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ABSTRACT

Herein, a novel label-free fluorescent assay has been developed to detect the activity of thrombin and its
inhibitor, based on a recombinant enhanced green fluorescence protein (EGFP) and Ni%* ions immobi-
lized nitrilotriacetic acid-coated magnetic nanoparticles (Ni**~NTA MNPs). The EGFP, containing a
thrombin cleavage site and a hexahistidine sequence (His-tag) at its N-terminal, was adsorbed onto
Ni2*-NTA MNPs through Ni?*-hexahistidine interaction, and dragged out of the solution by magnetic
separation. Thrombin can selectively digest EGFP accompanied by His-tag peptide sequence leaving, and
the resulting EGFP cannot be captured by Ni**-NTA MNPs and kept in supernatant. Hence the
fluorescence change of supernatant can clearly represent the activity of thrombin. Under optimized
conditions, such assay showed a relatively low detection limit (3.0 x 104 U mL~'), and was also used to
detect the thrombin inhibitor, Hirudin, and further applied to detect thrombin activity in serum.
Combined with the satisfactory reusability of Ni**-NTA MNPs, our method presents a promising

candidate for simple, sensitive, and cost-saving protease activity detecting and inhibitor screening.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Proteases are quite important in wide scope of physiological
processes, such as simple protein catabolism and highly regulated
cascades, etc. Thrombin is a kind of serine proteases, which can
cleave peptide bonds containing arginine residue [1]. As the last
protease involved in the coagulation cascade, thrombin converts
fibrinogen to insoluble fibrin, which forms the fibrin gel [2]. Also,
thrombin plays a pivotal role in the process of thrombiosis, platelet
activation, and various cardiovascular diseases [3], and regulates
many processes in inflammation and tissue repair at the vessel wall
[4]. Recently, many thrombin detecting methods have been reported,
including various aptamer-based assays. Most of these aptamer-
based assays are sensitive and selective, and some fluorescence
sensors have fast response [5,6]. However, the experiment process
of several electrochemical and electrochemiluminescence assays
based on aptamer-nanomaterials complexes is complicated, requir-
ing electrode modification and multistep washing processes [7-12];
gold nanoparticles and aptamer-based colorimetric detecting meh-
tods [13-15] can rarely be applied to real samples; the aptamer
modified nanosilver resonance scattering spectral probe [16] cannot
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be applied in high-throughput screening (HTS). Furthermore, these
thrombin detection systems, which depend on the interaction
between aptamer and thrombin, are only able to display the overall
quantity of thrombin molecule, rather than its enzyme activity.
Hence, developing an easy-conducting method to detect thrombin
activity is in great need.

Fluorescence proteins (FPs) are one kind of autofluorescence
proteins which can emit fluorescence without any substrate or
cofactor. As coded in different vectors and expressed by prokar-
yotic or eukaryotic cells [17,18], FPs gene can be fused to other
genes through molecular cloning technique, which is widely used
in fluorescent imaging [19] and other areas, such as protein
interaction detecting [20,21], DNA and RNA labeling [22,23], and
biosensors for numerous biological processes in transgenic ani-
mals [24]. These applications prove that FPs are ideal fluorescent
reporters in various research areas, but reports about thrombin
activity detection based on FPs are scarce.

Magnetic nanoparticles (MNPs) are one kind of attractive nano-
particles, because of their physical and chemical properties, such as
small size, high surface/volume ratio, good dispersion, fast binding of
biomolecules, reversible and controllable flocculation, and easy
separation from reaction mixtures in an external magnetic field.
Accordingly, MNPs are superior to conventional micrometer-sized
resins or beads in the fields of DNA hybridization detection [25,26],
protein and enzyme immobilization [27,28], cell separation [29,30],
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and drug delivery [31-33]. In recent years, nickel ions immobilized
nitrilotriacetic acid-coated magnetic nanoparticles (Ni**~NTA MNPs)
are commercialized, and are used for His-tagged proteins collection
through chelation between nickel ions and hexahistidine. Because
His-tag can be fused to various peptides and proteins, Ni2*-NTA
MNPs have the potential to be used in protease activity measure-
ments, which is highly ignored.

Here, in our work, we demonstrate a novel, simple and label-
free method to detect the activity of thrombin based on a
recombinant EGFP and Ni2*-NTA MNPs. The egfp gene is inserted
in pET-28(a+) vector, so that the expressed EGFP would directly
harbor a His-tag with an interval of thrombin recognition site at
the N-terminal from the vector, without additional genetic mod-
ification. Through the interaction between His-tag and Ni** ions,
EGFP would couple onto Ni>*-NTA MNPs and be extracted out of
the solution after magnetic separation. Such interaction between
EGFP and Ni>*-NTA MNPs would be disturbed by thrombin
digestion. Hence, the fluorescence intensity variation of the solu-
tion can represent the thrombin activity. Compared to the prior
thrombin detection methods, which are mostly based on thrombin
aptamers [7,8,10,12,16], this EGFP and Ni?**-NTA MNPs-based
method exhibits predominant merits. Firstly, as the fluorescent
signal change in this method depends on the digestion of the
recombinant EGFP by thrombin, it can measure the thrombin
activity rather than thrombin molecules. Secondly, our method
can be applied to thrombin inhibitor detection and screening,
while aptamer-based assays cannot, for the aptamer is one kind of
inhibitors itself. Finally, due to the effective and selective interac-
tion between Ni>*-NTA MNPs and EGFP, this method is applicable
in serum for thrombin detection. These advantages show the great
potentiality of our method to be used in diagnosis and antic-
oagulation drugs screening. Thus, a label-free, selective and widely
applicable thrombin detection method is established.

2. Experimental section
2.1. Chemicals and materials

Thrombin was purchased from Sigma-Aldrich (St. Louis, MO).
Ni?*-NTA MNPs were obtained from the MagExtractor@-His-tag-
fusion Protein purification kit purchased from Toyobo Co., Ltd.
(Osaka, Japan). Thrombin inhibitor, Hirudin, was purchased from
Sango Co., Ltd. (Shanghai, China). Tris, yeast extract, sodium
chloride, tryptone, imidazole, ethylenediaminetetraacetic acid dis-
odium salt (EDTA-Na,) and all other chemicals were of analytical
grade and purchased from Sangon Co., Ltd. Serum sample was
received from Blood Center of Hunan University Hospital. Throm-
bin was dissolved in sterile ultrapure water. All samples and
buffers were prepared with ultrapure water from Milli-Q water
purification system, and were stored at 4 °C.

2.2. Heterologous expression of gene egfp in E. coli and purification
of the recombinant EGFP

The plasmid pET28(a)-egfp, donated by Dr. Lei Liu in Yale
University, was electroporated into E. coli BL21 (DE3) cells to
highly heterologous express egfp. Briefly, E. coli BL21 cells were
grown overnight at 37 °C in 3 mL Luria-Bertani (LB) medium, and
were transferred to 100 mL fresh LB for another 2-h cultivation till
the ODggo reached 0.6. Then 0.4 mM Isopropyl p-b-1-Thiogalacto-
pyranoside (IPTG) was added to induce egfp expression for another
6 hours at 30°C. Cells were harvested by centrifugation at
7000 x g for 3 min, washed once with purified water and twice
with ice-cold 10 mM Tris-HCI buffer (pH 7.5), and resuspended in
the same buffer, disrupted by sonification in an ice-water bath.

After centrifugation at 12,000 rpm for 10 min to remove cell
debris, the clear green supernatant containing EGFP was obtained.

The green color supernatant was filtered through Mixed
cellulose ester (MCE) syringe filter, and purified with HisTrap HP
column (GE Healthcare, China), followed by being desalted with
HisTrap Desalting column (GE Healthcare, China) to conserve EGFP
in 10 mM Tris-HCl. The solution was then quantified by the EGFP
chromophore spectral absorbance at 480 nm (extinction coeffi-
cients for EGFP at 480 nm is 55,000 M~ ' cm~') [34] and stored at
—20 °C before use.

2.3. Detection of the activity and inhibition of thrombin based on
EGFP and Ni>*-NTA MNPs

Before detection of the activity and inhibition of thrombin,
influences of buffers and Ni?>*-NTA MNPs volume on the assay were
assessed. The manipulation is similar to the following process.
Besides, 10 mM Tris-HCl (pH 7.5), phosphate buffered saline (PBS,
pH 7.4) and Binding Buffer (20 mM NasPO,4, 0.5M NaCl, 20 mM
imidazole, pH 7.4) were used to dilute EGFP solution, respectively,
and different volumes of Ni>*-NTA MNPs ranging from 0 to 10 pL
were used to collect EGFP. The thrombin activity assay was con-
ducted in 0.2 mL Polymerase Chain Reaction (PCR) tubes containing
EGFP (90 nM) and thrombin at final concentration ranging from
1.0x 10~*UmL~! to 1.0 UmL™'. One sample without thrombin was
used as a negative control. Then the volume of reaction solution was
adjusted to 100 pL by adding the buffer. The mixture was incubated
at 37°C for 60 min [35,36] and the fluorescence intensity was
measured at 508 nm, Ig;, with Synergy™ Mx multimode microplate
reader (BioTek Instruments, Inc.) at an excitation wavelength of
480 nm. Subsequently, 3 uL Ni**-NTA MNPs were added into each
reaction system and stirred for 10 min. Bead/Fluid (B/F) separation
was conducted with a magnet, and 100 pL supernatant was trans-
ferred to a 96-well plate and the fluorescence intensity at 508 nm, Iy,
was immediately read again by Synergy™ Mx multimode microplate
reader. Fluorescence intensity variation was obtained according to
the equation Alg=Ig; — Igp.

The inhibition of thrombin by Hirudin was measured in the
similar way as of thrombin assay, except for the involvement of
1 x 1072 U mL~ ! thrombin and different concentrations of Hirudin
in the reaction solutions.

2.4. Analysis of the thrombin activity in serum

The applicability of this biosensor in real sample was evaluated by
the standard addition method in serum. The 100 L digesting solution
was consisted of 90nM EGFP, 10 uL blood serum and different
concentrations of thrombin. The following measurement procedures
were the same as those aforementioned in thrombin assay.

2.5. Reutilization of Ni>*-NTA MNPs

To test the reutilization, the used Ni>*-NTA MNPs were washed
and recovered as follows. The Ni>*-NTA MNPs were firstly washed
with stripping buffer (20 mM Na3PO,4, 0.5M NaCl and 50 mM
EDTA, pH 7.4), and then rinsed twice with purified water. After
reacting with 0.1 M NiSO,4 for 30 min and again washed with
purified water to remove unbound nickel ions, the recovered
MNPs were collected and stored in 20% ethanol at room tempera-
ture before use. The following separation ability testing proce-
dures are the same as that of thrombin assay.
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Scheme 1. Schematic illustration of the strategy using Ni>*-NTA MNPs and the recombinant EGFP to detect the activity of thrombin.

3. Results and disussion

3.1. Strategy design for thrombin detection based
on a recombinant EGFP and Ni**-NTA MNPs

Recombinant proteins fusing several functional peptides or
proteins are very usable in biosensor design [37]. Here, the gene
egfp in pET-28(a+) vector enables the expressed recombinant EGFP
directly acquires a His-tag followed by a thrombin cleavage site at
the N-terminal from the vector, without any additional genetic
modification. Based on this recombinant EGFP and Ni**-NTA
MNPs, a novel thrombin activity detecting method was developed.

Scheme 1 shows the mechanism of EGFP and Ni**-NTA MNPs-
based method for thrombin activity detection. The N-terminal His-tag
enables EGFP to be selectively trapped on the surface of Ni**-NTA
MNPs through chelation between hexahistidine and Ni*. In the
external magnetic field, the His-tagged EGFP can be rapidly aggregated
and separated from the solution, which leads to a dramatic decrease of
fluorescence intensity of the fluid. After thrombin digesting at the
thrombin recognition site, the resulting EGFP, which losses the
structure of His-tag peptide sequence, cannot be adsorbed by
Ni%*-NTA MNPs and would remain in fluid, and the fluorescence of
solution would keep stable. In this way, the change of supernatant
fluorescence would selectively respond to the thrombin activity. A
proof-of-principle study was performed and is shown in Fig. 1. A
notable reduction in fluorescence intensity of the solution, which
diminished to approximately 17% of that of the beginning EGFP
solution, was observed after Ni2*-NTA MNPs addition and magnetic
separation, indicating that the His-tagged EGFP was effectively trapped
out of the reaction system. Conducting magnetic separation after
thrombin digestion, however, gave much less decrease in fluorescence
intensity of the solution (remains 70% of the initial datum). Excessive
other proteins, e.g., lysozyme, hemoglobin, g-glucosidase, and myoglo-
bin, respectively, were also added into the system. Comparatively, no
obvious recovery of the fluorescence intensity was observed (Fig. 1),
suggesting that the recombinant EGFP was not cleaved by these
proteins, except for thrombin. Because imidazole can compete with
His-tag to bind with Ni* ions, it is used in the purification of His-
tagged proteins in immobilized metal affinity chromatography (IMAC)
to elute His-tagged proteins bound. When our reaction was performed
in binding buffer (binding buffer of Ni>*-NTA MNPs kit, containing
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Fig. 1. Fluorescence response of EGFP solutions with different kind of proteins/
enzymes. 1.0 x 102U mL~" thrombin, 1.0 uM Lysozyme, 1.0 M Hemoglobin,
1.0 U mL~" p-glucosidase, and 1.0 uM Myoglobin, were added respectively.

20 mM NazPO,, 0.5 M NaCl, 20 mM imidazole, pH 7.4), there was no
fluorescence decline of the supernatant after magnetic separation (Fig.
S1), indicating that the competition of imidazole may prevent EGFP
from attaching to the surface of Ni**-NTA MNPs, and proved that it
was the interaction between His-tag and Ni2*-NTA MNPs that caused
EGFP to be trapped out of the fluid. Hence, these results indicate that
EGFP and Ni>*-NTA MNPs-based system is appropriate to selectively
detect thrombin activity.

3.2. Thrombin detection

In order to improve the efficiency and specificity of the method,
several factors that may affect the activity of thrombin, the fluores-
cence of EGFP, and the separation capacity of Ni**-NTA MNPs were
considered, respectively. First of all, different buffers were evaluated
(Fig. S1). The result implies that although Ni**-NTA MNPs have better
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aggregating ability in PBS than that in Tris—HCl, considering the much
higher activity of thrombin in Tris—HCI, 10 mM Tris—HCl was chosen as
the assay buffer. Secondly, different volumes of Ni**-NTA MNPs was
added into reaction system, from O to 10 uL, to find out the least
volume of Ni2*-NTA MNPs that can fully capture the EGFP in solution,
by measuring the fluorescence of supernatant after magnetic separa-
tion. As anticipated, with the increasing amount of Ni**-NTA MNPs
added into the EGFP solution, more His-tagged EGFP was trapped out
of the fluid after magnet separation, and the fluorescence of super-
natant decreased correspondingly (Fig. S2). When 3 pL or more Ni**-
NTA MNPs was added, no more decrease of supernatant fluorescence
was observed. Therefore, 3 pL of Ni>*~-NTA MNPs was used in the
following experiments. Thirdly, in binding buffer, not only fluorescence
of supernatant shows no fluorescence decline after magnetic separa-
tion (because of the competition of imidazole in the buffer), but also
an abnormal high fluorescence, which is higher than that of EGFP in
the buffer, was observed after thrombin digestion and MNPs separa-
tion (Fig. S1). It was further found that the fluorescence of EGFP and
thrombin mixture rose slowly with the increasing concentration of
thrombin in the reaction buffer (Fig. S3). Both of these two phenom-
ena indicate that thrombin may enhance the fluorescence of the
reaction system. Such phenomenon was also found when EGFP was
mixed with other proteins, such as BSA (data not shown). To eliminate
such interference and unspecific adsorption between protein and
Ni2*-NTA MNPs, a fluorescence change Al (Alg=I¢; —Ir), by subtract-
ing the fluorescence of solution after thrombin digestion and magnetic
separation (I,) from that before adding Ni2*-NTA MNPs (Ig,), is
calculated, and the normalized Alr (Alg/Alg), where Algy (Algp=
Ir10—Iro) is the fluorescence change of the solution before (Ir1p) and
after magnetic separation (Igo) without thrombin, is used to represent
the relative enzyme activity of thrombin.

After evaluating these influence factors in reaction system, detec-
tion of thrombin activity was conducted under optimized conditions.
From Fig. 2A, it can be clearly seen that the fluorescence intensity of
the solution increases with the rising of thrombin concentration,
which indicated that the higher the concentration of thrombin, the
more EGFP were cleaved and remained in the solution. Meanwhile,
the normalized Alr value decreased (Fig. 2B). When more than
50x 102U mL"! thrombin was added, the fluorescence intensity
of the solution did not increase any more, and the normalized Al kept
stable, suggesting that almost all EGFP were cleaved by thrombin. The
remained fluorescence may be derived from the unspecific chelation
between Ni** ions and carboxyl group in the protein [38]. In the range
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from 3.0x10"*UmL™! to 50x10"2UmL~" of thrombin, the
normalized Al is linear to the logarithmic concentration of thrombin,
with the correlation coefficient of 0.9903. The lowest linear detection
concentration, 3.0 x 10~ U mL~', is much lower than some aptamer
based detection methods [5,11,15]. The relative standard deviation
(RSD) of 1.4%, obtained from three replicate determinations of
5.0x 10~*UmL~" thrombin, indicates a good reproducibility of our
method. Compared with the prior thrombin detection method which
was based on aptamer-functionalized materials, this EGFP-MNPs
detection system provides a much more precise way to detect the
activity of thrombin rather than measuring the overall amount of
thrombin in reaction solution [11].

3.3. Thrombin inhibitor assay

Screening protease inhibitors has significant meanings in drug
development, and attracts increasing interest these years. To
further demonstrate whether this method can be extended to
inhibitor assay, Hirudin, one of the most powerful inhibitors of
thrombin, was used to detect this potential application of our
system. It was reported that Hirudin and thrombin would form a
tightly binding complex, by interaction both at the active site of
the enzyme and at secondary binding sites distant from the active
site [39]. Hence, coaddition of Hirudin and thrombin into the
reaction system would inhibit the function of thrombin, and
protect the recombinant EGFP from being cleaved, which results
in EGFP being trapped out of fluid by magnetic separation, and
reducing the fluorescence of the solution to a considerably low
level. The inhibition percent of thrombin was calculated with the
following equation:

Inhibition Percent = (Alg—Alg)/(Alpg—Alg) (1

where Alp; is the fluorescence change of inhibition reaction system
(EGFP, Hirudin, and 1.0 x 10~2 U mL~! thrombin) before and after
magnetic separation.

Hirudin can intensively inhibit the activity of thrombin (data not
shown), and when the inhibition percent of thrombin versus
the Hirudin concentration is plotted (Fig. 3), one clearly sees
that inhibition percent rises with the increasing concentration
of Hirudin, and reaches plateau over 1.4 x 10~ M Hirudin (equal
to 1.0 x 1072 U mL~'). This result is well matched with the definition
of Hirudin biological activity, that 1 unit of Hirudin is defined as the
amount of Hirudin neutralizing 1 unit of thrombin [39,40]. These
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Fig. 2. (A) Fluorescence responses of supernatants with different concentrations of thrombin (U mL~1): (a) 0; (b) 2.0 x 107%; (c) 3.0 x 10~ %; (d) 5.0 x 10~%; (e) 1.0 x 10~ 3;
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concentration of thrombin. The normalized Alf is defined as Alg/Alrg, where Alg is the fluorescence change of the solution with thrombin before and after magnetic

separation, and Alg is the fluorescence change of solution without thrombin.
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Fig. 3. Inhibition of Hirudin to thrombin (1.0 x 102U mL™ ).

Table 1
Detection of thrombin in human blood serum with this method.

serum Concentration of
sample thrombin added

Concentration obtained RSD Recovery
with this method (UmL™") (%) (%)

(UmL™1)
1 70x 1074 6.5x10~% 18 928
2 20x1073 1.8x 1073 1.1 90.0
3 8.0x103 8.6x103 15 107.5
4 3.0x 1072 26x10°2 21 867

data, in return, show that the EGFP-MNPs-based method is viable to
detect thrombin inhibitor and apply in inhibitor drug screening.

3.4. Detection of thrombin activity in real sample

Thrombin is an essential protein in various life procedures, so
thrombin activity detection in real sample is essential for diag-
nosis. Herein, we used serum as a complex biological matrix to
evaluate the practical application of our thrombin assay, and
standard addition method was performed since there is no
thrombin but prothrombin in serum. A series of samples were
prepared by adding different concentrations of thrombin into
human blood serum, and analyzed by our method. From the data
displayed in Table 1, the recovery (86.7-107.5%) and the relative
standard deviation (RSD) values (1.1-2.1%) were obtained, which
indicates the acceptable accuracy and the satisfactory precision of
the EGFP-MNPs-based method, respectively, and implies that this
analysis system may have a promising application for detecting
thrombin in complex bio-samples.

3.5. Reusability of Ni>*-NTA MNPs

Since recombinant proteins are attached to Ni2*-NTA MNPs
through His-tag-Ni?* interaction, and Ni?* ions, even binding with
proteins, can be chelated by EDTA, such binding proteins can be
easily stripped from MNPs by EDTA chelating, and Ni*-NTA
MNPs can be recovered after reacting with NiSO,4. Reusability of
Ni?*-NTA MNPs was evaluated by different concentrations of
thrombin with different recycle times. As shown in Fig. 4, normal-
ized Al decreases with the increasing concentration of thrombin
in reaction system, exhibiting a similar protein-capture capacity
between new Ni*-NTA MNPs and the recycled ones. This proved
that Ni2*-NTA MNPs is reusable, and able to construct the EGFP-
MNPs complex to detect thrombin activity for several times.
Compared with other methods, like QDs/AuNPs-based thrombin
measurements [12-15], which cannot be recovered after use, our
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Fig. 4. The normalized Alr of supernatant when EGFP and thrombin reaction
systems were mixed with the new and recycled Ni**-NTA MNPs, respectively.
Group 1, new Ni>*-NTA MNPs; Group 2, Ni**-NTA MNPs recovered once; Group3,
Ni?*-NTA MNPs recovered twice.

EGFP- MNPs-based system is a cost-saving way to detect protease
activity.

4. Conclusions

We have developed a label-free, simple and sensitive fluorescent
detecting method of thrombin activity, using a recombinant EGFP and
Ni>*-NTA MNPs. Not only the thrombin activity and inhibition in
buffer, but also the thrombin activity in serum, can be sensitively
detected by our method. With notable advantages such as simple
synthesis of the recombinant EGFP and reusability of Ni2*-NTA MNPs,
this method is a desirable alternative to aptamer-based means, which
can only analyze thrombin amount. Moreover, the measurement in
multiwell plates reflects this assay a promising technique for high-
throughput manipulation in thrombin detection and anticoagulation
drugs discovery.

In addition, changing protease recognition peptides between EGFP
and His-tag can extend this detection system to other proteases
analysis, as here reported for thrombin. Meanwhile, extensive range
of EGFP variations enables a multiple targets assay with different
colors of fluorescence proteins at the same time. All these outstanding
properties ensure our EGFP and Ni>*-NTA MNPs-based system more
potential biological applications, and it is expected to be used in
diagnosis of protease-associated disease in the future.
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