sensitive and simple method for hirudin detection.

Considering that hirudin is a powerful active inhibitor of throm-

bin, thrombin is usually used as a recognizer of hirudin to improve

specificity [17]. The main issue to be considered in hirudin detec-

tion is how to enhance the sensitivity.

Upconversion nanoparticles (UCNPs) is a special type of

lanthanide-doped nanoparticles capable of emitting multicolored

ultraviolet and visible light upon excitation of near-infrared (NIR)

light [18]. UCNPs is widely used to construct highly sensitive

biosensors due to their unique properties including narrow emis-

sion peaks, deep penetration depth in biological tissues, high

photostability, low toxicity, low autofluorescence background, and

resistance to photobleaching, etc. [19,20]. Studies have shown

that UCNPs is an effective fluorescence resonance energy trans-

fer (FRET) donor for various bioanalytical and biomedical applica-

tions [21]. UCNPs-based FRET probes have been widely used for

the detection of various analytes such as DNA [22], metal ions

[23,24], biomolecules [25,26] and enzymes [27]. In addition, UCNPs

have the nature of multi-wavelength emission so that one wave-

length can be set as the reference wavelength and the other wave-

length as the detection wavelength to design the ratiometric flu-

orescent probes. Compared to single-signal intensity-based “turn-

on/off” fluorescent probes, ratiometric fluorescent probes can elim-

inate signal interference from the test environment, including radi-

ation light fluctuation and probe concentration, thereby enhancing

detection accuracy and sensitivity [28,29].

Herein, a fluorescence and colorimetric dual-modal biosensor

was developed for thrombin and hirudin detection by conjugating

a Cy5 modified thrombin-responsive peptide (peptide-Cy5) with

carboxylated UCNPs (UCNPs@DSPE-PEG2000–COOH). As shown in

Scheme 1, this dual-modal biosensor was constructed using UC-

NPs as an energy donor and Cy5 as an energy acceptor. Under the

excitation of 980nm near-infrared laser, UCNPs showed dual UCL

emission bands at 541nm (green) and 654nm (red), respectively.

The absorption band of Cy5 was centred at 650nm, which over-

lapped well with the UCL emission of UCNPs at 654nm, implying

that the FRET process could occur between UCNPs and Cy5. In the

absence of thrombin, the red UCL fluorescence signal of UCNPs was

quenched by Cy5. When thrombin was present, thrombin cleaved

the substrate peptide and Cy5 was released, resulting in the recov-

ery of the UCL fluorescence signal of UCNPs at 654nm. The recov-

ery ratio of UCL emission at 654nm was dependent on thrombin

activity. In addition, the UV–vis absorbance of the supernatant in-

creased with the release of Cy5, thus allowing the detection of a

colorimetric signal. Hirudin could inhibit thrombin activity, leading

to a decrease in thrombin cleavage efficiency and a corresponding

decrease in fluorescence and colorimetric signal. Thus, the detec-

tion of hirudin could be achieved indirectly. The method was also

successfully applied to the detection of anti-thrombin components

in leech extract. During the detection process, the UCL signal of

the UCNPs at 541nm could be used as an internal reference for

ratiometric sensing since it was not affected before and after Cy5

release.

The synthesized NaYF4:Yb
3+, Er3+, NaYF4:Yb

3+, Er3+@ NaYF4,

UCNPs@DSPE-PEG2000–COOH and UCNPs@DSPE-PEG2000@ peptide-

Cy5 were characterized using TEM (Figs. 1a-d). NaYF4:Yb
3+, Er3+

exhibited a uniform hexagonal phase structure due to anisotropic

growth in the selected solvent, with an average particle size of

33.55±0.85nm (Fig. 1e). A layer of NaYF4 shell was modified on

the surface of NaYF4:Yb
3+, Er3+ to form a core-shell structure of

NaYF4:Yb
3+, Er3+ @ NaYF4. Due to the heteroepitaxial growth of

the shell layer, the original growth kinetics were altered by lat-

tice strain and surface energy control, resulting in the formation of

a square structure. The average particle size of NaYF4:Yb
3+, Er3+

@NaYF4 was 36.27±0.75nm (Fig. 1f), indicating that the thickness

of the shell layer of NaYF4 was about 1.36nm. After modification

of DSPE-PEG2000–COOH (Fig. 1g) and peptide-Cy5 (Fig. 1h), the av-

erage particle size of UCNPs@DSPE-PEG2000@peptide-Cy5 increased

to 43.11±0.71nm, indicating their successful modification.

Fluorescence spectroscopy of NaYF4:Yb
3+, Er3+, NaYF4:Yb

3+,
Er3+@NaYF4 and UCNPs@DSPE-PEG2000–COOH were detected

(Fig. 1i). The results showed that the core-shell structure sig-

nificantly enhanced the UCL intensity compared to the core

structure, attributed to the fact that the presence of the shell

could greatly enhance the luminescence of UCNPs and re-

duce the surface fluorescence quenching [30,31]. After mod-
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Fig. 1. TEM micrographs of (a) NaYF4:Yb
3+ , Er3+ , (b) NaYF4:Yb3+ , Er3+@NaYF4, (c) UCNPs@DSPE-PEG2000–COOH and (d) UCNPs@DSPE-PEG2000@peptide-Cy5, respectively. The

scale bars are 100nm. (e-h) The corresponding size distribution of UCNPs of (a-d). (i) Fluorescence profiles of NaYF4:Yb
3+ , Er3+ (UCNPs core); NaYF4:Yb

3+ , Er3+@NaYF4
(UCNPs core-shell) and UCNPs@DSPE-PEG2000–COOH. (j) The emission spectra of UCNPs and absorption spectra of Cy5. (k) FT-IR spectra of NaYF4:Yb

3+ , Er3+@NaYF4 (UC-

NPs), UCNPs@DSPE-PEG2000–COOH and UCNPs@DSPE-PEG2000@peptide-Cy5. (l) Zeta potentials of NaYF4:Yb
3+ , Er3+@NaYF4 (OA-free UCNPs), UCNPs@DSPE-PEG2000–COOH and

UCNPs@DSPE-PEG2000@peptide-Cy5. Error bars represented the standard deviation of three independent measurements (n=3).

ification of DSPE-PEG2000–COOH, and the UCL intensity of

UCNPs@DSPE-PEG2000–COOH was significantly reduced compared

to NaYF4:Yb
3+,Er3+@NaYF4 due to the luminescence quenching

effect in aqueous environment [32]. In Fig. 1j, the absorption band

of Cy5 centered at 650nm overlapped well with the UCL emission

of UCNPs centered at 654nm. It was demonstrated that Cy5 could

quench the 654nm fluorescence of UCNPs well. Fourier transform

infrared spectroscopy (FT-IR) was also performed to characterize

the prepared UCNPs (Fig. 1k). The UCNPs showed significant

absorption peaks at 2924 cm−1 and 2856 cm−1, which could be

attributed to the asymmetric and symmetric stretching vibrations

of the methylene group (-CH2-) on the free chain of OA. The peaks

at 1557 cm−1 and 1465 cm−1 were attributed to the asymmetric

and symmetric stretching vibrations of the carboxylic acid (-COO-),

respectively. After DSPE-PEG2000–COOH functionalization, the

new peak at 844 cm−1 was attributed to the in-plane bending

vibration of -CH2–CH2–O-, while the two new peaks at 1738 cm−1

and 1108 cm−1 were attributed to the stretching vibration of

carboxylic ester and ether bond of the PEG chain, respectively,

confirming the successful modification of DSPE-PEG2000–COOH.

After linking peptide-Cy5, the peak 3423 cm−1 was attributed to

the stretching vibration of -N-H- in the amide, indicating the suc-

cessful covalent modification of peptide-Cy5. In Fig. 1l, due to the

negative charge of DSPE-PEG2000–COOH, the zeta potential value

of UCNPs after modification changed from positive to negative

charge. Due to the negative charge of petide-Cy5 in solution with

the pH of 7.4, the zeta potential decreased from −18.06mV to

−20.4mV, indicating that petide-Cy5 was covalently modified onto

UCNPs@DSPE-PEG2000–COOH.

In order to obtain the best detection performance of the probes,

the experimental conditions were optimized. The results demon-

strated that the optimal added amount of DSPE-PEG2000–COOH

was determined to be 1.25mg and the optimal ratio of peptide-

Cy5 to UCNP@DSPE-PEG2000–COOH was 0.02 (Fig. S1 in Supporting

information). Under optimized experimental conditions, the probes

were used to detect different concentrations of thrombin. Throm-

bin could specifically cleave the probe’s responsive peptide site of

Peptide-Cy5 (sequence: GGLVPRGSC(Cy5)) between R and G. Upon

cleavage of the peptide chain by thrombin, the Cy5-containing

peptide fragment was released so that FRET action was disrupted,

and fluorescence at 654nm was restored. The results were shown

in Fig. 2a, where the UCL intensity of UCNPs at 654nm increased

proportionally with the increase of thrombin concentration, while

the UCL intensity at 541nm showed no significant change to the

concentrations of thrombin. This was due to the selective cleav-

age of the substrate peptide by thrombin and the release of the

quencher Cy5, which in turn destroyed FRET, allowing the recovery

of UCL fluorescence at 654nm. Under 980nm laser excitation. The

fluorescence intensity ratio (I654 nm/I541 nm) gradually increased

with the increase of thrombin concentration. When the thrombin

concentration increased to 1×10−4 U/mL, the peptide probe was

gradually depleted and the fluorescence intensity ratio began to

reach a saturated state (Fig. S2 in Supporting information). The

fluorescence intensity ratio (I654 nm/I541 nm) showed a good linear

relationship with the logarithm of thrombin concentrations in the

range of 1×10−9 ∼ 1×10−4 U/mL (Fig. 2b). The linear regression

equation was y=3.184lgCThrombin +69.28 with a correlation coeffi-

cient (R2) of 0.9907. Referring to the calculation method of Zhang
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Fig. 2. (a) UCL spectra of the probes after adding different concentrations of thrombin. (b) Linear relationship between the ratio of UCL intensities at 654nm and 541nm and

the logarithm of thrombin concentrations in the range of 1×10−9 U/mL to 10−4 U/mL (n=3). (c) UV absorption spectra of the supernatants after the probes incubating with

different concentrations of thrombin. (d) Linear relationship between UV absorbance at 650nm and the logarithm of thrombin concentrations in the range of 0.0025U/mL

to 5U/mL (n=3). (e) UCL spectra of the probes after adding different concentrations of hirudin. (f) Linear relationship between the fluorescence inhibition ratio and the

logarithm of hirudin concentration in the range of 1×10−8 U/mL to 1×10−4 U/mL (n=3). (g) UV absorption spectra of the supernatant after adding different concentrations

of hirudin. (h) Linear relationship between UV inhibition absorbance at 650nm and the logarithm of hirudin concentrations in the range of 0.005U/mL to 5U/mL (n=3).

et al. [22], the limit of detection (LOD) was 1.15×10−10 U/mL

(S/N=3), which was lower than most of the nanoprobes used

in the literature for thrombin detection (Table S1 in Supporting

information). With the increasing thrombin concentration, Cy5

was continuously released and the absorbance of the supernatant

was measured (Fig. 2c). The absorbance showed a good linear

relationship with the logarithm of thrombin concentrations in the

range of 0.0025–5U/mL (Fig. 2d). The linear regression equation

was y=0.00581lgCThrombin +0.04415 with a correlation coefficient

(R2) of 0.9524 and a limit of detection (LOD) of 1.12×10−3 U/mL.

In addition, the probes were incubated with other enzymes and

mixed enzyme, the results demonstrated that this biosensor exhib-

ited excellent specificity and anti-interference properties (Fig. S3

in Supporting information).

The detection and screening of protease inhibitors play an

important role in the development of new drugs. Hirudin, one

of the most potent thrombin inhibitors, was used as a model

to test the potential extension of our method to thrombin in-

hibitor detection. It was found that the UCL intensities of UC-

NPs at 654nm decreased with increasing hirudin concentration

at fixed concentrations of thrombin (100 μU/mL) and UCNPs@

DSPE-PEG2000@peptide-Cy5 probes, whereas the UCL intensities at

541nm showed no significant changes (Fig. 2e). This was likely

that hirudin inhibited the activity of thrombin, leading to a de-

crease in the cleaving efficiency of thrombin to the substrate and

a corresponding decrease in the fluorescence signal. The fluores-

cence inhibition ratio of thrombin was calculated by the follow-

ing formula: Fluorescence inhibition ratio=R0 −R (where R0 is the

fluorescence intensity I654/I541 ratio in the absence of hirudin and

R is the fluorescence intensity I654/I541 ratio in the presence of

hirudin). The fluorescence inhibition ratio increased with the in-

creasing hirudin concentration and showed a good linear relation-

ship with the logarithm of hirudin concentration in the range of

1×10−8 ∼ 1×10−4 U/mL (Fig. 2f). The linear regression equation

was y=2.32lgCHirudin +20.53 with a correlation coefficient (R2) of

0.9905. The limit of detection (LOD) was 6.026×10 −9 U/mL, which

was lower than most of the methods reported in the literatures

(Table S2 in Supporting information). In addition, the absorbance

of the supernatant decreased continuously with increasing hirudin

concentrations because of the inhibition of thrombin activity to the

cleavage of the substrate peptide that the amount of the released

Cy5 decreased (Fig. 2g). Inhibition absorbance=A0 −A (where A0

was the absorbance in the absence of hirudin and A was the ab-

sorbance in the presence of hirudin). The inhibition absorbance

showed a good linear relationship with the logarithm of hirudin

concentration in the range of 0.005–5U/mL (Fig. 2h). The linear re-

gression equation was y=0.003988lgCHirudin +0.01016 with a cor-

relation coefficient (R2) of 0.9107 and a LOD of 2.82×10−3 U/mL.

To validate the selectivity of our method for hirudin, the other

two thrombin inhibitors, bivalirudin and argatroban, were selected

for comparative analysis. Bivalirudin shows structural similarity

to hirudin. Fig. S4 (Supporting information) presented the dose-

response curves for both drugs. The results indicated that both

drugs exhibited significant inhibitory effects on thrombin, but

there was no linear relationship. In contrast, Fig. 2f showed that

hirudin exhibited a clear linear range. This may be due to the fact

that the inhibitor reaction to thrombin of bivalirudin and arga-

troban were reversible, whereas the reaction of hirudin was irre-

versible. This demonstrated that hirudin exhibited good selectivity.

In order to investigate the accuracy and precision of the method

for the detection of hirudin in leech extract, the spiked recovery

test was used for validation. The results were shown in Table S3

(Supporting information). The spiked recovery rates of sample 1,

sample 2 and sample 3 were 104.97%, 96.16% and 95.5% with the

corresponding relative standard deviations (RSD) of 2.36%, 1.91%

and 1.61%, respectively. This test indicated that the established

method had the high accuracy and precision.

To examine the practicality of the method, the biosensor was

applied to the detection of anti-thrombin components in the leech

extract. The results were shown in Fig. 3. The fluorescence in-

hibition ratio (blue line) showed a good linear relationship with

the logarithm of the concentration of the leech extract in the

range of 1×10−8 to 1×10−4 mg/mL. The linear regression equa-

tion was y=2.3711gCLeech +20.33 with a correlation coefficient

(R2) of 0.9153 and a LOD of 4.9×10−9 mg/mL. Also, based on the

linear relationship between the fluorescence inhibition ratio and

the logarithm of the hirudin concentration in Fig. 2f, the con-

centration of hirudin were calculated which represented the to-
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Fig. 3. (a) The images of leech and its extract solution. (b) Blue line indicated the

relationship between the fluorescence inhibition ratio and the logarithm of leech

extract concentration. Red line indicated the relationship between the logarithm of

the concentrations of hirudin and the logarithm of the concentrations of leech ex-

tract (n=3). Note: Chirudin is defined as the concentration of anti-thrombin compo-

nents equivalent to the concentration of hirudin.

tal concentration of anti-thrombin components. As Fig. 3b (red

line) showed, the logarithm of the concentration of hirudin in the

leech extract showed a good linear relationship with the loga-

rithm of the concentrations of the leech extract in the range of

1×10−8 to 1×10−4 mg/mL. The linear regression equation was

lgCHirudin =1.0221gCLeech −0.08467 with a correlation coefficient

(R2) of 0.9151.

In summary, we constructed a dual-modal biosensor consisting

of UCNPs as an energy donor and a Cy5-modified peptide for the

detection of thrombin and hirudin. This biosensor can simultane-

ously generate accurate and sensitive fluorescence and absorbance

signals for thrombin activity detection, thereby indirectly enabling

hirudin’s antithrombin activity detection, which has good stabil-

ity, excellent specificity and low interference. This dual-modal flu-

orescence and colorimetric assay can complement each other. The

fluorescence assay is extremely sensitive and is used for high-

sensitivity quantification, with particular advantages in the com-

plex biological sample hirudin. The colorimetric assay has a wide

dynamic range and is suitable for medium to high concentrations

of drugs, where changes in concentration can be determined by

the naked eye or a simple spectrometer, and can be used for

rapid visual screening. The combination of the two methods avoids

the concentration limitation of a single method, achieves comple-

mentary sensitivity and detection range, and improves the anti-

interference ability. It makes the method rapid, accurate and ap-

plicable. Moreover, in fluorescence assays, the ratiometric fluores-

cence method was introduced that the fluorescence intensity at

541nm was used as an internal reference, which would greatly

reduce the background interference and improve the accuracy of

the analysis. This biosensor was further successfully carried out for

the practical fluorescence detection of hirudin in the leech extract

with a good linear range and recovery rate because their unique

emission light can effectively avoid the color interference caused

by the leech extract. Overall, this dual-modal biosensor provides a

new platform for the detection of hirudin-like components in the

leech and a new vision for the accurate determination of the active

components in traditional Chinese medicine.
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