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ABSTRACT

The regulation of biocatalytic cascades in micraemments for high performance
and extended applications is still challenging. éiter we develop a rolling circle
amplification (RCA)-based one-pot method to pregheesmicron-sized DNA flowers
(DFs), which achieve the co-encapsulation and apaggulation of bi-enzyme
molecules, glucose oxidase (GOx) and horseradisdxjgase (HRP). In this system,
GOx and HRP are integrated into the DFs simultasigoduring RCA with the
bridging of magnesium between enzyme residues andphate backbones on DFs.
The cascade of GOx/HRP is regulated with the foignabf highly ordered and
hydrogen-bonded water environment in the cavitypék, resulting in an enhanced
cascade catalytic efficiency compared with thah@mogeneous solution. Moreover,
the high density of DNA scaffold ensures the enalgt®n of GOx/HRP with high
efficiency. Accordingly, a glucose electrochemit@bsensor with amplified signal
response is fabricated using the as-prepared GOX/BRs as biosensing interface,
realizing sensitive detection of glucose. Furtheghrough designing the
complementary sequence of aptamer into the progedtemcircular template of
RCA, the bi-enzyme co-encapsulated DFs are vezbatdpplied to sensitive and
selective detection of cancerous exosomes and thmonn “signal-on” and
“signal-off” modes, respectively, which are furthegplied to the analysis of complex
biological samples successfully. Overall, the esaégiion of multi-enzyme with DFs
proposes a promising strategy to regulate the mmnoonment of biocatalytic
cascades, which hold great potential in biotechmglobioanalysis and disease
diagnosis.

Keywords. Biocatalytic cascades; Microenvironment regulatidRolling circle
amplification; DNA flowers; Electrochemical biosemns



1. Introduction

Multi-enzyme cascades play an important role imnbvsystems, in which the
ordered distribution of enzymes enables the tramgsubstrates to the active site in
a highly efficient way (Krall and Christofk 2017;aRe et al. 2017; Shi et al. 2018;
Sweetlove and Fernie 2018). Inspired by naturakemogty, in vitro biocatalytic
cascades have been designed precisely and applied fields of biocatalysis (Liu et
al. 2019), biosensing (Song et al. 2020), and des¢geatment (Li et al. 2019a). In
spite of the high reactivity and selectivity of matl enzymes, the regulation of
multi-enzyme cascades in microenvironment is gttjuired to increase the catalytic
efficiency (Bilal et al. 2019; Zhang et al. 2019a) particular, the spatial regulation of
cooperating enzymes is the key to improve the cesaatalysis efficiency and
stability (Agapakis et al. 2012; Booth et al. 20C%0 et al. 2019; Li et al. 2019b). For
this aim, many works have been carried out, suchhasnanoclustered cascaded
enzymes (Ma et al. 2019), modular enzyme assemKiignd et al. 2019),
immobilization of enzymes on micro- or nanoscalaffetds (Hwang and Lee 2019),
and so on. Among them, a variety of scaffolds, sashproteins (Liu et al. 2019),
metal-organic frameworks (MOFs) (Chen et al. 20X8hen et al. 2018c; Wang et al.
2017b; Zhu et al. 2019), and hydrogels (Bittervatlfl. 2019; Lilienthal et al. 2015),
have been applied to spatially co-localize différkimds of enzymes for enhancing
the stability and activity of the cascade (Tsitkamnd Hess 2019). However, the high
precision and programmable regulation of multi-eneycascades in large-scale
operations is still a challenge.

The self-assembled DNA structures as the scafisld#iracting growing interest
because of the remarkable biocompatibility, goodgmmmability and sensitive
responsiveness of DNA building block (Fei et al120Lin et al. 2016; Meng et al.
2016). Benefiting from the progress of DNA nanoteulbgy, various DNA structures,
such as DNA wires (Wilner et al. 2009), DNA origamangles (Klein et al. 2019),
and DNA tetrahedrons (Kong et al. 2019), have beeploited to operate the
multi-enzyme cascades. However, the assembly fetls#ructures often requires
complicated design and bulky DNA preparation. Irdiadn, the enzyme loading
efficiency is often limited by the size and morpbgy} of DNA structures. DNA
flowers DFs) synthesized by rolling circle ampldion (RCA) are a class of
spheroidal-shaped DNA materials with three-dimemsig@orous structure (Chen et al.
2018a; Kim et al. 2017). Compared with the DNA stuwmes assembledia
complementary base pairing, the RCA-based DFs lhgeadvantages of simple
design and preparation, in which only two singlewstied DNAs (primer and circular
template) are needed. Moreover, the particle izéise DFs can be flexibly changed
from nano-scale to micron-scale through controlithg RCA reaction conditions,
thus facilitating the improvement of enzyme entrapirefficiency with more binding
sites (Kim et al. 2019; Liu et al. 2018). Recentigrious enzymes have been
encapsulated into DFs individually for bioanaly@{sm et al. 2017), bioimaging (Hu
et al. 2014), and tumor therapy (Jin et al. 201af) Bt al. 2020; Zhang et al. 2019b).
Our previous work has demonstrated that the enzgnativity of horseradish
peroxidase (HRP) could be enhanced after encapsluiiato DFs through regulating
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the microenvironment of DFs and the interactiowieein DNA scaffolds and enzyme
molecules (Yan et al. 2018). To our knowledge, rarnzyme encapsulated DFs for
enhanced biocatalytic cascade has not been reported

Herein, the micron-sized DFs are synthesigedRCA, which demonstrate as
the advisable scaffolds for bi-enzyme cascadesusecaf the porous structure and
high loading efficiency. GOx and HRP are encapedlanto the DFs simultaneously
during the liquid crystallization of polymeric DN#&trands in RCA. Importantly, the
catalytic activity of the cascades in DFs is enledncompared with the enzymes in
homogeneous solution. Using the as-prepared GOx/BIRPto modify the electrode,
an electrochemical glucose biosensor has beencébd based on the enhanced
biocatalytic cascade of GOx/HRP in DFs. Moreoveéve the programmability of
DFs, the aptamer sequence of cancerous exosomeslif/ encoded into the DFs for
specific recognition of targets, resulting in thenstruction of a “signal-on” mode
biosensor for exosome detection based on the modraf exosomes to the electron
transport. To demonstrate the versatility of thgsay, the thrombin aptamer is
encoded into the DFs, which are used as the ammblifabels for “signal-off”
electrochemical detection of thrombin through therfation of sandwich structure of
aptamer@thrombin@GOx/HRP DF on the electrode. Qly¢hna versatile GOx/HRP
DFs-based biosensing strategies provide a newhinsmo sensitive and selective
detection of biomolecules in bioanalysis and disehagnosis.

2. Experimental section

Materials and reagents have been described inuppdsting information.
2.1. Preparation of circular DNA template

The primer and 5'-phosphorylated padlock probe weed to prepare the
circular DNA template with the assistant of T4 DM@ase. First, SuL of padlock
probe (100uM) and 10pL of primer (100uM) were mixed in 1x T4 DNA ligase
buffer (40 mM Tris-HCI, 10 mM MgG| 10 mM DTT, 0.5 mM ATP, pH 7.8). Then,
the solution was heated at 95 °C for 5 min and l@eown to 25 °C for 3 h to ensure
the hybridization of padlock probe and primer. Qagoently, SuL of T4 DNA ligase
(5 UluL) was added to catalyze the circularization of lpekli probe at 16 °C
overnight. After the inactivation of ligase at 68 for 10 min, the circular DNA
template was formed. The residual padlock probepaimder were digested by mixing
the solution with 2.5uL of Exo I (20 U[iL) in 1x Exo | buffer (67 mM glycine-KOH,
6.7 mM MgC}h, 1 mM DTT, pH 9.5) and incubated at 37 °C for h.9he Exo | was
finally inactivated at 80 °C for 15 min.

2.2. Self-assembly of GOx/HRP DFs.

The GOx/HRP DFs were self-assemblad RCA process. The reaction was
performed in a solution (33 mM Tris-acetate, 10 nifj(CH;COQO), 66 mM
CH3COOK, 1% Tween 20, 1ImM DTT, pH 7.9) containing G4 uM), HRP (24
uM), as-prepared circular template (0.A®1), dNTPs (2 mM) and phi29 DNA
polymerase (1 WL) at 30 °C for 20 h. Then, the GOx/HRP DFs werpasated
through centrifugation at 90§@or 5 min, and further washed with ultrapure wdter
three times. The purified GOx/HRP DFs were re-dispe in ultrapure water and
stored at 4 °C until use.



2.3.Quantification of DNA and enzymes in GOx/HRP DFs

The commercial PicoGreen dsDNA Assay Kit and Bretiferotein Assay Kit
were applied to quantify the DNA and enzymes in G® DFs though the standard
curve method, respectively. To obtain the standarde of DNA,A-DNA was chosen
as the standard and diluted to 10, 20, 40, 60, 180,and 20Qug/mL by TE buffer
(20 mM Tris-HCl and 1 mM EDTA-2Na, pH 8.0), respeety. Then, SuL of A-DNA
sample was reacted with 19& of Picogreen reagent in dark for 2 min and the
fluorescence values.d = 485 nm\ey, = 530 nm) were recorded on a Synergy HTX
multi-mode microplate reader (BioTek, USA). SimiyaBSA as the protein standard
was diluted to different concentrations andL5of BSA solution was mixed with 195
uL of coomassie brilliant blue at 25 °C for 5 mirheélabsorbance of the solution at
595 nm was recorded on the Synergy HTX multi-modeaplate reader. The above
assays were repeated three times to fit standav@suSubsequently, the GOx/HRP
DFs were incubated with Picogreen reagent and cssimdrilliant blue with three
replicates in the same way to quantify the amo@iiA and enzymes, respectively.
The amount of GOx and HRP was calculated by sulmtigathe amount of protein in
DFs to eliminate the effects caused by phi29 DNAiperase and Exo I.
2.4.Cascade biocatalytic performance of DFs

The catalytic efficiency of GOx/HRP cascade in D¥&s compared with that in
homogeneous aqueous phase through determiningatia¢yzed oxidation rate of
TMB. First, 2uL of GOX/HRP DFs, 1Q.L of TMB (5 mM) and 83uL of PBS (pH
5.5) were mixed in 96-well plate. Thenub of glucose with different concentrations
(0, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mMyewmtroduced rapidly, and the
time-dependent absorbance at 652 nm was monitditeeh, the absorption spectra
were recorded. The data of free enzymes and thaxtura with DFs were also
determined as above. Finally, the kinetic parametegre obtained by plotting the
Michaelis-Menten equation.
2.5.Fabrication of glucose electrochemical biosensors

Prior to the experiments, the Au electrode (2.0 mndiameter) was carefully
polished with slurries of 0.3 and 0.5 alumina powder and rinsed by successive
sonication in ethanol and ultrapure water, respebti Then, the electrode was treated
with piranha solution (98% $04/30% HO,, 3/1, v/v) to remove the residuum,
rinsed by ethanol and ultrapure water again, andllfi dried with N. For glucose
detection, 6uL of GOx/HRP DFs was dropped on the pre-treatedefgtrode and
dried for 2.5 h at 4 °C to construct the electrooival biosensing interface
(GOx/HRP DFs@Au electrode). Then, the GOx/HRP DFsi@dectrode was
immersed in 10 mL of PBS containing different cartcations of glucose and TMB
(0.5 mM) for 5 min for differential pulse voltammgt(DPV) measurements in the
range from -0.2 to 0.6 V with a step potential on¥, a pulse amplitude of 25 mV
and a pulse width of 25 ms.
2.6. Fabrication of “signal-on” exosome aptasensor

To achieve the detection of exosomes specificdlly,padlock probe-E was used
in RCA reaction to form the GOx/HRP DFs containl@®63 aptamer, which was
further used to modify the Au electrode. Thenpl6 of exosomes with different
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concentrations were dropped on the GOx/HRP DFs@¢éairede for 30 min at 4 °C.
The resulting electrode was washed with ultrapuaéewand immersed in 10 mL of
PBS containing glucose (1.5 mM) and TMB (0.5 mM) Ed°V detection.
2.7. Fabrication of “signal-off” thrombin dual-aptaer biosensor

For electrochemical biosensing of thrombin, sulftyyanodified capture probe
was first activated and immobilized on the pretedaAu electrode through Au-S
bond. Briefly, 5uL of capture probe (12M) and 2uL of TCEP (3 mM) were added
to 93 uL of Tris-HCI-MgSQ, buffer (10 mM, pH 8.0) at room temperature for.1 h
Then, 6uL of the activated capture probe was dropped orlaatrode and incubated
for 14 h. After that, L of MCH (1 mM) was added onto the electrode swefar 1
h to remove the loosely adsorbed capture probebéoak the unoccupied surface
binding sites on electrode. After thoroughly rinseth ultrapure water, the electrode
was dropped with @L of thrombin with different concentrations and uhated for 1
h to ensure the specific binding of capture probd thrombin. Finally, 6uL of
GOx/HRP DFs, which were self-assembled by the mkdlmrobe-T-based circular
template, was dropped on electrode for 1 h to fvenbiocatalytic cascade biosensor.
The electrochemical detection was carried out inmlOof PBS containing glucose
(2.5 mM) and TMB (0.5 mM).
2.8. Electrochemical measurements

All electrochemical measurements were operated ©HIe660E electrochemical
workstation (CH instruments, China) with a convendl three-electrode system,
consisting of a modified Au working electrode, atplum wire counter electrode and
an Ag/AgCl (saturated KCI) reference electrode. |I€ywoltammetry (CV) and
electrochemical impedance spectroscopy (EIS) wertopned in PBS containing 10
mM of [Fe(CN}]*"™ and 0.1 M KCI as the supporting electrolyte. Th¢ ®as
conducted at a scan rate of 100 mV/s in the range +0.2 to 0.6 V. The EIS
experiments were carried out with a voltage amgétaf 5 mV and a frequency range
from 0.1 Hz to 100 kHz.
3. Results and Discussion
3.1.Self-assembly and characterization of GOX/HRP DFs

Fig. 1A illustrates the self-assembly process oikHRP DFsvia RCA. In brief,
two single-stranded DNASs, padlock probe and prirasx,designed, in which the two
ends of the padlock probe are complementary toptiveer. After annealing, the
padlock probe is hybridized with the primer andugher circularized by T4 DNA
ligase to form the circular template with the ligat of phosphorylated 5'-end and
hydroxylated 3'-end. The non-circularized padlockbgs and excess primers are
digested by Exo I. Non-denaturing polyacrylamidé gjectrophoresis (PAGE) was
carried out to confirm the successful circularizatof the template DNA (Fig. S1).
After that, the addition of phi29 DNA polymerasedadNTPs initiates the RCA
reaction in the presence of GOx and HRP. The isecaconcentration of
polymer-like DNA strands and magnesium pyrophosph@igPPi) lead to the
nucleation and crystallization of DFs with flowdraped and porous structural
properties (Lv et al. 2015). Meanwhile, GOx and H&R® one-pot encapsulated into
the DFs because of the simultaneous coordinatiteraictions between magnesium
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with DNA scaffold and protein residues.

The morphologies and sizes of the synthesized GRR/HDFs were first
characterized by scanning electron microscope (SHEHW). 1B) and transmission
electron microscopy (TEM) (Fig. 1C), respectivélfe liquid crystallization results
in the formation of petal-like DNA structures witierarchical pores on the periphery.
The TEM image also displays the high-density cdré&s@x/HRP-DFs, which are
composed of polymeric DNA and inorganic M®Pi crystals. Satisfactorily, after
encapsulation of enzymes, no significant changdserved on the morphology of the
DFs. The sizes of the prepared DNA hybrids wergh&rrconfirmed by dynamic light
scattering (DLS), which shows the average size36df4nm for DFs and 948.23 nm
for GOX/HRP DFs (Fig. S2).

The large scale and porosity of DFs make them &ligfficient carrier for
encapsulating enzyme molecules. The encapsulatioB@x and HRP was first
characterized by zeta potentials (Fig. 1D). BecabeeDNA is negatively charged,
the potential of DFs was measured to be -23.91 Inkas been reported that the
isoelectric points of HRP and GOx are 7.2 and #e8pectively (Wang et al. 20174a;
Wang et al. 2009). Therefore, as expected, aftsihg of negatively charged GOx
(-17.79 mV) and uncharged HRP (-0.02 mV) under na¢gbnditions, the potential of
GOx/HRP DFs was decreased to -35.05 mV. The circlicdoroism (CD) spectra also
confirm the successful encapsulation of GOx and HRBFs (Fig. S3). We further
investigated the compositions of GOx/HRP DFs bynstgg transmission electron
microscope (STEM)-based energy dispersive X-rayctspgcopy (EDS) mapping
analysis (Fig. 1E). The high-angle annular darldfitHAADF) images show the
hierarchical structure of DFs and GOx/HRP DFs, Wwlace accorded with the above
TEM results. From EDS mapping, the compositionatridbution of C, O, Mg and P
are uniform in DFs and GOx/HRP DFs, confirming tloenposition of DNA scaffold
and MgPPi in DFs. However, compared with DFs the eleméhiand S are only
observed in GOx/HRP DFs, indicating the presenc&0k and HRP. The relative
atomic ratios of elements to Mg (Fig. 1F) and EP8ctra (Fig. S4) also reveal the
higher content of C, N, O, Fe and S in GOx/HRP [itan DFs, which further
confirm the successful encapsulation of GOx and .H&Rfording to the previous
study, the encapsulation of GOx and HRP is medibayetthe electrostatic interactions
between enzymes and negatively charged DNA scaf#iido et al. 2016)n addition,
the magnesium could coordinate with the phosphat&bdones of the DNA backbone
and carboxylates of protein residues simultanepushich thus acts as a bridge
between DNAs and enzymes (Kim et al. 2017).

To evaluate the enzyme loading efficiency of D& amounts of DNA and
enzymes in GOx/HRP DFs were quantified by calibratcurve method using
commercial assay kits (Fig. S5). Considering thebil®stranded configuration of
DNA scaffold in DFs (Kim et al. 2019), double-std®a A-DNA was chosen as the
standard substance for the detection of DNA comagah. As shown in Fig. 1G, The
DNA concentration in GOx/HRP DFs (44.21 + 45§/mL) is almost the same as that
in DFs (46.38 = 5.7@ug/mL), suggesting that the enzymes have no sigmtieffect
on the self-assembly of DFs based on RCA. In anlditihe protein concentration in
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GOx/HRP DFs is calculated to be 38.93 + 4/ 8¥mL, demonstrating the high
loading efficiency of DFs.
3.2.Cascade biocatalysis of GOx/HRP encapsulated in DFs

To verify the spatial regulation of DFs to GOx ahdRP, the biocatalytic
efficiency of cascade was examined. The time-depeint)V-vis absorbance and
corresponding UV-vis absorption spectra of TMB bated by GOx/HRP DFs, free
enzymes (GOx and HRP) and the mixture of free eesymith DFs were recorded,
respectively (Fig. S6). As a result, compared théhfree enzymes and the mixture of
free enzymes with DFs, the oxidation rate of TMB®®x/HRP DFs was improved
2.16-fold and 1.79-fold, respectively, indicatingetenhanced biocatalytic efficiency
of the cascade after encapsulation. Based on thdaton rate at different
concentration of glucose, the Michaelis consti&rj) @nd saturation rat&/(.,) values
for the cascade biocatalysis were derived fromNhehaelis-Menten kinetics (Fig.
1H and Table 1). ThK,, values of GOx/HRP almost no change after co-entafisg
in DFs, indicating that the porous DFs structure ha effect on the affinity of
enzymes with the substrates. However, the bi-enzyopencapsulated DFs yield a ca.
2-fold higher Vmax than the two enzymes in homogeneous aqueous phaseh
confirm the enhanced cascade -catalytic activity @Dx/HRP in DFs. This
phenomenon can be explained as the negatively ethgohosphate backbones of
DNA scaffold increase the extent of hydrogen-bondeder structures and form a
highly ordered, hydrogen-bonded water environmerthe cavity of DNA structure
(Collins et al. 2017; Zhao et al. 2016).
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Fig. 1. Self-assembly and characterization of GOx/HRP Dg) Schematic
illustration of circularization of template DNA amd-encapsulation of bi-enzymes in
DFs via RCA. (B) SEM and (C) TEM images of DFs d&@x/HRP DFs. (D) Zeta
potentials of HRP, GOx, DFs and GOx/HRP DFs. (E)ADX-STEM images and
EDS elemental mapping of DFs and GOx/HRP DFs (duate500 nm). (F) Relative
atomic ratios of C, N, O, P, Fe and S to Mg in @Rg GOx/HRP DFs, respectively.
(G) The amounts of DNA and enzymes in DFs and GBRHDFs, respectively. (H)
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Michaelis-Menten kinetics of free enzymes (GOx &#RP), free enzymes with DFs
and GOx/HRP DFs. Error bars in F, G, and H aredtiamdard deviation of three
replicate determinations.

Table1
Km andVyax values of GOx/HRP biocatalytic system in DFs coradato that in homogeneous
agueous phase.

Sample Km (uM)? Vinax (AAbs/s}

GOx + HRP 138.37 £16.28 0.035 £0.0015
GOx + HRP + DFs 154.20 +15.52 0.043 +0.0016
GOx/HRP DFs 155.77 +14.58 0.079 £0.0028

% The results are obtained from three duplicaterdetations.

3.3. Glucose electrochemical biosensor

The mechanism of biocatalytic cascade with enhancedivity for
electrochemical biosensing of glucose is demoredtrat Fig. 2A. The GOx in DFs
catalyzes the oxidation of glucose and the germraif HO,, which further induces
the oxidation of TMB immediately with the catalysi$ adjacent HRP. The DPV
signals are generated by the electron transpo#dlestrode surface with the valence
transformation between TMB and oxTMB, which areagiie enhanced benefitting
from the high encapsulation efficiency of DFs ahd tnicroenvironment regulation
of enzymes, leading to the sensitive and selecdktection of glucose.

The electrocatalytic behaviors of glucose on th#ase of GOx/HRP DFs@Au
electrode were examined by CV and DPV, respectifElg. 2B). As expected,
compared with bare Au electrode and free enzymedifrad Au electrode
(GOX/HRP@AuU electrode), the GOx/HRP DFs@Au ele@drattmonstrates the
superior electrochemical behavior for glucose da&tecwhich can be attributed to the
high loading efficiency and enhanced cascade datadgtivity of GOx/HRP DFs.
The impact of scan rate on the redox behavior okl68BP DFs@Au electrode was
also investigated (Fig. S7), which confirmed tha¢ redox reaction on GOx/HRP
DFs@Au electrode is a surface-controlled electrotbal process.

The GOx/HRP DFs are modified to the Au electrodefase via physical
adsorption, which exhibit the favorable stabilityainst washing step (Fig. S8). After
optimizing the experimental conditions (Fig. S9placose electrochemical biosensor
was realized using GOx/HRP DFs as sensing intenfate highly electrocatalytic
activity. As presented in Fig. 2C, the absoluteugadf DPV signal at 0.3 V obtained
from the redox of TMB demonstrates a negative tation with the concentration of
glucose. The linear relationship is ranged fronunNd to 1.5 mM glucose with a
sensitivity of 145.2uA-mM™.cm? and a limit of detection (LOD) of 3.3GM
(signal-to-noise (S/N) ratio of 3). The comparisainthe present assay for glucose
detection with other electrochemical glucose bigsesn has been listed in Table S2,
which indicate the competitive sensitivity of theepent work for glucose detection.
In comparison with the reported electrochemicakéisors, especially the enzymatic
electrochemical biosensors, the advantages of @apoped assay for glucose
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detection can be summarized as follows. (1) Easparation. The GOx/HRP DFs
used in this study are prepared by RCA-based ohengthod, in which only two
single-stranded DNAs (primer and circular templae) needed in the presence of
DNA polymerase/dNTPs. (2) High sensitivity. The mom-scaled DFs with high
loading capacity can provide a large number of ibipdites for enzyme molecules,
which thus improve the detection sensitivity. Medile; the DFs have successfully
performed the microenvironment regulation of thechtalytic cascade of GOx/HRP,
which enhances the cascade catalytic efficiencyrasdlts in a high sensitivity for
electrochemical detection of glucose. (3) Good moynability. The DNA structures
can be designed precisely through changing the $&geence, which thus not only
improves the variety and specificity of GOx/HRP Diftg also achieves the versatility
of this assay.

As a pivotal factor of a biosensor, the specifictly the proposed glucose
electrochemical biosensor was investigated by amajythe endogenous interfering
species, including ascorbic acid (AA), uric acidA)land dopamine (DA). As shown
in Fig. 2D, the decrease of DPV currents caused.bynM AA, UA and DA are only
6.7, 7.7 and 6.3% compared with 0.1 mM glucosegeetsvely, while their mixture
with 0.1 mM glucose shows almost the same currespanse as 0.1 mM glucose.
These results indicate the excellent selectivityhef biosensor for glucose detection.
To further evaluate the practical performance, gdecin human blood serum was
analyzed, and the results are well agreed withethmstained by the commercial
glucometer with the relative standard deviation DR&nd relative error within 4.9
and 3.11%, respectively (Table S3). These resutkenGOX/HRP@Au electrode a
promising platform for accurate diagnosis of blapdcose level. The reproducibility
of the fabricated biosensor for glucose detectias mvestigated by seven successive
determinations toward 1.5 mM glucose with a RSD3&%, confirming the good
reproducibility of this electrochemical biosenssicategy.

A Gluéose H,0, oxTMB
5 o
GOx/HRP DFs
Au electrode
< -2
< 2 \
= g
= 5 I ‘
o g
5 - 8 & €
O .
-40{__ . . . -8 S 0.0
03 00 03 06 01 02 03 04 05 <
. _ EURE AN ARV IR
Potential / V (vs. Ag/AgCl) Potential / V (vs. Ag/AgCl) > N\

Fig. 2. Glucose electrochemical biosensor using GOx/HRB &é-sensing interface.
(A) Schematic illustration of the biosensing meakan (B) CV and DPV responses
of (a) bare Au electrode, (b) GOX/HRP@Au electraatled (c) GOXx/HRP DFs@Au
electrode in 10 mM PBS (pH 5.5) in the presenc&.6fmM glucose and 0.5 mM
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TMB. (C) DPV responses of GOx/HRP DFs@Au electrogith the glucose
concentration increased from a to k (0, 0.005, 0005, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5
mM, respectively) in PBS (pH 5.5) in the present8.6 mM TMB. Inset: calibration
curve of ADPV currentvs glucose concentration. (D) Normalized DPV peakenir
changes of the GOx/HRP DFs@Au electrode with thdit@sh of 0.5 mM AA, 0.5
mM UA, 0.5 mM DA, 0.1 mM glucose, and their mixtufighe RSDs are below 7.1%.
Error bars in C and D are the standard deviatiadhrefe replicate determinations.

3.4. “Signal-on” electrochemical aptasensor for canous exosomes detection

Exosomes are a kind of extracellular vesicles ttaty macromolecules of
originating cells. Thus, the detection of cancereMesomes has been promising in
cancer diagnosis (Dong et al. 2018; He et al. 208&ng et al. 2017c). Fig. 3A
illustrated the construction of electrochemicaldaiosor for exosomes detection using
GOx/HRP DFs as sensing interface. Besides the pand hierarchical structures of
DFs, the programmability of DNA scaffolds furthemproves the variety and
specificity of GOx/HRP DFs. In this work, throughcbrporating the complementary
sequence of CD63 aptamer into the padlock prole,GBx/HRP DFs containing
large numbers of CD63 aptamers can be self-assdnalfiier RCA reaction, which
thus can specifically recognize MCF-7 exosomesce&ithe exosomes with poor
conductivity would block the diffusion of substratethe GOx/HRP DFs and further
inhibit the electron transport on the electrodefasag, the absolute DPV signal is
increasing with the increase of exosome conceatrafiherefore, the exosomes can
be quantified in a “signal-on” mode.

First, the morphology and size distribution of pfwified MCF-7 exosomes were
examined by TEM and Nanoparticle Tracking AnalysI$A), respectively (Fig. 3B).
The MCF-7 exosomes are nanoscale globoid vesiclés thve size distribution of
~110 nm and particle concentration of 1.78 X Harticles/mL. To verify the
feasibility of this aptasensor for exosomes debectine CV and EIS of the electrodes
were recorded during the assembly process usi@[e]* " as electroactive probe
(Fig. 3C). For CV measurement, compared with thee b&u electrode, the peak
current of GOx/HRP DFs@Au electrode decreases, isigothe electronically inert
feature of GOX/HRP DFs. After the capture of exossnthe peak current further
decreases because of the hinderance of the GOx@dRtade on the electrode by
exosomes. In addition, the electron transfer rasc (R) of the electrode at
different stages measured by EIS shows a good magrdge with CV results,
confirming the successful conjugation between GRPHDFs and exosomes. The
equivalent circuit fitting with the obtained ElSegra is shown in Fig. S10 and the
fitting values of the equivalent circuit elemente &sted in Table S4. In addition, the
specific binding of GOx/HRP DFs and exosomes wa® aonfirmed by zeta
potentials (Fig. S11).

Since the aptamer sequence can be greatly repliezaeRCA, the resulting
aptamer-incorporated GOx/HRP DFs can specially hiitd exosomes in a high ratio,
which thus results in the fabrication of “signal-oglectrochemical biosensor for
exosomes detection (Fig. S12). From Fig. 3D, dfterreaction of MCF-7 exosomes
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with GOx/HRP DFs@Au electrode, the absolute DP\kprarent at 0.3 V increases
proportionally with increasing the concentrationeabsomes from 1.5 x i@o 1.3 x
10° particlesfiL. The LOD is calculated as 1.02 x*1farticlesiL (S/N ratio of 3).
Compared to the previous methods for exosomestawig®Vang et al. 2017d; Zhang
et al. 2018), the proposed biosensor was simplerapd, which can be finished
within 35 min. To investigate the specificity ofettproposed aptasensor, the DPV
responses generated by nontumorigenic cell line KMQA) exosomes and human
ovarian cancer cell (OVCAR-3) exosomes with the esarancentration (1.0 x 10
particlesfiL) as MCF-7 exosomes were monitored (Fig. 3E). [Eingest DPV change
was obtained by MCF-7 exosomes, while the DPV charaysed by MCF-10A and
OVCAR-3 is much smaller. The good selectivity cam &ttributed to the high
expression level of CD63 on MCF-7 exosomes (Wangl.e2017d; Xia et al. 2017,
Yoshioka et al. 2013), which results in the speai@cognition of MCF-7 exosomes
with aptamers in GOx/HRP DFs on the electrode. viduate the clinical application
of this biosensor, we quantified the MCF-7 exosomil different concentrations in
diluted human serum samples (Table S5). The addeptacoveries (from 94% to
104%) and RSDs (from 4.9% to 8.2%) demonstrate tthatas-prepared aptasensor
can be readily applied to tumor exosomes analysiseal samples. What’s more,
seven independently prepared GOx/HRP DFs@Au ebbesréor exosome detection
result in a RSD of 4.5%, showing the excellent odpcibility of this electrochemical
aptasensor.

A Signal-on mode
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Fig. 3. “Signal-on” electrochemical exosomes aptasensorgu€D63-incorporated
GOx/HRP DFs as sensing interface and specific r@tdog element. (A) Schematic
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illustration of the biosensing mechanism. (B) TEMages and NTA analysis of
MCF-7 exosomes. (C) CV and EIS responses of (& Aarelectrode, (b) GOx/HRP
DFs@Au electrode, and (c) exosomes@GOx/HRP DFs@#actrede in 10 mM
[Fe(CNX]*"*". (D) DPV responses of GOx/HRP DFs@Au electrodén witosomes
concentration increased from a to i (0, 1 500, @, @000, 15 000, 30 000, 60 000,
100 000, and 130 000 particles) in PBS (pH 5.5) in the presence of 1.5 mM
glucose and 0.5 mM TMB. Inset: calibration curveAGIPV currentsvs logarithm of
exosomes concentrations. (E) Selectivity of theasgrtsor for MCF-7 exosomes
against MCF-10A exosomes and OVCAR-3 exosomes.R®Ps are below 8.5%.
Error bars are the standard deviation of threaaa@ determinations.

3.5. “Signal-off” electrochemical dual-aptamer bassor for thrombin detection

The fabrication of dual-aptamer recognition-baséecteochemical thrombin
biosensor is illustrated in Fig. 4A. In this assdy complementary sequence of
thrombin aptamer (Apt29) is designed in the circwtanplate, which results in the
self-assembly of repeated aptamers-decorated Déghars simultaneously realizes
the biocatalytic cascade and specific recognitibnGOx/HRP DFs to thrombin.
Meanwhile, the capture probe containing anotheontimin aptamer (Aptl5) is
immobilized on the electrode surface through AueBidbto recognize and conjugate
thrombin with high affinity and specificity. The deely adsorbed capture probe and
the unoccupied binding sites on the electrode larerated by MCH. After thrombin
is specifically caught by the capture probe, thectebde is further incubated with
GOx/HRP DFs to form the sandwich structure of Ag@tbrombin@GOx/HRP DFs
based on the specific binding of thrombin with twptamers. The “signal-off”
electrochemical signal recorded in glucose solutisnrelated to the thrombin
concentration. In particular, the signal is amptifiby the enhanced activity of the
biocatalytic cascade and high encapsulation effayieof DFs, thus improving the
sensitivity for thrombin analysis.

CV and EIS were used to characterize the assenblyeps of the electrode.
From the CV results (Fig. 4B), the redox peaksrattegradually with the sequential
modification of capture probe, MCH, thrombin, an@%HRP DFs. In brief, the bare
Au electrode shows a high oxidation peak currenb&78uA (curve a) due to the
formation of polished surface after pretreatmenftelA the capture probe are
immobilized onto the electrode, the oxidation peakrent decreases to 45.42
(curve b), which can be attributed to the poor catigtity of the probe. Moreover, the
current decreases to 35.g28 (curve c) after blocking the unmodified sites MZH.
The specific binding of thrombin (curve d) and sadpgent GOx/HRP DFs (curve e)
further cause the decreased peak currents, whiohbeaattributed to the poor
conductivity of thrombin and bi-enzyme co-encapwda DFs to inhibit the
penetration of redox probe and electron transgdré binding affinity of Apt29 in
GOx/HRP DFs with thrombin was verified throughifig the Hill-Langmuir equation
that describes the equilibrium binding (Khan et28120) (Fig. S13). The equilibrium
dissociation constant @ was estimated to be 1.44 nM, which is only 3-ftidhat
of the original aptamer reported previously (0.5)nWasset et al. 1997). Therefore,
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there is almost no effect on the binding affinifyaptamers into the DFs. In addition,
EIS results also prove the successful fabricatiathis aptasensor, in which the;Rf
the electrode gradually increases with the seqalemidification (Fig. 4C).

Under the optimized conditions (Fig. S14), the winedl performance of the
dual-aptamer biosensor for thrombin detection waestigated. As shown in Fig. 4D,
since more thrombin can bind more GOx/HRP DFs andlectrode, the absolute
DPV currents decrease obviously with the incredsthrombin concentration. The
linear calibration plot shows that tAd®PV currents exhibit a good linear relationship
with the logarithm of thrombin concentration rargiinom 15 fM to 1 x 13 M, and
the LOD is calculated to be 12.77 fM (S/N ratio f The specificity of the
dual-aptamer biosensor was further examined (Fg. As expected, almost no signal
response is recorded to the interferents, includogine serum albumin (BSA),
cysteine (Cys) and lysozyme (Lys), even the comagoh is 5-fold higher than
thrombin. The high specificity can be attributed ttee specific recognition of
thrombin with two aptamers. The practical applicatiof the biosensor was
investigated in diluted human blood serum by stesh@aldition method (Table S6).
The analytical recoveries ranging from 96.2 to I@d.with the RSD within 7.0%
indicate that the proposed dual-aptamer biosessoapable to thrombin detection in
real samples. Seven thrombin determinations usidgpgendently prepared electrodes
show a RSD of 4.9%, which indicate the gomgbroducibility of the proposed
dual-aptamer biosensor.
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Fig. 4. “Signal-off” electrochemical dual-aptamer biosem$ar thrombin detection
using Aptl5 as capture probe and Apt29-incorpor&€k/HRP DFs as amplified
labels. (A) Schematic illustration of the biosegsmechanism. (B) CV and (C) EIS
responses of (a) bare Au electrode, (b) capturderCp)@Au electrode, (c)
MCH@Cp@Au electrode, (d) thrombin@MCH@Cp@Au eledtro(e) GOx/HRP
DFs@thrombin@MCH@Cp@Au electrode in 10 mM [Fe(g@N}*. (D) DPV
responses of the biosensor with the thrombin caragon increased from a to i (O,
1.5 x 10", 1 x 10" 1 x 10" 1 x 10", 1 x 10", 1 x 10%, 1 x 10°, and 1 x 13 M)

in PBS (pH 5.5) in the presence of 1.5 mM glucosd 8.5 mM TMB. Inset:
calibration curve oADPV currentsvs logarithm of thrombin concentrations. (E) The
selectivity toward thrombin (20 fM) from 100 fM BSAQO fM Cys, 100 fM Lys, and
their mixture with 20 fM thrombin. The RSDs are d&l6.0%. Error bars in D and E
are the standard deviation of three replicate detetions.

4. Conclusion

In summary, we have developed a bi-enzyme co-entpd DNA flower
structure via RCA, achieving an enhanced cascade biocatalysts \srsatile
fabrication of electrochemical biosensors. The Rt2&ed DFs have demonstrated the
unique characteristics of porous and hierarchicatture, favorable programmability,
high loading efficiency and good biocompatibilifihe one-pot encapsulation of GOx
and HRP into DFs realizes the programmable andaspagulation of bi-enzyme
molecules in micron scale. Meanwhile, the DFs ssgitdly perform the
microenvironment regulation of the biocatalytic cade of GOx/HRP, which enhance
the cascade catalytic efficiency by ca. 2-fold camed with that in homogeneous
aqueous phase. Using the GOx/HRP DFs as excekasing interface, a glucose
electrochemical biosensor is readily constructetijesing a LOD as low as 3.38/.
Moreover, the electrochemical aptasensors are pegpddy encoding aptamer
sequences into the DFs, which are used as semgerface and amplified labels for
“signal-on” and “signal-off” detection of cancerousxosomes and thrombin,
achieving the LODs of 1.02 x i1@articlesiL and 12.77 M, respectively. Therefore,
our proposed strategy of RCA-based multi-enzymeyesulated DFs with space and
microenvironment regulation opens a promising aegeria design biocatalytic
cascades, which further offers a powerful tool the development of DNA
nanotechnology and biosensing platforms.
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Highlights

® A rolling circle amplification-based one-pot method is developed to prepare DNA
flowers (DFs).

® An enhanced cascade biocatalysis of GOx/HRP is regulated in highly ordered
DFs with hydrogen-bonded water environment.

® GOx/HRP DFs are versatilely applied to fabricate electrochemical biosensors
with signal amplification.

® Successful analysis of complex biological samplesis demonstrated.
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