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A Rapid and Ultrasensitive Thrombin Biosensor Based on a
Rationally Designed Trifunctional Protein

Huayue Zhang, Lu Yang, Xiaqing Zhu, Yanyan Wang,* Haitao Yang, and Zefang Wang*

Rapid and sensitive detection of thrombin is imperative for the early
diagnosis, prevention, and treatment of thrombin-related diseases. Here, an
ultrasensitive and rapid thrombin biosensor is developed based on rationally
designed trifunctional protein HTs, comprising three functional units,
including a far-red fluorescent protein smURFP, hydrophobin HGFI, and a
thrombin cleavage site (TCS). smURFP is used as a detection signal to
eliminate any interference from the autofluorescence of sample matrix to
increase detection sensitivity. HGFI serve as an adhesive unit to allow rapid
immobilization of HTs on a multiwall plate. The TCS linking HGFI and
smURFP function as a sensing element to recognize and detect thrombin.
HTs immobilization is symmetrically optimized and characterized. Thrombin
assay reveals the specific recognition of active thrombin in samples and the
hydrolysis of the immobilized HTs, resulting in a decrease in the fluorescence
intensity of the sample in a thrombin concentration-dependent manner. The
limit of detection (LOD) is as low as 0.2 am in the serum. To the authors’
knowledge, this is the lowest LOD ever reported for any thrombin biosensor.
This study sheds light on the engineering of multifunctional proteins for
biosensing.

1. Introduction

Thrombin is a serine protease generated from the proteolytic ac-
tivation of prothrombin and is known to modulate blood coagula-
tion in humans through the conversion of soluble fibrinogen into
insoluble fibrin.[1] Thrombin is not only associated with bleed-
ing or thrombosis[2] but also with some serious diseases such as
Alzheimer’s disease,[3] nephrotic syndrome,[4] atherosclerosis,[5]

and tumor growth and metastasis.[6] Therefore, it is imperative
to design a sensitive, specific, and rapid assay for the detection of
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thrombin for the early prevention, control,
and management of thrombin-related
diseases.

Considering the detection principle, the
existing thrombin sensing methods may
be classified into two groups, namely, the
direct and indirect method. While the di-
rect method detects the cleavage activity of
thrombin itself,[7] the indirect method does
not involve thrombin activity detection but
is based on the use of thrombin recogni-
tion parts as sensing elements to build-
up detection systems.[8] In either case, the
measurable detection signal is deemed im-
portant to construct thrombin sensing sys-
tems. Efforts have been directed to develop
detection signals, including fluorescence,[9]

colorimetry,[10] and electrochemical-based
approaches,[11] of which the fluorescence
method is the most commonly sorted
strategy owing to the advantages of high
sensitivity and ease of operation. How-
ever, the excitation wavelength range of
conventional fluorophores is generally be-
tween 400 and 600 nm.[12] Therefore,

the background fluorescence produced by the sample and reac-
tion vessel may severely affect the limit of detection (LOD) when
conventional fluorophores are used.

Several studies have successfully demonstrated the im-
provement in detection sensitivity following autofluorescence
reduction in various diseases,[13] but only a few reports have tried
addressing the autofluorescence limitation during thrombin
detection. In 2013, a time-resolved fluorescence detection system
was employed to eliminate the short lifetime autofluorescence
in an aptamer-directed thrombin assay.[14] In 2018, Xiong et al.
developed phosphorescent quantum dots with long lifetime to
eliminate autofluorescence in their phosphorescence resonance
energy transfer system.[15] Although the above-mentioned meth-
ods solved the problem of autofluorescence to a certain extent,
the complexity of the sensor design and requirement for testing
equipment limit their applications. Herein, we describe the
development of a biosensor based on a rationally designed tri-
functional fusion protein that was effective in reducing autofluo-
rescence to facilitate rapid and convenient detection of thrombin.

Our fusion protein sensor comprises three parts, namely a de-
tection signal, an adhesive part, and a sensing element. smURFP,
a novel small ultra-red fluorescent protein with absorption and
emission maxima of 642 and 670 nm, respectively, was used as
the detection signal.[16] The degradation half-life of smURFP is
about 17 h, suggestive of its photostability. Moreover, smURFP
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Figure 1. Schematic diagram of thrombin detection workflow.

has an extremely large extinction coefficient (180 000 m−1 cm−1)
that makes its signal comparable to that of eGFP. It is about
twofold brighter than most red or far-red fluorescent proteins de-
rived from coral.[17] These unique properties of smURFP make
it an ideal detection signal to eliminate any autofluorescence in-
terference in our sensing system.[18] Hydrophobin HGFI was
used as the adhesive part, and could easily immobilize the fusion
protein onto multiwall plates via self-assembly. Hydrophobin, a
small secreted protein produced by filamentous fungi, is capa-
ble of forming self-assemblies on different interfaces.[19] Self-
assembled hydrophobin on substrates can be used to immobilize
proteins.[20] The specific thrombin cleavage site (TCS; LVPR/GS)
was used as the sensing element and served as a linker between
HGFI and fluorescent protein. As a result, the intensity of the
fluorescent signal on the surface of multiwall plates changed de-
pending on the concentration of thrombin. The sensing mecha-
nism of our biosensor relies on the ability of active thrombin in
samples to specifically recognize and hydrolyze its cleavage site
in the fusion protein, resulting in a subsequent decrease in the
fluorescence intensity of the sample (Figure 1).

With this trifunctional protein assembly, we systematically
built-up a novel far-red fluorescence-based biosensor to detect
thrombin in the serum. Our results show that this biosensor
facilitates the rapid and ultrasensitive detection of thrombin in
20 min. The LOD value was as low as 0.2 am for serum samples.
To the best of our knowledge, this is the lowest LOD ever reported
for any thrombin biosensor. We also obtained a wide linear range
from 1.07 am to 0.01 mm, which is among the best obtained range
for thrombin assay.

2. Results and Discussion

2.1. Production and Characterization of HTs

Figure 2a shows the three components employed to design
the multifunctional fusion protein of the thrombin-detecting

sensor. The first component is hydrophobin HGFI, in which
the yellow part represents a hydrophobic patch comprising
hydrophobic residues on the protein surface. This unique
structure facilitates the self-assembly of hydrophobin on dif-
ferent interfaces and imparts it with the property of “adhesive
binding” for immobilization of fusion proteins.[21] The second
component is the TCS, which serves as a “sensing element”
in our biosensor. We chose Leu-Val-Pro-Arg-Gly-Ser as the site
for thrombin digestion that has been widely used for thrombin
detection.[7,22] This consensus sequence is specifically recog-
nized by thrombin and has better cutting efficiency than other
thrombin digestion sites.[7] A far-infrared fluorescent protein
smURFP was the third part used as the detection signal in our
biosensor. smURFP is expected to avoid the autofluorescence
from sample matrix and reaction vessel, consequently increas-
ing the LOD of our biosensor. The fusion protein was produced
using a synthetic biology method (Figure S1, Supporting In-
formation) and termed as HTs (Figure 2b). Recombinant HTs
was then expressed in an Escherichia coli expression system.
Figure 2c shows the result of size-exclusion chromatography
for HTs. Fractions corresponding to the predominant peak
were lyophilized and analyzed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). Single bands
indicated the high purity of recombinant HTs obtained after
purification.

The biological activity of HTs was systematically investigated.
In general, all the three components of recombinant HTs are
expected to retain their original activities after expression and
purification. We verified the fluorescence properties of HTs
(Figure 2d) and found that the absorption spectrum comprised
a major peak at 642 nm, while the emission spectrum displayed
a maximum peak at 670 nm wavelength. The absorption and
emission spectra of HTs were almost identical to those of native
smURFP, confirming the detection signal of HTs. Given that
hydrophobin can form an amphiphilic protein-membrane con-
nection via self-assembly to reverse the hydrophilic–hydrophobic
property of any surface, the self-assembly of HTs was evaluated
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Figure 2. Production and characterization of HTs. a) Components of thrombin sensor. The yellow part of the figure represents a hydrophobic patch
comprising hydrophobic residues that allow modification of different interfaces in response to the change in hydrophilic and hydrophobic properties.
The scissor represents thrombin. b) The structure diagram of the thrombin detection sensor HTs. c) Results of size-exclusion chromatography and
SDS-PAGE of HTs. d) Absorption and emission spectra of HTs and smURFP. e) SEM images of self-assembled HTs film and native HGFI film and WCA
measurements of polystyrene and mica before and after modification with HTs and HGFI. f) Schematic diagram of ATPS and determination of the change
in the partition coefficient of the fluorescent protein (n = 3).

by water contact angle (WCA) measurement at both the
hydrophobic and hydrophilic surfaces.[20d] Before WCA mea-
surement, scanning electron microscopy (SEM) was performed
to confirm the self-assembly of HTs to form a protein film on
surfaces. Figure 2e shows a self-assembled HTs film on the
polystyrene surface with the wrinkles or folds like native HGFI.
We performed WCA measurement and found that polystyrene
had a typical hydrophobic property (WCA is 108.1°), and mica
sheet displayed obvious hydrophilicity (WCA is 2°). In contrast,
the surface properties of both polystyrene and mica significantly

changed after modification with HTs. The WCA of HTs-modified
polystyrene sharply decreased from 108.1° to 39.4°. Several
studies have shown that the self-assembly of amphiphilic hy-
drophobin on any hydrophobic surface results in the adherence
of the “hydrophobic patch” exposed on hydrophobin surface onto
the hydrophobic surface via strong hydrophobic interactions.[23]

Thus, the hydrophilic part of hydrophobin was exposed, result-
ing in the transformation of the hydrophobic surface into a
hydrophilic one.[24] The WCA of the HTs-modified mica sheet
increased from 2° to 23°. These results indicate that HTs retained
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Figure 3. Optimization of the protocol for the immobilization of HTs onto multiwell plates. a) The effect of pH (3–10) on the adsorption of HTs (n = 3).
b) The effect of different NaCl concentrations (10–500 mm) on the adsorption of HTs (n = 3). c) Verification of the wash-resistant property of immobilized
HTs following washing with 10 mm NaH2PO4-NaOH buffer (pH, 7.4) (n = 3). d) The 15-day stability of the fluorescence intensity of immobilized HTs
at different temperatures (4 and 37 °C; n = 3).

its ability to self-assemble and could be used to modify different
interfaces, consistent with the function of native hydrophobin.

The biological function of the TCS used as the “sensing el-
ement” was verified. Native hydrophobin exhibits an extremely
strong separation behavior in an aqueous two-phase system
(ATPS) owing to its amphiphilic nature.[25] As we proved that HTs
could behave like native hydrophobin, we used an ATPS to verify
the effectiveness of the TCS. Most intact HTs without thrombin
cleavage should theoretically move to the lower phase of the ATPS
in the presence of the surfactant Triton X-114 because of the par-
tition effect of hydrophobin. If the TCS of HTs is still functional,
hydrophobin HGFI and smURFP may separate after the addi-
tion of thrombin to the HTs solution. As a consequence, most
smURFP tended to get distributed into the upper phase of the
ATPS with the removal of hydrophobin HGFI. Partition coeffi-
cient describes the ratio of the concentration of smURFP pro-
tein between the lower surfactant phase and the upper buffer
phase. As shown in Figure 2f, the partition coefficient value for
smURFP was about 3.8 in the absence of thrombin, suggesting
that most HTs containing smURFP was present in the lower sur-
factant phase. In contrast, the partition coefficient of the fluores-
cent protein reduced to about 0.02 after the addition of throm-
bin, consistent with the original partition coefficient of smURFP
in the ATPS. These results indicate that the TCS was functional
and was recognized and cleaved by thrombin, resulting in the

movement of the separated smURFP into the upper phase of the
ATPS. In summary, the multifunctional protein HTs was accu-
rately produced and ready for sensor construction.

2.2. Optimizing the Immobilization of HTs onto the Multiwell
Plates

After the successful construction of the fusion protein HTs, we
designed the biosensor. The first step for sensor construction
was immobilization of HTs onto the surface of a multiwall plate,
which was made of polystyrene. In our previous study, we found
that the physical adsorption of hydrophobin on different inter-
faces was strongly affected by several conditions, including pH
and salt concentration.[26] Therefore, we systematically investi-
gated the effects of these factors on the adsorption of HTs on
multiwell plates. As shown in Figure S2, Supporting Informa-
tion, HTs had a stable fluorescence under all tested conditions,
suggesting that both pH and salt concentration had negligible ef-
fects on HTs fluorescence. Therefore, the fluorescence intensity
of HTs was used as the indicator to quantify the result of adsorp-
tion. As shown in Figure 3a, the adsorption of HTs was greatly
affected by pH. Maximum binding was achieved at pH 5, which
was slightly below the calculated pI of HTs (pI= 5.3). We carefully
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Figure 4. Characterization of HTs-modified multiwall plates. a) Wide XPS spectra of HTs/polystyrene and bare polystyrene, and high-resolution spectra
of C1s, S2p, and N1s. b) SEM images of bare polystyrene and self-assembled HTs film on polystyrene surface. c) AFM images of bare polystyrene and
self-assembled HTs film on polystyrene surface.

titrated the adsorption of HTs on the multiwell plate around pH
5 and found it (inserted panel in Figure 3a) to sharply decreased
as the pH value shifted away from 4.8. For instance, a change of
about 1 pH unit resulted in almost complete loss of the binding
between HTs and the multiwell plate. Therefore, the optimal pH
for HTs adsorption was determined to be 4.8. These results were
consistent with our previous finding that the maximum adsorp-
tion of native hydrophobin on hydrophobic surfaces is achieved
around the pI value of hydrophobin.

Salt concentration is a crucial factor that controls the ad-
sorption of native hydrophobin on hydrophobic surfaces.[26] Salt
contributes to the adsorption of the fusion protein HTs on the hy-
drophobic surface of multiwell plate (Figure 3b). The maximum
binding of HTs was achieved at low salt concentrations. As the
ionic strength increased, the binding of HTs rapidly decreased.
Hence, all the following HTs binding experiments were per-
formed at a low (10 mm) salt concentration. Finally, the stability of
the immobilized HTs was examined under different conditions.
The bound HTs underwent several rounds of washing during
the whole experiment. Therefore, we washed the multiwell plate
to verify its binding strength with HTs. Figure 3c shows that the
fluorescence intensity of HTs remained unchanged after seven
rounds of washing using the buffer employed in the construc-
tion of our biosensor. This result indicates that the interaction
between the immobilized HTs and polystyrene substrate was
rather strong. Wash-resistant binding of immobilized HTs is
advantageous for the construction of our biosensor. We also
confirmed the stability of the immobilized HTs under defined
storage conditions. As shown in Figure 3d, the fluorescence
intensity was rather stable during the 15 day storage period at
4 and 37 °C. These results reveal the long-time stability of the
fluorescence intensity of immobilized HTs at different temper-
atures. Thus, we demonstrate the fluorescence stability of HTs
that was unaffected by the immobilization process.

2.3. Characterization of HTs-Modified Multiwall Plate

To confirm the immobilization and self-assembly of HTs onto
the surface of polystyrene, the chemical composition of the
polystyrene surface before and after HTs deposition was ana-
lyzed using X-ray photoelectron spectroscopy (XPS) (Figure 4a).
The complete XPS spectra revealed the overall changes in the
O1s, N1s, C1s, and S2p of bare polystyrene and HTs-modified
polystyrene. A typical C1s (284.1 eV) element signal was recorded
in the wide XPS spectra of bare polystyrene. The intensity
of C1s elemental peak of HTs-modified polystyrene decreased.
Moreover, the C1s high-resolution XPS peaks of HTs-modified
polystyrene could fit into six components at 283.0 (C–H), 283.6
(C–C), 284.8 (C–N), 286.1 (C–O), 286.8 (C O), and 287.8 eV (O–C
O). These species were all expected from the molecular structure
of HTs, indicative of the self-assembly and deposition of HTs on
the surface of polystyrene. In addition, high intensities of N1s
(398.5 eV) and S2p (162.5 eV) observed in the high-resolution
XPS spectra of HTs-modified polystyrene revealed the adsorption
of HTs on the surface of polystyrene.

We performed SEM to observe morphological changes on
polystyrene surface before and after HTs modification. As shown
in Figure 4b, the surface of polystyrene was relatively flat, but
long ridges crossing the surface were observed. After HTs modi-
fication, the long ridges disappeared and the surface became ob-
viously smoother. The change in surface morphology indicated
the self-assembly of HTs onto the polystyrene surface. We oc-
casionally observed the obvious folded membrane structures at
the edge of HTs-modified polystyrene (Figure S3, Supporting In-
formation). Hydrophobin can self-assemble into elastic films on
different interfaces.[27] Therefore, these results strongly confirm
the self-assembly of HTs into the membranes on polystyrene sur-
face. The morphological changes on polystyrene surface before
and after HTs modification were also investigated by atomic force
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Figure 5. Thrombin assay. Detection curve that simulates the actual detection situation and specificity of the assay. a) Logarithmic plot of the detection
curve of the fluorescence emission of 0.4 mg mL−1 HTs at 670 nm versus thrombin concentration in the serum at pH 7.4 (n = 3). b) Percentage (%)
of the fluorescence intensity of HTs in the presence of 107 am of different proteases (trypsin, elastase, chymotrypsin, proteinase K, thrombin, and 3 µm
BSA along with thrombin) (n = 3).

microscopy (AFM). Figure 4c shows that bare polystyrene dis-
played a smooth surface with a root mean square roughness (Rq)
of 1.38. In contrast, a protein layer was formed on HTs-modified
polystyrene surface that resulted in an increase in the Rq value
to 3.26 (Figure S3, Supporting Information). As shown in Fig-
ure 4a, bare polystyrene was quite smooth but covered with HTs
molecules following HTs treatment. The average height of the ad-
sorbed HTs molecules was about 7 nm (averaged from three rep-
resentative heights 6.6 nm, 7.1 nm, and 7.3 nm in Figure S4b,
Supporting Information). Considering the theoretical height of
HTs (in the range of 6.1–9.3 nm, as calculated from the 3D struc-
tures of HGFI and smURFP; Figure S5, Supporting Informa-
tion), we propose that a protein monolayer was formed on the
HTs-modified polystyrene surface. In this protein monolayer, the
adhesive part hydrophobin HGFI could immobilize the whole
HTs protein on the polystyrene substrate leaving the TCS and
the reporter smURFP exposed to the solvent.

2.4. Thrombin Assay

Before we performed the assay, HTs was immobilized on the sur-
face of the multi-well plate under optimized conditions. Serum
samples containing different concentrations of thrombin were
added to HTs-immobilized 96-well plates to obtain a standard
curve. As expected, the fluorescence intensity of HTs decreased
owing to the cleavage of the smURFP probe from the fusion
protein with an increase in the concentration of thrombin. To
demonstrate the change in the fluorescence intensity in a range
of several orders of magnitude, the results were reported on a
logarithmic scale. A linear trend was observed in the whole con-
centration range of thrombin (Figure 5a) when the concentration
of HTs was 0.4 mg mL−1. Higher concentrations of fusion protein
showed a non-linear trend probably owing to the formation of a
multi-protein layer on the polystyrene surface, as seen by AFM

(Figure S6, Supporting Information). The linear equation

y = a + b log x (1)

was used to fit the data on HTs fluorescence and thrombin con-
centration (a and b represent the intercept and slope, respec-
tively).

According to the 3Sb/m criterion (m is the slope of the curve;
Sb is the standard deviation of the blank), the LOD was 0.2 am. To
the best of our knowledge, this is the lowest LOD ever reported
for any thrombin biosensor. As shown in Figure S7, Supporting
Information, the LOD obtained with buffer was 0.02 am. This re-
sult indicates that the serum matrix had no impact on the de-
tection performance of our biosensor. In addition, we obtained
a rather wide linear range between 1.07 am and 0.01 mm, which
is among the best reported range for thrombin assays. We also
compared our results with the LOD and linear range of other
analytical methods used for thrombin detection (Table 1). It is
clear that our method serves as a rapid and ultrasensitive fluo-
rescence strategy with the best LOD and a wide linear range to
detect thrombin. It also eliminates the need for complex exper-
imental procedures and can effectively avoid interference from
the autofluorescence of biological samples. Therefore, the excel-
lent far-infrared characteristics of the probe smURFP along with
the high efficiency of the immobilization strategy may contribute
to these remarkable results.

The specificity of this thrombin detection system was tested
by evaluating the effect of other proteases. An obvious decrease
in the fluorescence intensity was observed only in the presence
of thrombin (Figure 5b), while other proteases failed to induce
any change in fluorescence intensity. Moreover, the addition of
bovine serum albumin (BSA) to test samples had no effect on the
cleavage specificity of the assay. Thus, our method could specifi-
cally detect thrombin activity in the serum.

We performed the thrombin assay by adding different concen-
trations of thrombin to healthy human serum with the standard
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Table 1. Comparison of the analytical performances of recent works for thrombin detection.

Detection method Detection range LOD (serum) References

A rationally designed trifunctional protein 1.07 am–0.01 mm 0.2 am Our results

Unmodified gold nanoparticle probes based aptasensor 0–167 nm — [28]

Fluorescence resonance energy transfer (FRET) aptasensor 62.5–187.5 pm pm [29]

Label-acquired magnetorotation 1–20 nm — [30]

Surface plasmon resonance 10 nm 0.1 nm [31]

A green fluorescent protein based biosensor am–mm 2.3 am [22]

Label-free and reagentless capacitive aptasensor 10 pm-10 m 16 pm [32]

Aptamer-based hook-effect-recognizable three-line lateral flow biosensor 1 nm–100 µm — [10a]

Aptamer-linked magnetic nanoparticle and redox boundary chip 0.05 nm–0.5 nm — [33]

Surface plasmon resonance and quartz crystal microbalance sensors 1 am–0.1 pm — [34]

Table 2. Recovery tests for thrombin in human serum samples. Each sam-
ple was analyzed using our proposed biosensor and all values were ob-
tained as an average of three repetitive determinations ± standard devia-
tion (mean ± SD).

Sample Added [pm] Found [pm] Recovery [%] Relative error [%]

1 5 × 10−7 (4.82 ± 0.12) × 10−7 96.40 −3.60

2 5 × 10−6 (5.16 ± 0.06) × 10−6 103.20 3.20

3 5 × 10−5 (5.23 ± 1.32) × 10−5 104.60 4.60

4 5 × 10−4 (5.11 ± 0.37) × 10−4 102.20 2.20

5 5 × 10−3 (5.06 ± 0.16) × 10−3 101.20 1.20

6 0.05 0.0492 ± 0.0025 98.40 −1.60

7 0.5 0.496 ± 0.013 99.20 −0.80

8 5 5.04 ± 0.45 100.80 0.80

9 50 49.86 ± 3.76 99.72 −0.28

10 500 497.25 ± 8.21 99.45 −0.55

11 5 × 103 (5.12 ± 0.03) × 103 102.40 2.40

12 5 × 104 (5.03 ± 0.11) × 104 100.60 0.60

addition method. As shown in Table 2, the recovery value ranged
from 96.4% to 104.6% at concentrations from 5 × 10−7 to 5 ×
104 pm, indicative of appropriate thrombin detection in biolog-
ical samples. Thus, this biosensor can be potentially useful for
clinical applications.

3. Conclusion

Here, we demonstrate the development of a fast and ultra-
sensitive fluorescent system for thrombin detection based on
a triple-functional protein HTs. The intentional use of a far-
infrared fluorescent protein smURFP avoided interference from
the autofluorescence of biological samples and increased the
sensitivity of the detection system. The use of hydrophobin
enhanced the immobilization efficiency of our fusion protein
in a simple and efficient way. Our data show that the strategies
used were efficient, as the LOD and linear range of our biosensor
were comparable to those of other reported sensors. Our method
is robust and reliable for the detection of thrombin in biological
samples. The flexibility of our detection system may highlight its

potential application for the detection of various other proteases
by simply replacing the cleavage linker, which links hydrophobin
and fluorescent proteins.

4. Experimental Section
Materials: The coding sequences of HGFI, smURFP, and HO-1 were

codon-optimized (Table S1, Supporting Information) and synthesized
from GENEWIZ (Tianjin, CHINA). Primers used for gene amplifica-
tion and overlap polymerase chain reaction (PCR) containing throm-
bin restriction sites and ribosome binding sites (RBS) were synthesized
from GENEWIZ (Tianjin, CHINA). Thrombin, trypsin, elastase, proteinase
K, chymotrypsin, and Triton X-114 were purchased from Sigma-Aldrich
(Saint Louis, Missouri, USA), while sodium acetate, Tris-HCl, imidazole,
sodium chloride (NaCl), peptone, and yeast extract were obtained from
Sangon Biotech (Shanghai, CHINA). E. coli strains DH5a and BL21 (DE3)
and the pET-28a vector were preserved at the Tianjin University (Tianjin,
China). T4 DNA ligase, Taq DNA polymerase, all restriction enzymes, and
DNA molecular mass markers were procured from Thermo Fisher Scien-
tific (Beijing, CHINA). Deionized water (Millipore Milli-Q grade) with a
resistivity of 18.2 MΩ cm was used throughout this study.

Vector Construction: The coding sequences of HGFI, TCS, smURFP,
and RBS (5′-gaattccatcatcaccatcaccattgaaagaaggagatatacataccc-3′) were
amplified by PCR and linked using overlap PCR. The resulting DNA frag-
ment was gel-purified using a highly pure PCR product purification kit and
subjected to restriction digestion using BamHI and XhoI. The product was
ligated into the corresponding sites of the pET28a vector. The obtained ex-
pression vector was introduced into E. coli BL21 (DE3) for protein expres-
sion.

Expression and Purification of the Trifunctional Protein: E. coli BL21
(DE3) colonies were picked up from a Luria Bertani (LB) solid medium
plate and grown in 5 mL LB liquid medium (10 g L−1 peptone, 10 g L−1

NaCl, 5 g L−1 yeast extract) at 37 °C and 220 rpm on a rotary shaker for
overnight. The culture was then diluted at a ratio of 1:200 using fresh
medium and grown up to 0.6 OD (37 °C and 220 rpm). After the tem-
perature of the medium dropped to 16 °C, 500 µm of 1 m isopropyl 𝛽-d-
1-thiogalactopyranoside (IPTG) was added to induce protein expression
at 16 °C and 220 rpm on a rotary shaker for 14–16 h. The cells were sedi-
mented by centrifugation at 4000 rpm and 4 °C for 25 min, resuspended in
Tris buffer A (50 mm Tris, 300 mm NaCl [pH 7.0]), and disrupted using low-
temperature ultra-high pressure continuous flow cell disrupter. Bacterial
solution was sedimented by centrifugation at 18 000 rpm at 4 °C for 40 min,
and the supernatant was collected and purified using Ni Sepharose (GE)
affinity chromatography following equilibration with buffer B (50 mm Tris,
300 mm NaCl [pH 7.0], and 20 mm imidazole). Proteins were eluted us-
ing buffer A supplemented with 250 mm imidazole. After concentration
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by ultrafiltration and dilution in buffer C (50 mm Tris-HCl [pH 7.0]), the
mixture was loaded onto a HiTrap Q 5 mL column (GE) pre-equilibrated
with buffer C and eluted using a linear NaCl concentration gradient. The
concentrated proteins were subjected to a final gel-filtration purification
step on a Superdex 200 10/300 GL column (GE) in buffer D (50 mm Tris,
150 mm NaCl, [pH 7.0]). HiTrap Desalting 5 mL column (GE) was used to
remove the salts from the purified proteins. The purity of the protein was
verified on 15% SDS-PAGE gels. The resultant trifunctional protein was
named as HGFI-TCS-smURFP (HTs).

Fluorescence Analysis of HTs: The fluorescence properties of smURFP
and HTs were measured and compared. Solutions of smURFP and HTs
were prepared at a concentration of 0.002 mg mL−1 (50 mm Tris, [pH 7])
and their absorption and emission properties were measured using an
UV–vis spectrophotometer TU-90 and a fluorospectrophotometer F97XP,
respectively. In total, 1 mL of protein sample was added into a colorimetric
dish and tested according to the following conditions: absorption wave-
length was detected from 500 to 700 nm and the emission wavelength of
600–750 nm was detected by fixing the excitation wavelength at 600 nm.
Each measurement was repeated thrice and the obtained values were av-
eraged.

WCA Measurement: The WCA of HTs was measured on hydrophobic
polystyrene and hydrophilic mica sheets using an optical contact angle
meter (KSV Instruments Ltd, CAM 200). In brief, a 0.2 mg mL−1 protein
solution was prepared in sodium acetate-acetic acid buffer at pH 5.0 and
20 µL of it was dropped on the surface of polystyrene and mica sheets. Af-
ter incubating the sheets at room temperature for 30 min, the protein so-
lution was removed and the surfaces of the sheets were dried in a nitrogen
stream. The HTs-modified surfaces were incubated at room temperature
for overnight, and WCA was measured using a 5 µL water droplet on each
modified surface. The contact angle was calculated as the average of the
values obtained from at least three water drops.

Evaluation of the Functionality of the TCS Using ATPS: To verify the func-
tionality of the thrombin restriction site, thrombin was added to the HTs
solution (30 mg mL−1) and the mixture was incubated at 37 °C for 20 min.
ATPS analysis was carried out in a 1.5 mL volume of sample treated with
3% (m V−1) Triton X-114. The two-phase system stood still and separated
into two phases after about 20 min incubation at room temperature. Next,
the fluorescence intensities of the upper buffer phase and the lower sur-
factant phase were measured at an excitation wavelength of 642 nm and
an emission wavelength of 670 nm. The partition coefficient of smURFP
in the two phases was calculated by dividing the fluorescence intensity
from the surfactant phase by that from the buffer phase. The partition co-
efficients of HTs solution without thrombin and native smURFP in ATPS
were measured and reported as control values.

Optimization of Immobilization of HTs on Multiwell Plates: The effects
of pH and salt concentrations on the immobilization of HTs on multiwell
plates were investigated. Buffers at different pH values (pH range from
3 to 10) were prepared. The buffers (10 mm) used included glycine-HCl
(pH 3), sodium acetate-acetic acid (pH range from 4 to 6), monosodium
phosphate-sodium hydroxide (NaH2PO4-NaOH; pH 7 and 8), glycine-
NaOH (pH 9 and 10) buffers. These buffers were used to prepare a spe-
cific concentration of HTs (0.4 mg mL−1). Next, 150 µL of HTs solution
was added to the wells of a 96-well plate and the plate was incubated at
4 °C for overnight. After the removal of the residual liquid, the 96-well
plate was washed thrice with 10 mm NaH2PO4-NaOH buffer (pH 7.4),
and the fluorescence intensity was detected on an EnSpire Multilabel
Reader. The same procedure was repeated for the evaluation of the ef-
fect of salt concentrations (sodium acetate, pH = 5, from 10 to 500 mm)
on the immobilization of HTs on the multiwell plate. In addition, wash-
resistant property (within seven rounds of washing) and stability of im-
mobilized HTs (within a 15-day storage period at 4 or 37 °C) were also
evaluated.

Characterization of HTs-Modified Polystyrene: The chemical composi-
tion of the HTs-modified and bare polystyrene surfaces was analyzed us-
ing an XPS apparatus (PHI-5300). XPS was performed to detect changes
in the contents of C, N, O, and S elements on the surface of polystyrene.
Bare polystyrene surface was used as a control. The source gun type was
Al K Alpha, and the survey scan ranged from −9 to −1350 eV. All XPS spec-

tra were recorded using an aperture slot of 400 × 400 µm; survey spectra
were recorded at a pass energy of 150 eV, while high-resolution spectra
were obtained at a pass energy of 30 eV.

The morphological changes in HTs-modified and bare polystyrene sur-
faces were also evaluated. In brief, 0.4, 0.6, and 0.8 mg mL−1 protein so-
lutions were prepared (10 mm sodium acetate, pH = 5) and 20 µL of
each solution was dropped onto the surface of polystyrene. The treated
polystyrene was placed in a vacuum desiccator at room temperature for
overnight. All samples were imaged in a dry state under the tapping mode
using III Dimension 3100 AFM and silicon nitride cantilever at a nomi-
nal force constant of 50 N m−1 and scan rate of 1 Hz. The images from
AFM were flattened to remove any possible tilt. Nova NanoSEM 430 was
also used to observe the adsorption of fusion proteins on the surface of
polystyrene. The high stability Schottky field emission gun was used as the
source gun at an acceleration voltage of about 20 KV and a probe current
of about 150 µA.

Thrombin Assay: After immobilization of HTs, thrombin at different
concentrations was added to multiwell plates (from 1 am to 1.07 mm,
10 mm Tris-HCl buffer [pH 7.4]). The plate was incubated at 37 °C for
20 min, and any residual liquid was removed by washing thrice with 10 mm
NaH2PO4-NaOH buffer (pH 7.4). The fluorescence intensity was detected
using EnSpire Multilabel Reader and compared with that reported before
thrombin treatment. The difference was used to draw a standard curve.
The above experimental steps were repeated in the presence of 20% hu-
man serum, human serum sample used in this study was purchased from
Sigma-Aldrich. All the tests involved in the serum operation were proved
by the Medical Ethics Committee of Tianjin University and strictly followed
the biosafety regulation rules of Tianjin University.

The specificity of the detection system was verified. After immobiliza-
tion of the same amount of HTs (150 µL) onto multiwell plates, 107 am of
different proteases (trypsin, elastase, chymotrypsin, proteinase K, throm-
bin, and 3 µm BSA in the presence of thrombin) were added to the mul-
tiwell plate; the above experiments were repeated. In brief, 3 µm BSA was
mixed with thrombin to prove that the presence of high concentrations of
other proteins had no effect on the fluorescence intensity associated with
thrombin activity.

Statistical Analysis: Unless otherwise specified, all experimental data
including: 1) fluorescence analysis of HTs; 2) WCA measurement; 3) evalu-
ation of the functionality of the TCS using ATPS; 4) Optimization of immo-
bilization of HTs on multiwell plates; and 5) thrombin assay were derived
from three replicates. Error bars represent standard deviation. All numeri-
cal results were reported as mean ± SD, n = 3. In thrombin assay part, the
linear equation was used to fit the data on HTs fluorescence and thrombin
concentration by using Origin Lab software.
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