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ABSTRACT

We fabricated a novel fluorescence biosensor ferdhlective detection of thrombin by using
bovine serum albumin-capped CdS quantum dots (B88-QDs). Two kinds of designed DNA
(DNA1 and DNAZ2) could bind to CdS QDs through thectostatic interaction between DNA
and Cd" on the surface of CdS QDs. The obtained DNA/BSAGQDs kept stable in the
solution with the fluorescence intensity obviousthanced. Hairpin structure of DNAlcontained
two domains, one is the aptamer sequence of throrabd the other is the complementary
sequence of DNA2. When thrombin was added, it wdutdl to DNA1 and induce the hairpin
structure of DNAL changed into G-quadplex structideanwhile, DNA2 would transfer from the
surface of CdS QDs to DNA1 via hybridization, whimgsulted in the removal of DNA1 and
DNAZ2 from the surface of CdS QDs, and led to theréscence intensity of CdS QDs reduced.
Thus, the determination of thrombin could be aokieby monitoring the change of the
fluorescence intensity of CdS QDs. The present ateih simple and fast, and exhibits good
selectivity for thrombin over other proteins. Wevasuccessfully detected thrombin in human
serum samples with satisfactory results.

Key word: Thrombin, thrombin aptamer, fluorescence, CdS wuamots
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1. Introduction

Thrombin, a kind of serine protease, plays a sicgmit role in blood coagulation. It can

directly transform soluble fibrinogen into insolabfibrin that subsequently forms the fibrin gel

for clots [1-3]. Thrombin is not present in the ddbof healthy individuals. However, during the

coagulation process, the concentration in bloodsaronsiderable even from nM to mM [4,5].

The high or low concentration of thrombin in blosddangerous to patients. Excessive thrombin

will induce thrombosis while low content of thrombwill induce an excessive bleeding.

Moreover, it is considered as a useful tumor mankéhe regulation of tumor growth, apoptosis,

metastasis [6-8]. Therefore, it is significant ekt thrombin by a sensitive and selective method.

An aptamer, a single-stranded DNA or RNA, can eisfilgaecognize and bind to the targets

with high affinity, good stability and storage pespes [9-11]. Two well-known thrombin-binding

aptamers for thrombin with 15 (Aptl15) and 29 (AB) Bases have been specifically selected that

bind to its two electropositive exosites, namebyifiogen and heparin sites, situated on the sides

of the active site [12,13]. Since the thrombin-lgdaptamer was selected, numerous aptasensors

have been fabricated based on the conformatioreiges induced by target binding. The key

issue in the development of aptasensors is howotwest target recognition and binding into

measurable signals. Up to now, many methods haes lesed for this purpose, including

colormetric [14], fluorescence [15,16], electroclieminescence [17,18], surface plasmon

resonance [19,20] and so on. For example, Li..elaleloped a colorimetric assay for thrombin.

Apt 15 labeled paramagnetic particles and Apt Ieled Ag nanoparticals, can recognize the

fibrinogen and heparin sites of thrombin, would eld together by thrombin to form a

sandwich-type complex. The sandwich-type complex th@ catalytic ability. The colorimetric
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detection was achieved through the reduction ofadyalyzed by the sandwich-type complex [21].

He. et al. developed a novel thrombin detectioatsgy based on dual-hairpin DNA structure.

First, DNA S1 was stabilized on the gold electrade formed a hairpin DNA structure due to the

designed five pairs of base matches in the stemme®NA S2, modified with methylene blue

(MB), who could be captured by S1 via forming Dtipin structure. Upon the addition of

thrombin, the dual-hairpin structure was changed,the S2 would divorce from the S1 modified

electrode. Because the S2 that contained the sigolecules MB was far away from the electrode,

the current would drop sharply [22]. These sendatfggms exhibited a broad dynamic range,

high sensitivity. Among these methods, fluorescemethods have attracted significant interest

due to its rapidness, cost-effectiveness, simplieihd nondestructive. In fluorescence methods,

QDs always be used for fabricating the sensingesysiwing to their ideal optical properties. A

series of QDs-based fluorescence sensors havedes@ned for various protein detection, such

as lysozyme detection [23,24]. However, only fewissgs were designed for the assay of

thrombin.

In this work, we constructed a new label-free bisee for thrombin detection by employing

a conformation change-based hybridization read8uimeme 1). We designed two kinds of DNA.

The first one is a hairpin structured DNA, defireIDNA1, contained two domains termed as |

and Il according to their different functions. Ragil is the sequence of Apt 15 and region Il is the

complementary sequence of DNA2. The other one 23-aner DNA, defined as DNA2, could

hybridize with region Il of DNAL. In the absencetbfombin, DNA1 and DNA2 could combine

with the BSA-CdS QDs to passivate its surface defeand the fluorescence of the CdS QDs

would be enhanced. In the presence of thrombinidRdgf DNA1 would recognize and combine
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with the thrombin, the hairpin structure will beem@d upon the interaction between DNA1 and
thrombin to form a stable G-quadruplex structurent the region Il sequence of DNA1 and
DNA2 would bind together via complementary baseipgi The fluorescence intensity of CdS
QDs would be reduced since the removal of DNALRNA\2 from the surface of CdS QDs. The
fluorescence intensity of CdS QDs would graduadgréase with the increasing of the thrombin
concentration.
2. Experimental section
2.1. Materials

All reagents were of at least analytical grade. Tweger used in all experiments had a
resistivity higher than 18 B cmi*. Cadmium (Il) chloride (CdG), sodium hydroxide (NaOH),
Sodiumsulfide nonahydrate (P89H0O), trihydroxymethyl aminomethane (Tris) and
hydrochloric acid were purchased from Shanghai Qifdgchnology Co., Ltd. Thrombin and
Bovine serum albumin were purchased from SigmaigtdCorporation. The oligonucleotides
with the following sequences were obtained from rigih@i Sangon Biological Engineering
Technology & Services Co., Ltd. DNAL (5-GGT TGG TGSGT TGG CAT CAA AAA AAT
CCT CAG ATG CCA ACC-3) , DNA2 (5'-GGT TGG CAT CAAGG ATT TTT TTG ATG-3)).
The 0.1 mol/L Tris-HCI buffered solution (pH 7.4pwused as the medium for detection process.
2.2 Apparatus

The fluorescence spectra were obtained by using hamadzu RF-5301 PC
spectrofluorophotometer equipped with a xenon lauging right-angle geometry. UV-vis
absorption spectra were obtained by a Varian GBfir&i10e UV-vis spectrometer. In both

experiments, a 1 cm path-length quartz cuvetteusad. All pH measurements were made with a
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PHS-3C pH meter (Tuopu Co., Hangzhou, China). Trésson electron microscopy (TEM)

experiments were performed on a Philips Tecnai FTEM operating at 200 KV acceleration

voltage.

2.3 Preparation of BSA-CAdS QDs

BSA-CdS QDs were synthesized in aqueous solutioddl 0.5 mmol/L BSA solution, 12@L

50 mmol/L CdC} solution and 15QL 0.1 mol/L Tris-HCI buffer (pH 7.0, 15QL) were added

into a 2 mL calibrated centrifuge tube and shakemdughly for 10 minutes. After that, a@ 30

mmol/L N&S solution was added into the centrifuge tube ahuded to 1500uL with deionized

water followed by the thoroughly shaking and etudied for 15 minutes. 50 BSA-CdS QDs

was diluted to 1.5mL with deionized water. The flegcence spectra were recorded from 405 nm

to 650 nm with the excitation wavelength of 340 rirhe slit widths of excitation and emission

were both 10 nm. The fluorescence quantum yieBI$A-CdS QDs was 23.46%.

2.4 Preparation of DNA/BSA-CAS QDs

The BSA-CdS QDs solution (5@), 150 uL 0.2mol/L Tris-HCI buffer (pH 7.0, 154L), 12

nmol/L DNA1 and 12 nmol/L DNA2 was added into a PQ calibrated centrifuge tube. Then,

the solution was diluted to 1.5 mL with deionizedter followed by the thoroughly shaking and

equilibrated for 10 minutes until the solution wiadly mixed. The fluorescence spectra were

recorded from 405 nm to 650 nm with the excitatieewvelength of 340 nm. The slit widths of

excitation and emission were both 10 nm.

2.5 The detection of thrombin

The BSA-CdS QDs solution (50L), 0.1mol/L Tris-HCI buffer (pH 7.0, 15QL), 12 nmol/L

DNA1 and 12 nmol/L DNA2 was added into a 2.0 mLilwated centrifuge tube. Different
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concentrations of thrombin were successively adil@dthe calibrated centrifuge tube and diluted
to the 1.5 mL mark with deionized water followedthg thoroughly shaking and equilibrated for
30 minutes. The fluorescence intensity of the maxmemission peak was used for the
guantitative analysis of the target molecules.
2.6 Detection of thrombin in human blood serum
For serum samples detection, drug-free human bksdples were collected frorhealthy
volunteer at the Hospital of Changchun China—Japaion Hospital. All experiments were
performed in compliance with the relevant laws amstitutional guidelines, and the writing of
informed consent for all samples was obtained frmman subjects. All the blood samples were
obtained through venipuncture and centrifuged &00pm for 10 min after standing for 2 h at
room temperature. The serum samples were dilutedimd@®s with Tris-HCI solution before
detection.
3. Reaults and discussion
3.1 The strategy for the detection of thrombin

Single-stranded DNA (ssDNA) bear a negatively cedrghosphate groups that will control
the synthesis of CdS QDs by bindingGdand these ssDNA also display functionalities sash
endocyclic and exocyclic amines that can passitreesurfaces of CdS QDs [25], render them
water-soluble stable and retain the ssDNA seconstangture for the recognition of targets [26].
As shown in Fig. 1(A), the black dash line is reygrted the fluorescence spectra of BSA-CdS
QDs. It can be seen that the fluorescence inteditgdS QDs increased obviously after the
addition of DNA1 and DNA2, since they could sengethe co-ligands to passivate the surface

deficiency (orange dash line). Upon the additionhodmbin, DNA1 would change its secondary
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structure from hairpin structure to fold into a Gagruplex structure by a Hoogsteen hydrogen

bond between four G-bases, then bound with DNAZgiaplementary base pairing, resulting in

the removal of DNA1 and DNA2 from the surface ofSCQDs and the fluorescence intensity of

CdS QDs decreased (red dash line). Moreover, theducing of thrombin to BSA-CdS QDs had

little influence on the fluorescence intensity afSCQDs (blue dash line). Such phenomena might

meaningfully confirm the evidence aforementionethimrepresentation of Scheme 1.

As shown in Fig. 1(B), both DNA1 and DNAZ2 could edttas the co-ligands for CdS QDs,

but the fluorescence intensity of DNA2/BSA-CdS QBstronger than that of DNA1/BSA-CdS

QDs. This phenomenon should be attributed to tfierdnt number in the base sequence that was

not involved in the formation of DNA secondary stiwre. As we known, double-stranded DNA

(dsDNA) could not stabilize the surface of QDs,yotile single-stranded DNA (ssDNA) could

serve as the ligand for the synthesizing of QDs].[Zfter the addition of thrombin to

DNA1/BSA-CdS QDs, the fluorescence intensity of G@Bs would be enhanced. It is because

the structural change of DNAL1 from hairpin struetdo G-quadruplex structure induced by

thrombin would increase the number of base sequiratavas not involved in the formation of

secondary structure. All the results demonstrated dnly the base sequence without secondary

structure or hybridization could be acted as tharld of QDs.

3.2 Characterization of the DNA/BSA-CAS QDs

The transmission Electron Microscopy (TEM) image-ig. 2(A) revealed the shape of BSA-CdS

QDs was nearly spherical with the average diamgité& nm. As shown in Fig. 2(B), the black

dash line and the black solid line representecatisarption and fluorescence emission spectra of

BSA-CdS QDs, respectively. There was an increassorption below 300 nm and a shoulder
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around 275 nm that was the result ofA1% excitonic transition characteristic of CdS QDs][28

The fluorescence emission spectra of the BSA-CdSs @bowed a fluorescent peak with

maximum emission wavelength of 535 nm which arisedh excitonic emission of CdS QDs [29].

After the introduction of DNA to the above solutjdsoth the absorption intensity (red dash line)

and the fluorescence intensity (red solid lineB8A-CdS QDs became enhanced.

3.3 Optimization of CdS QDs for thrombin detection

We firstly studied the effect of DNA concentration the fluorescence intensity of CdS QDs.

As shown in Fig. S1, the fluorescence intensityCafS QDs increased sharply when the total

addition level of DNA1 and DNA2 ranged from 0 toOB4 umol/L, and then keep almost

unchanged with increasing the concentration of DMAich indicated 0.024imol/L DNA was

the optical concentration for the passivation ofSG@Ds surface deficiency. The concentration

proportion of DNA1 to DNA2 was 1:1 (0.04#mol/L DNA1 and 0.012umol/L DNA2) for the

sake of the fully removal of DNA1 and DNA2 afteethybridization in the presence of thrombin.

In addition this ratio could ensure the wider lineenge for the thrombin analysis.

As shown in Fig.S2, we systematically investigatied influence of different pH on the

fluorescence intensity of DNA/BSA-CdAS QDs beforel after the addition of thrombin. It could

be seen that the fluorescence intensity of both B$A-CdAS QDs (red line) and DNA/BSA-CAS

QDs-thrombin system (black line) increased with ith@easing of the pH value from 1.0 to 9.0

and decreased sharply when the pH value furtheeased from 9.0 to 14.0 . The fluorescence

guenching induced by thrombin reached the maximatoevwhen the pH value was at 7.0.

Therefore, pH 7.0 was selected to be the optimumaltie for the thrombin detection.
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The optimum reaction temperature of DNA and thromiri the detection process was
investigated. As shown in Fig. S3, the quenchirigcéfof thrombin on the fluorescence of
DNA/BSA-CdS QDs at 3700 was the highest, which was consistent with theinaph
temperature of the catalytic behavior of thrombimerefore, we chose 37 as the optimal
reaction temperature in the further experiment® &ffiect of incubation time on the fluorescence
guenching of DNA/BSA-CdS QDs by thrombin was stddi€he result in Fig. S4 showed that the
guenching effect was completed within 20 minuted lkept almost constant until 30 minutes. To
ensure the completeness of fluorescence quenchidiyA-CdS QDs, we chose the 30 minutes as
the optimum reaction time.

3.4 The detection of thrombin

Under the optimal conditions, the developed DNA/BSAS QDs-based biosensor was
applied for the thrombin detection. Fig. 3 showéeé evolution of fluorescence spectra of
DNA/BSA-CdS QDs with thrombin in different conceatibns. It can be observed that the
fluorescence intensity of DNA/BSA-CdS QDs decreagpgddually with the increasing of
thrombin concentration. Fig. 3 Inset showed thatdhwas a good linear relationship between the
relative fluorescence intensity ratio k(F, and F is the fluorescence intensity of DNA/BSA-CdAS
QDs before and after the addition of thrombin, eespely)and the thrombin concentration in the
range from 0.5 nmol/L to 10.5 nmol/L. The regressguation is

F/Fy= 0.9947-0.03637[thrombin], nmol/L
The corresponding regression coefficienf)(R 0.9954, and the detection limit for thrombin i
0.15 nmol/L. Some analytical parameters in othethods for the detection of thrombin were

listed in Table 1. [30-34] Compared with those mepabout thrombin assay, our present method

10
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offered a comparable detection limit and dynamitgea Although many strategies have been

designed for the sensitive detection of thrombieryview detection were in combination with

QDs. In this work, the functionalization of BSA qma CdS QDs with two kinds of specially

designed DNA was selective and specific for theectl&in of thrombin. With the satisfactory

results, our present method based on the two ligéadullized CdS QDs offered an alternative for

thrombin analysis.

3.5 Interference study

Under optimized experimental conditions, the seldgt of the developed method was

evaluated by using thrombin (5 nM) and other 9 cammroteins (50 nM), including lysozyme,

pepsin, BSA, trypsin, urase, HRP, ALP, IgG and BHHg. 4). The results showed that only

thrombin could cause the significant fluorescengenghing of DNA/BSA-CdS QDs, while the

presence of other proteins have a neglect influemcthe fluorescence intensity compared to the

blank test (in the absence of proteins). This cammpa clearly shows the high selectivity of the

method. Therefore, this biosensor had the spealffiity of sensing thrombin in the presence of

other common proteins.

3.6 Detection of thrombin in human serum samples

To assess the application of this biosensor in ¢exnpiological systems, the analysis of

thrombin in human serum samples were carried cerurs is what remains from whole blood

after coagulation, the chemical composition is kimio plasma but does not contain coagulation

protein. We performed detection of thrombin in dG3#diluted serum samples under the optimal

conditions. The results obtained by standard amditiethod were listed in Table 2. From Table 2,

we can see that the RSD was lower than 3.4% andwiimge recoveries of thrombin in the real

11
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samples were in the range of 10104%, indicating that the accuracy and precisionhef

proposed method were satisfactory.

4, Conclusion

In this study, a simple, sensitive, and label-ffie@rescence method for the determination of

thrombin have been developed based on the DNA omiafonal changes induced fluorescence

guenching of the CdS QDs. The BSA-CdS QDs was sgithd, and two kinds of designed DNA

(DNA1 and DNA2) were used as co-ligands to obtai@ $trong fluorescence DNA/BSA-CdS

QDs. With the addition of thrombin, the hairpin ustiure of DNA1l was changed into

G-quadruplex structure then trigger the hybrid@atbetween DNAL1 and DNA2, resulting in the

removal of DNA1 and DNA2 from the surface of CdS KQBnd the fluorescence intensity of CdS

QDs was decreased. Thus, thrombin detection was\athvia the fluorescence change of CdS

QDs. The present method is simple, fast and exubéxcellent selectivity for thrombin over

other proteins and was successfully applied in saatple. The sensitive and selective detection

ability for thrombin holds great potential in theagnosis of diseases associated with coagulation

abnormalities and cancers.
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Captions:

Scheme 1. Schematic representation the fluorestegettion of thrombin based on BSA-CdS
QDs.

Fig. 1(A) The fluorescence emission spectra of B®A-CdS QDs (black line), BSA-CdS

QDs-Thrombin (blue line), BSA-CdS QDs-DNA1-DNA2 #émge line) and BSA-CdS
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QDs-DNA1-DNA2-Thrombin (red line). (B) The fluoremuce intensity of BSA-CdS QDs,

DNA1/BSA-CdS QDs, DNA1/BSA-CdS QDs-Thrombin and DRIBSA-CdS QDs.

Fig. 2(A) TEM image of BSA-CdS QDs. (B)The UV-Vidsorption (Black dash line) and

fluorescence emission spectra (Black solid line}haef BSA-CdS QDs. The UV-Vis absorption

(Red dash line) and fluorescence emission spdged §olid line) of the DNA/BSA-CdS QDs.

Fig. 3 The fluorescence spectra of DNA/BSA-CdS @65 umol/L) in the presence of different

concentrations of thrombin (0, 0.5, 1.5, 3, 4.5/ .6, 9, 10.5, 12, 15, 18 nmol/L). Inset shows the

linear relationship between k/&Bnd the concentration of thrombin (from 0-10.5 filrjoFq is the

fluorescence intensity of DNA/BSA-CdS QDs (0 0®ol/L) and F is the fluorescence intensity of

DNA/BSA-CdS QDs (0.05umol/L) after the addition of different concentraigoof thrombin.

Reaction conditions: 10 mmol/L Tris—HCI buffer sidun (pH 7.0), incubated for 30 minutes.

Fig. 4 The fluorescence intensity of DNA/BSA-CdS €[0.05umol/L) in the presence of

7.5nmol/L thrombin and 75 nmol/L other 9 commonteis, including lysozyme, pepsin, bovine

serum abumin (BSA), trypsin, urase, horseradispease (HRP), alkaline phosphatase (ALP),

IgG and bovine hemoglobin (BHB).
Table 1 The comparison of different method fordieéection of thrombin.

Table 2 The detection of thrombin in human serumpsas.
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Table 1

Detection method LOD (nM) Linear range(nM) Ref
Dual polarization interferometry 0.1 2.5-100 30
Localized surface plasmon resonance 0.2 0-10 31
Colorimetric Detection 0.05 0-2 32
Electrochemiluminescence detection 0.12 0.3-30 33
Liquid chromatography/tandem mass spectrometry 0.30 0.5-50 34
Fluorescence detection 0.15 0-10.5 This work
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461 Table 2

Serum samples  Added (nmol/L) Founded (nmol/L) Recp®o) RSD (%, n=3)
1 1.5 1.56+0.08 1.04 3.4
2 30 3.09+0.05 1.03 3.0
3 45 4.54+0.06 1.01 2.3
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Highlights:

> A novel strategy for the detection of thrombin was established based on BSA-CdS QDs.

> DNA could serve as as the co-ligands to stabilize CdS QDs and enhance the fluorescence
intensity.

»  Thrombin could change the structure of DNA1 and quench the fluorescence of CdS QDs.

»  Thrombinin real sample was detected with satisfactory results.
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Fig. S1 The effect of DNA concentration (0, 0.008 , 0.016, 0.024, 0.032 umol/L) on the

fluorescence intensity of CdS QDs.
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addition of 9 nmol/L thrombin in different pH environments (pH 1-14).
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1.0 ®

-
(7]
I

—
o
L

N

LA

L

Normalized FL Intensity/a.u.
> S

-
o
L

0.4

0 10 20 30 40 50 60

Reaction Time/minutes
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fluorescence quenching of DNA/BSA-CdS QDs (0.05 umol/L) by thrombin.



