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Abstract

Enzyme-mediated cascade reaction is applied to igignal and decrease the
background because enzyme can catalyze inacti\sratds into active substrates to
generate the signal. In this work, Au nanoparticksssignal probe, are used to load
DNA probe and ALP for dual signal amplification. & on enzyme-mediated
cascade reaction, a homogeneous biosensor is wctestrfor bioassay by employing
thrombin as target molecule. When the target isgmein the solution, ALP catalyzes
the PPi into Pi and then reacts with molybdate anjunction with Pi in the DNA
backbone to produce redox precipitates on the ceirdd the reduced graphene oxide
modified electrode with the help of magnetic sepana Compared with the
conventional heterogeneous biosensor, the immakibz-free strategy, proposed in
this homogeneous biosensor, improves the sengitbéicause of its lower steric
hindrance. As a result, this biosensor displayggeat sensitivity with a wide linear
range from 1 fM to 10 nM and a detection limit 026 fM, providing a promise and

easy operating method for various proteins detectio

Keywords. enzyme-mediated cascade reaction, dual signalifeoapon, thrombin,

homogeneous biosenor, electrochemical detection.



I ntroduction

The disease-related protein has received a gresaest due to its important role in
the fields of biological studies, clinical diagnoestand medical treatment. Therefore,
developing a simple, sensitive, selective and adiftctive strategy for protein
detection has great value (De la Rica and Stev2@$?2; Gubala et al.,, 2012;
Rodriguez-Lorenzo et al., 2012; Rusling, 2013; 2hwal., 2013; Gao et al., 2014).
Among them, biosensor is a kind of useful device tfee disease-related protein
detection. Biosensor is divided into different tgpmccording to different molecular
recognition parts and signal conversion parts, ughiclg of enzyme biosensor,
immunobiosensor, electrochemical biosensor andnsdAb present, electrochemical
biosensor acquires an ever-increasing attractiontdmets detection owing to its
obvious advantages of time-saving, simple operatioapid response and
compatibility with micromanufacturing technology &fvg et al., 2016; Cao et al.,
2018). However, the conventional heterogeneoudretdgemical biosensor usually
immobilizes the signal probe on the electrode saifawhich increases steric
hindrance of the electrode surface and decreasgsréitision of the system. In order
to overcome these drawbacks, a homogeneous eleetnical biosensor is
constructed in this protocol, where an immobiliaatiree strategy is proposed. The
hybridization between the target molecule and prob&\, as well as the reaction,
occurs in the solution instead of fixing on theface of electrode. Therefore, the
recognition efficiency is improved compared withngentional heterogeneous

methods (Luo et al., 2008; Xuan et al., 2012; ltiale 2015; Zhang et al., 2018).

Aptamers are single-stranded oligonucleotides whiale isolated from
random-sequence DNA pools through in vitro selecti@chnique known as
systematic evolution of ligands by exponential émment (SELEX) (Ellington and
Szostak, 1990; Tuerk and Gold, 1990). Indeed, #amtion process gives the
aptamers ability to specifically bind to the taggeinging from metal ions (Kawakami
et al., 2000), molecules (Zuo et al., 2007), pregdBang et al., 2013), even to cells

(Wang et al., 2010). Due to these advantages ahagt, they are thoroughly applied



as recognition tools to bind the target molecul¢hia fabrication of a homogeneous
electrochemical biosensor (Zhang et al., 2018addition to being recognition tools,
DNA can be used as the electric current source &bk by applying the chemical
energy stored in its bonds and the electric chargéghe DNA phosphate backbone
(Hu et al., 2017). Since phosphate ion (Pi) cactre@h molybdate and generate the
redox electric current, so the Pi in DNA backboran geact with molybdate to
generate redox electric current (Xie et al., 2%;et al., 2017). Consequently, DNA

was used as a signal resource for target detectitris protocol.

In order to get bigger signal current and loweedigbn limit, many kinds of signal
amplification strategies have been proposed. Amthragn, the enzyme-mediated
cascade signal amplification strategy has beenlwielmployed, where the inactive
substrates are catalyzed into active products leytgoe of enzyme (Qu et al., 2016;
Shen et al., 2016). And then the active productddcbe used as a reactant for the
next reaction, decreasing the background signatentircompared with that of
nonenzyme-catalyzed amplification (Hu et al., 20Q4;et al., 2015; Kou et al., 2017).
Xianyu et al outlined an enzymatic cascade reacfansignal transduction and
amplification by using horseradish peroxidase (HRIHiated aggregation of gold
nanoparticles (Au NPs) (Xianyu et al., 2015). Jiralkeintroduced a new concept to
produce a phototriggered nanozyme through the Aased in situ biocatalytic
process (Jin et al., 2015). Moreover, ALP is fultfized in electrochemical biosensor
to amplify signal due to its good properties in wening electroinactive species to

electroactive species.

In this protocol, thrombin was chosen as the tatgetause of its important role in
human life. Thrombin is a coagulation protein i thiood stream and relates to a
multitude of diseases (Bichler et al., 1996; Hadlast al., 2000). It is also capable of
mediating neuroprotection against ischemia andrenmental insults even with low
concentrations (50 pM to 100 nM) such as oxidasitress, hypoglycemia, hypoxia,
and growth supplement deprivation (Wang et al.,720Based on DNA synergistic

enzyme-mediated cascade reaction, a dual signallifesaijion homogeneous



biosensor was constructed. I) DNA was not only usedptamer to bind the target for
improving the selectivity but also applied as thectic current source reacting with
molybdate to generate redox current; Il) In orderamplify the signal, Alkaline
phosphatase (ALP) was utilized to catalyze the wsndpyrophosphate decahydrate
(Na,P,O7- 10H,0, PPi) to generate the substrate, which reactédtive molybdate to
generate the current. Au nanoparticles (Au NPsewsed as nanocarriers to load the
DNA sequence and ALP forming signal probe. When tdrget was present, the
thrombin binding aptamer (TBA) combined with thegit and released the signal
probe. With the aid of magnetic beads, the signab@ can be separated from the
mixture for generating signal current. Therefohe toncentrations of thrombin could
be detected with sensitivity and selectivity, whigtovided a promise for various

proteins detection.

2. Experimental Section

2.1. Chemicals and materials

Graphite powder (99.95%, 325 mesh) was purchasaeh Qingdao Jin Rilai
Graphite Co., Ltd. (Qingdao, China). Carboxyl-medif magnetic nanoparticles
(MNPs) were obtained from BaselLine ChromTech Rebse@entre (Tianjin, China).
1-ethyl-(3-3’-dimethy-laminopropyl) carbodiimide BE), N-hydroxysuccini-mide
(NHS), sodium molybdate and sodium pyrophosphatalterate (N#&,0;- 1010,
PPi) were ordered from Aladdin Reagent Co., Ltdhaf®hai, China). Alkaline
phosphatase (ALP) and thrombin were purchased fsamgon Biotechnology Co.,
Ltd. (Shanghai, China). The thrombin binding apta(i@A) and its complementary
probe (CP) were synthesized and purified by SanBmtechnology Co., Ltd.
(Shanghai, China) and the sequences were displaydéite Table. S1 (supporting
information). The 50 mM Tris-HCI buffer solution Hp= 7.4), 10 mM phosphate
buffer solution (PBS) (pH=7.4, 100 mM NaCl) andri phosphate buffer solution
(PBS) (pH=7.0, 100 mM NacCl) were used as the busitdntions. Other reagents were

of analytical grade and used without further puafion. All stock solutions were



prepared with ultrapure water.
2.2. Apparatus

Electrochemical measurements were performed on PARSTAT 4000A
electrochemical workstation (Princeton, America) plgjng a conventional
three-electrode system. Among them, reduced graptieide modified glassy carbon
electrode (GCE), Ag/AgCl electrode and platinum ewvivere used as working
electrode, reference electrode and auxiliary edeetr respectively. Transmission
electron microscopy (TEM) characterization was iedrrout on a JEM-1200EX
transmission electron microscope (JEOL, Japan).niBieg electron microscopy
(SEM) characterization was carried out on a JSMtFOGscanning electron
microscope (JEOL, Japan). The Zeta potential obparticles was performed on the
NanoBrook 90Plus Zeta (Brookhaven Instruments Qaitpm, America). UV-vis
measurements were performed on Synergy HT multifomal enzyme labeling
instrument (Biotek, America). The water was pudfiby Milli-Q (Millipore,

America).

2.3. Preparation of reduced graphene oxide modified GCE

Graphene oxide was synthesized according to a reddfummer’s method. The
as-prepared graphene oxide was dissolved into RE®rl(pH=7.0, containing 100
mM NacCl) forming 2 mg/mL colloidal solution. Thehe reduced graphene oxide was
deposited onto the electrode via one-step way applgyclic voltammetry method
with the potential from -1.5 V to 0.5 V at the saate of 25 mV/s. In addition, 10
cycles were chosen as the optimal electrodepostiates, the reduced graphene

oxide modified GCE was used as working electrode.
2.4. Preparation of TBA-modified magnetic nanoparticles

Firstly, 60 pL of carboxyl-modified MNPs were wasdheith PBS buffer (pH=7.4,
100 mM NaCl) three times thoroughly and then MNRsendispersed into 120 pL
PBS buffer solution. After that, 500 pL of mixturentaining 0.1 M EDC and 0.01M

NHS was added into the solution and incubated atrtemperature for 50 min to



activate carboxyl groups of MNPs. Then the mixturas separated via magnetic
separation and washed with PBS buffer three timeésredispersed into 120 uL PBS
buffer solution. Finally, 300 puL of TBA (1pM) wastroduced into the mixture and
kept at 37 °C overnight. Subsequently, the MNPs-T&/hjugates were washed
magnetically three times and redispersed into 1I2@®RS buffer solution and stored
at 4 °C for further use.

2.5. Preparation of ALP and CP modified Au Nanoparticles

Au NPs, as nanocarrier to load ALP and CP, wereiaed by citrate sodium. In
brief, 100 mL of 0.01% (w/v) HAuGlsolution was boiled under vigorous stirring
condition, then 2.5 mL of 1% (w/v) trisodium citeatvas added quickly. After
reaction for 30 min, the solution turned deep redicating the formation of AUNPs.
Subsequently, the colloids were left to stir andlcthen stored at 4C for further
use.

Before modification, the thiolated CP (50 uM) wagiated in 0.1 mM TCEP
which was dissolved into 50 mM Tris-HCI (pH=7.4)ffem at room temperature for
1h. Afterwards, 50 pL of ALP (1.3 mg/mL) was intraed into 1 mL of as-prepared
Au NPs and stirred at room temperature for 3h gemtien 20 pL of thiolated CP was
added, and kept for 24h, after that, 100 pL of Né&®I) was applied to “age” the
DNA probe and incubated for another 24 h and theure was centrifuged for 15
min at 12000 rpm and washed with 10mM PBS bufféiSp.4, containing 100 mM
NacCl) three times. Finally, the resulting ALP-Au §EP were resuspended in PBS
buffer and stored at 4C for further use.

2.6. Construction of the DNA synergistic enzyme-mediated cascade reaction
homogeneous el ectrochemical sensor

To prepare the proposed sensor, 20 pL of MNPs-TBA veacted with 50 pL of
ALP-Au NPs-CP to form the double-strand structute3@ °C for 2 h with the
supernatant was discard, the conjugates were megihetwashed 3 times and
redispersed into 20 pL PBS buffer. Afterwards, 20agh different concentration of

thrombin was added to the solution to achieve pniyibinding strand displacement.



And the reaction was carried out at 37 °C for aapthh. Subsequently, with the aid
of magnetic separation, the mixture was separatelditze supernatant was collected
for further detection.
2.7. Electrochemical measurements

To achieve the target detection, 5 pL of mixturataining NaMoO, and PPi were
dripped onto the surface of reduced graphene axiddified electrode followed by
the addition of 5 puL of supernatant and incubatecbam temperature for 40 min.

Then the electrode was measured in 0.518®).

3. Results and Discussions

3.1. Principle of the assay

The principle of the DNA synergistic enzyme-mediateascade reaction for
homogeneous electrochemical bioassay is illustratdeig. 1. In this bioassay, the
binding aptamer of thrombin (TBA) is fixed onto theurface of magnetic
nanoparticles forming TBA modified magnetic nandigles (MNPs-TBA) as the
recognition probe. Meanwhile, the Au NPs are comtirwith ALP and DNA
sequence forming the signal probe (ALP-Au NPs-OmPe DNA sequence and the
TBA are able to be complementary to each other ifggra double strand. When the
target is present, the TBA can combine with thrawdmd the signal probe is released
which is proportional to the concentration of targ@/ith the aid of magnetic
separation, the supernatant containing signal pi®lgellected for generating signal.
In the chemical reaction of the substrates, 1) DM#s not only used as aptamer to
bind the target for improving the selectivity busaapplied as the electric current
source to provide Pi reacting with molybdate to eyate redox current (Hu et al.,
2017); 1) In order to amplify the signal, ALP watilized to catalyze the PPi to
generate Pi, which reacted with the molybdate im tholution generating
molybdatephosphate on the surface of electrodeetCal.,, 2016; Shen et al., 2016).
Then the redox molybdatephosphate can produce aiwrs pf redox peaks via the
electrochemical detection in 0.5 M,8, solution. Through measuring the signal

current, the detection of target is accomplished.



Fig. 1.

3.2. Characterization of the nanoparticles, double-strand conjugate

In this protocol, the ALP and DNA were fixed onfa NPs. The process was
revealed by UV-vis and zeta potential. The UV-\pedra of Au NPs, the Au-DNA
and ALP-Au-DNA are shown ifig. 2A. For the Au NPs, a strong adsorption peak is
displayed at 520 nm. And the absorption peak oDNA shifts from 520 nm to 524
nm due to the decoration of DNA on the Au nanopkasi. After binding ALP and
DNA sequence, the characteristic adsorption peakuwNPs shifts from 520 nm to
525 nm. The red shift of adsorption peak of theopanticles indicates the formation
of the ALP-Au-DNA structure (Chen et al., 2014; Gataal., 2018). Meanwhile, zeta
potential was applied to characterize the modificaprocess of biomolecules on the
surface of Au NPs. As shown Fig. 2B, the Au NPs, obtained via the reduction of
HAuCl,; by trisodium citrate, are negatively charged duoethie carboxylate of
trisodium citrate and peaks at -59.2 mV (curveAdder biomolecules modification,
Au-DNA and ALP-Au-DNA peak at -46.8 mV (curve b)dn26.7 mV (curve c)
respectively due to the combination between biomdés and Au nanoparticles.
These results indicate the accomplishment of theP-Au-DNA. Besides, the
characterization of MNPs, MNPs-TBA and double-sfratomplex by TEM is
illustrated in Fig. 2. For the bare MNPs, the sptamanoparticles with a diameter of
about 110 nm can be seen in Fig. 2C. After deammaif TBA, MNPs-TBA exhibits a
light color and thin band at the edge of the nanapes (Fig. 2D), which reveals the
accomplishment of MNPs-TBA. As shown in Fig.2E tte¢ surface of MNPs, many
Au nanoparticles can be observed due to the congpltary of TBA and CP of the
ALP-Au-CP. These results indicate the feasibilityie experiment.

Fig. 2.

3.3 Electrochemical characterization of the sensor

Electrochemical detection was employed to test fimsibility of the DNA
synergistic enzyme-mediated cascade reaction hameogs biosensor. The reaction
between Pi and molybdate is exhibited in eql. Mdaleweq2 and eq3 reveal the

electron transfer betweenffdirent redox states of Mo in the precipitate:



12M00,> + 24H' + PO —PMo,0,5> + 12H,0 (1)

PMO] 20403_ + 26' + 2H+ —> HZPMOZVMOI OVIO403- (2)

H,PMo, MooV 104% + 2¢7 + 2H=—H,PMo¥Mo,"'0,,> (3)

As shown in Fig. 3A, when the target is presergrehare two pairs of big peaks in
the curve b, compared with the curve a, which @ilbed to the two different redox
states of Mo (Hu et al., 2017; Hu et al., 2017).

In this protocol, ALP synergistic DNA reacted witholybdate to produce dual
signal amplification and SWV methods were appliedcdmpare the differences. As
shown in Fig. 3B, DNA, as a source of signal, th@fAts backbone can react with
molybdate to generate a larger signal current wherthrombin is present (curve b)
than blank sample (curve a). ALP, which is usedefmryme-mediated signal cascade
amplification, can catalyze PPi to Pi and then teaath molybdate in conjunction
with Pi in the DNA backbone to generate signal entras the dual signal output
(curve c¢). Under the dual signal amplification, iggest signal current is achieved
increasing the sensitivity of this experiment.

Reduced graphene oxide modified glassy carbonretei{rGO/GCE) was used as
working electrode to amplify the signal current. Asown in Fig. S1A (in the
Supporting Information), at the surface of GCE, ib@uced graphene oxide exhibits a
wrinkle-like structure. The impedance spectra dews in Fig. S1B. The Nyquist
plot comprises a semicircular part at higher frempyerange and a straight linear part
at lower frequency range. The diameter of the sieclecequals electron transfer
resistance (R). After modified reduced graphene oxide, the eteld exhibits a lower
Retthan bare GCE because of the good electronic ylofireduced graphene oxide.
In order to test the electrochemical propertiesvofking electrode, the influence of
scan rates on the electrochemical responses ICMgf’* solution was studied. As
shown in Fig. S1C, the currents gradually incresile the increase of scan rates and
a linear relationship is observed between the otsrand the scan rates from 10 mV
s'to 500 mV &. The equations of linear regression are expreaseduA=0.278v /

mV.s™+ 46.081 (R=0.990) and igA=-0.367v/mV.s’- 41.288 (R=0.996), indicating



the rGO/GCE in [Fe(CN)*’* solution is a adsorption-controlled process.
Meanwhile, the electrochemical performance of rGOEGwas investigated by CV
methods (Fig. S1D). A large signal current (curyeisbproduced in [Fe(CN)*"*
solution compared with bare electrode (curve a)e Teason is that the reduced
graphene oxide provides a large specific surfaea,drigh conductivity and promotes
the electron and mass transfer. Above all, theseltee imply that the working

electrode can amplify the signal for the targeedeon.

Fig. 3.

3.4. Analytical performance of the sensor

Several experimental parameters were optimizedugtrahe SWV in order to
obtain good electrochemical performance. Firstlye tconcentration of PPi is
investigated ranging from 0.2 mM to 2.5 mM (Fig.)4Among them, from 0.2 mM
to 1 mM, as the concentration increases, the sigoalent improves, which is
ascribed to the fact that more PPi is catalyzedAbf? to Pi and then reacts with
molybdate to form precipitates. When the conceiatnabf PPi is increased from 1
mM to 3 mM, the signal current decreases a lot, @u®Pi, with large molecule
weight, stacked onto the surface of electrode dadkbd the electron transfer. Then
the concentration of molybdate is also optimized, shown in Fig. 4B, as the
molybdate concentration ranges from 3 mM to 15 ntiM, signal current increases,
which is attributed to the more precipitation of fghosphate and molybdate reactions,
and gradually reaches the platform at a conceatraif 12 mM. As the reaction time
increases, the signal currents improve as welldmdot change much after 40 min
(Fig. 4C). Finally, the 1 mM of PPi, 12 mM of mobjdte and a reaction time of 40
min were seleccted as the experimental conditionfufther thrombin detection.

Fig. 4.

Under the optimal conditions, the quantitative deieation of thrombin was
carried out by SWV method. With the concentratibthoombin improves, the SWV
peak current at around 0.21 V is increased (Fig), 5#&hibits a good linear

relationship between the peak current and the iibgarof thrombin concentration



ranging from 1 fM to 10 nM. In addition, the equettiof linear regression (Fig. 5B) is
I/mA=0.108 IgC/M+2.021 (R = 0.998) with the detectilimit of 0.26 fM (3 rule).
Fig.5.

Furthermorelysozyme (Lys), bovine serum albumin (BSA) and Isteyne (L-Cys),
are applied as interfering substances to investitieg specificity of the homogeneous
biosensor by SWV method (Fig. 6). The electrochaimitesponses to these
substances exhibit lower signal current while gateera higher current when the
thrombin is present in the solution. The resultfidate that the proposed dual signal
amplification homogeneous biosensor is capableetéaling the thrombin with high
specificity.

In addition, the reproducibility and stability dig¢ homogeneous biosensor have
been researched. According to the standard biosdabdcation and measurement
process, five parallel measurements have beeredaorit for thrombin solution (the
concentration is 1xI8 M). A good reproducibility has been obtained witHow
relative standard deviation (RSD < 5%). ERaability investigation, theéhrombin
solution (the concentration is 1XY0M) has been detected six timeg storing the
homogeneous biosensat 4 °C during 48 h. The low RSD (4.78) indicattest
the proposed biosensor has a satisfactory stability

Fig. 6.
3.5. Detection of thrombin in human serum samples

Furthermore, the several different concentratiohthmmbin are detected by the
proposed homogeneous biosensor in 100-fold dilatedan serum (Table.S2). The
serum is obtained from healthy volunteers with fermission of local ethics
committee. As shown in the table S2 (supportingrimiation), the recovery rate of
thrombin by electrochemical detection is 92.23% 90.85%. The results are
acceptable and reveal a good reproducibility, iatigy the applicability and

reliability of the proposed strategy.

4. Conclusion

In summary, the proposed homogeneous biosensorajedea double amplified



signal based on DNA synergistic enzyme-mediatedazhes reaction, improving the
sensitivity. In particular, DNA was used not only a binding probe but also as a
signal source, broadening its scope of amplificatideanwhile, the structure
formation and probe identification process occuilireilomogeneous solution, which
reduced the steric hindrance of the electrode sarémd simplified the experiment.
The dual signal amplification strategy improved #gensitivity and with the aid of
reduced graphene oxide, this biosensor exhibitgda response toward thrombin
ranging from 1 fM to 10 nM, holding a great promisesensitively detect various
targets such as DNA, metal ion, and protein. Howewethis protocol, Au NPs was
only used as a carrier to load DNA and ALP. FotHer improving the sensitivity and
accuracy, it is an efficient way to design and prepthe multifunctional
nanomaterials, which are used not only as nanecagiload biomolecule but also as

signal amplifier or signal probe to generate midtgignals.
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Figure captions:

Fig. 1. Principle of the DNA synergistic enzyme-mediatedsozale reaction for
homogeneous electrochemical bioassay.

Fig. 2. UV-vis (A) and zeta potential (B) characterizatioh Au, Au-DNA and
ALP-Au-DNA, TEM images of MNPs (C), MNPs-TBA (D),h¢ double-strand

structure (E).



Fig. 3. (A) CV curves of the reduced graphene oxide medifs CE without thrombin
(a), with thrombin (b) in 0.5 M 8O, the concentration of thrombin is 1x¥oM. (B)
SWV curves of the blank sample (a), Au-DNA signedle (b) and ALP-Au-DNA

signal probe (c).

Fig. 4. The optimization of concentration of PPi (A, 0.2 m@5mM, 1mM, 1.5mM,
2mM, 2.5mM), molybdate (B, 3mM, 6mM, 9mM, 12mM, 1Bthand incubation
time (C, 10min, 20min, 30min, 40min, 50min).

Fig. 5. SWV responses of the sensor to different conceosiof thrombin (1x1%°
M, 1x10™ M, 1x10%M, 5x10% M, 1x10"? M, 1x10™ M, 1x10%° M, 1x10°% M) (A).
The calibration curve for the peak current valuesus the logarithm of thrombin

concentration (B).

Fig. 6. Current responses of the aptasensor to L-Cys,B$8,, thrombin and mixture
of L-Cys, Lys, BSA and thrombin. The concentratimisBSA, Lys and L-Cystine
were both 1x18°M, and the concentration of thrombin is 1¥1®1. The error bar
was calculated from three independent experimdrits. current was referred to the

difference value between the blank and actual vafuargets Ai =itargeriplank)-
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. DNA synergistic enzyme-mediated cascade reaction for bioassay
. DNA was used as signal source to generate signal current
. A dual-signal amplification strategy was proposed for thrombin detection

. Signal generation process was occurred in the homogeneous solution.
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