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ABSTRACT: Biosensing interface based on screen-printed carbon electrodes (SPCE) has been
widely used for electrochemical biosensors in the field of medical diagnostics, food safety, and
environmental monitoring. Nevertheless, SPCE always has a rough surface, which is easy to result
in the disorder of nucleic acid capture probes, the nonspecific adsorption of signaling probes, the
steric hindrance of target binding, and decrease in the signal-to-noise ratio and sensitivity of
biosensors. So far, it still remains extremely challenging to develop high-efliciency carbon-based
biosensing interfaces, especially for DNA probe-based assembly and functionalization. In this
paper, we first used a specific DNA framework, DNA tetrahedron to solve the defects of the carbon
interface, improving the biosensing ability of SPCE. With covalent coupling, the DNA tetrahedron
could be immobilized on the carbon surface. Biosensing probe sequences extending from the DNA
tetrahedron can be changed for different target molecules. We demonstrated that the improved
SPCE could be applied for the detection of a variety of bioactive molecules. Typically, we designed
gap hybridization, aptamer “sandwich” and aptamer competition reduction strategy for the
detection of miRNA-141, thrombin, and ATP, respectively. High signal-to-noise ratio, sensitivity,
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and specificity were obtained for all of these kinds. Especially, the DNA tetrahedron-modified SPCE can work well with serum
samples. The carbon-based DNA framework nano—bio interface would expand the use of SPCE and make electrochemical

biosensors more available and valuable in clinical diagnosis.

KEYWORDS: DNA framework, nano—bio interface, high signal-to-noise ratio, screen-printed carbon electrode, electrochemical biosensor

T aking advantages of sensitivity, miniaturization, and low-
cost devices, electrochemical biosensors have attracted
tremendous interest and hold great promise for practical
biosensing use.'”” In recent decades, screen printing has
become a major branch for the development of electro-
chemical biosensors because of its possibility of manufacturing
massive electrodes in a reproducible, cheap, and disposable
format.*” The screen printing carbon electrode (SPCE) can be
cheaper and more available than any other kinds of electrodes,
such as gold electrodes, for fabricating electrochemical
biosensing devices. Also, SPCE permits the feasible incorpo-
ration of chemically functionalized materials in a straightfor-
ward way'°™"? so that a variety of modifications can be done in
the late stage of the functionalization of SPCEs."*™'¢ To date,
many kinds of SPCEs have been successfully used in proof-of-
principle studies to develop prototype biosensors in various
configurations for a wide range of analytical applications.'”"®
Nevertheless, several essential technical issues still remain
challenging in the development of biosensors with nucleic acid
probes on the carbon-based interface. The screen-printed
carbon surface is highly rough and has lots of adsorption sites,
causing two major problems." First, it is hard to control the
orientation of capture probes and the distance between them,
which are vital to make them recognize and bind to target
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molecules including DNA, RNA, and proteins. Second,
signaling probes can be easily absorbed onto the carbon
surface to produce high background signals. Both low-
efficiency capture probes and nonspecifically adsorbed signal-
ing probes would inevitably decrease the sensitivity and signal-
to-noise ratio (S/N ratio) of biosensors.

Some inorganic nanomaterial had been used in previous
studies to design nanobased interfaces for the improvement of
the sensitivity of electrochemical biosensors.”’~>* However,
inorganic materials used for carbon-based biosensing interfaces
often could not solve the nonspecific adsorption problem and
even cause much worse S/N ratio because these modified
surfaces often had more complicated structures that lead to
more serious adsorption.””*~*’ Fan’s group®™** reported that
DNA tetrahedron could be successively used in the
construction of gold-based electrochemical biosensors. Also,
our group had successfully used DNA tetrahedron to develop
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Scheme 1. Schematic Illustration of the DNA Tetrahedron Structure Probe (TSP)-Modified SPCE Electrochemical Platform
for Multiplex Biosensing by Simply Changing the Extending Sequences from DNA Tetrahedron
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silicon-based biochips.** Basic DNA frameworks like tetrahe-
dron are low-cost could be synthesized easily, providing a more
feasible and biocompatible choice than inorganic materials.
Nevertheless, DNA frameworks used for carbon-based
biosensing interfaces have not been investigated until now,
even though carbon-based biosensors hold greater promise for
practical uses than gold- and silicon-based biosensors.

Herein, we designed a novel carbon-based nano—bio
interface for electrochemical biosensors in combination of
DNA tetrahedron with SPCE. Each biosensing unit includes a
DNA tetrahedron structure decorated with three amine groups
and a versatile extended probe DNA. The whole nano—bio
structure was synthesized by annealing four well-designed
DNA oligonucleotides. The amine-decorated DNA tetrahe-
dron was immobilized on the carbon surface of working
electrodes through carboxyl and amino reaction after the SPCE
was activated by scanning with cyclic voltammetry. Since the
extended DNA probe can be designed to act as different types
of recognition and capture probes, various kinds of targets
including nucleic acid, protein, and small molecules can be
detected (Scheme 1). Importantly, we found that the DNA
tetrahedron structure probe (TSP)-decorated SPCE had much
higher S/N ratio than that decorated with the single-stranded
probe (SSP).

B EXPERIMENTAL SECTION

Reagents and Materials. All DNA oligonucleotides (Table S1),
GTP, TTP, and CTP were synthesized and purified by Sangon
Biotech, while miRNA was purchased from TaKaRa, Inc. (Dalian,
PRC). Casein, ATP, Tween 20, thrombin, 1-(3-(dimethylamino)-

propyl)-3-ethylcarbodiimidehydrochloride (EDC), N-hydroxysulfo-
succinimide (NHS), and horseradish peroxidase coupled with avidin
(Av-HRP) were purchased from Sigma-Aldrich. 3,3’,5,5'-Tetrame-
thylbenzidine (TMB) substrate was purchased from Neogen.
Streptavidin poly-HRP40 Conjugate (SA-polyHRP40) was from
Fitzgerald. The washing buffer was phosphate-buffered saline
(PBST) solution (10 mM phosphate buffer, 0.14 M NaCl, 2.7 mM
KCl, 0.05% (v/v) Tween 20, pH 7.4). Dilution solution for SA-
polyHRP40 (10 mM PBS solution at pH 7.4, 1% casein, and 1%
BSA). The chemicals mentioned were all used as received, and Milli-
Q water (18 MQ-cm™' resistivity) was used throughout all
experiments. MCF-7 cells and PC-3 cells were obtained from Cell
Bank of Shanghai Institute of Cell Biology, Chinese Academy of
Sciences. Cyclic QIAamp Tissue DNA Mini kit was purchased from
Qiagen.

Instruments. Cyclic voltammetry (CV) and amperometry
measurements were performed using a portable 16-channel electro-
chemical workstation. The electrochemical device and SPCE used in
this study were homemade, and similar devices and electrode arrays
are commercially available from Zhejiang Nanosmart Biotechnology
Co., Ltd. (Ningbo, China). The CVs were carried out at a scan rate
100 mV/s from 0 to 0.7 V. Amperometry detection was set at —S0
mV, and the electroreduction current was measured at 100 s when the
HRP redox reaction was at a steady state. We quantified
oligonucleotides using a UV—vis absorption spectrophotometer
(Hitachi U-3010, Japan). X-ray photoelectron spectroscopy (XPS)
spectra were acquired using an Axis UltraDLD spectrometer (Kratos
Analytical, a Shimadzu Group Company) with a monochromatic Al
Ka source (hv = 1486.6 eV) and a charge neutralization system. The
binding energy (BE) scale was internally referenced to the Cls peak
(BE for C—C = 284.8 eV). AFM imaging was obtained using a
Multimode Nanoscope VIII instrument (Bruker).
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Figure 1. (a) Schematic illustration of probe immobilization for TSP, Lc-SSP, Sc-SSP, and nonspecific reporter DNA on the carbon-based nano—
bio interface. (b) DNA hybridization efficiency comparison among TSP, Lc-SSP, and Sc-SSP, (c) Comparison of assembly methods between

covalent binding and physical absorption.

Fabrication of the Carbon-Based DNA Framework Nano—
Bio Interface. The synthesis of the DNA tetrahedron was the same
as the reported papers published by our group.**** The SPCE arrays
were pretreated to generate the carboxylic acid groups on the carbon
electrode by running CV. We carried out the activation in 10 mM PB
(pH 7.0) by CVs at a scan rate of 0.5 V/s, running 100 cycles with a
potential from —0.3 to 0.6 V. Ten microliters of freshly prepared 400
mM EDC and 100 mM NHS were dropped to activate carboxylic acid
groups for 1S min. Five microliters of DNA tetrahedron solution (1
uM) was dropped followed by 2 h incubation at 37 °C. The same
tetrahedron DNA probe without doing the EDC coupling was used as
a control (for physical adsorption) by indirectly dropping S uL of
DNA tetrahedron solution (1 uM) on the carbon electrode. After
washing with PBS, the electrode was incubated for 2 h at 25 °C with
S0 uL of 1% casein to inactivate binding sites and block nonspecific
adsorption sites on the SPCE. The DNA tetrahedron-decorated SPCE
arrays were then stored at 4 °C and ready for use. The immobilization
of the single strand of DNA was the same as above.

Detection of miRNA. First, the biotinylated signal probe (100
nM) and gap strands (500 nM) were mixed with the target miR-141
in 10 mM PB with 1 M NaCl and 20 mM MgCl, (pH 7.4) and were
incubated in 80 °C for 15 min. The mixture was then kept at 25 °C
for more than 20 min. Mixtures (10 uL) were placed on the working
electrode and maintained at 37 °C for hybridization. After 2 h
incubation, the electrode was washed with 10 mM PBS, then with 3
uL of Av-HRP (0.5 U/mL) or SA-polyHRP40 (1 pg/mL) for 15 min,
and was dropped and incubated at 25 °C. Then, the electrodes were
measured by the electrochemical workstation. The detection of real
miRNA samples was the same as above. The operations were
performed in a sterile room. All solutions used in the detection of
miRNA were DEPC-treated, and the Eppendorf tubes, microtips, and
glass containers were all sterilized to reduce the effect of RNase to
avoid the degradation of miRNA.

Detection of Proteins. Detection of Small Molecules. A series
of ATP samples at variable concentrations were mixed with the
antisense signal probe (500 pM) in 20 mM Tris—HCl buffer (pH 7.4)
with 100 mM NaCl and 2 mM MgCl,. Then, 10 yL of the mixture
was incubated at 37 °C for hybridization. After 1 h incubation, the
electrodes were rinsed with 10 mM PBS and incubated with SA-poly-
HRP40 (1 pug/mL) for 1S min at room temperature. Then, the
electrodes were measured by the electrochemical workstation. The
detection of serum samples was the same as above.

B RESULTS AND DISCUSSION

Design of the Carbon-Based DNA Framework Nano—
Bio Interface. In order to design the carbon-based nano—bio
interface, SPCE was first cleaned and activated by CV to
produce carboxyl groups on the carbon working electrode. The
XPS data revealed that carboxyl groups were generated after
activation (Figure S1). The carbon surface was highly rough
(Figure S2), which could help immobilize the TSP structure
through the high affinity between carboxyl and amine groups.
The TSP was self-assembled by annealing one DNA fragment
(tetra-A) and three amine-modified DNA fragments (tetra-B,
tetra-C, and tetra-D). We characterized the TSP structure by
atomic force microscopy (AFM) and polypropylene acyl amine
gel electrophoresis (PAGE) (Figure S3). These results proved
that the assembly of DNA tetrahedrons was successfully
achieved. The assembled TSP contained one extended DNA at
one vertex and three amine groups at the other three vertices
for its immobilization on the carbon working electrode through
amino and carboxyl reaction (Scheme 1). SSP with spacers was
designed as controls. We investigated the hybridization
performance of the TSP, a long-chain SSP (Lc-SSP, control
1) and a short-chain probe (Sc-SSP, control 2) (Figure la). A
same reporter DNA modified with biotin in different
concentrations was used to directly hybridize with these
DNA probes. As can be seen in Figure 1b, the current signal
from SPCE functionalized with TSP was significantly higher
than that functionalized with both Lc-SSP and Sc-SSP. These
could be ascribed to the relative rigid scaffold provided by
DNA tetrahedron so that the hybridization fragment of the
capture probe could stand upright and keep a free state in the
carbon interface. In comparison, capture probes without such a
DNA framework were prone to lie down because of the
adsorption between the reporter DNA and the carbon surface.
Interestingly, SPCE with Lc-SSP produced higher hybrid-
ization current signals than that with Sc-SSP. Lc-SSP comprises
of a random oligonucleotide sequence (55 bases), which might
efficiently keep the hybridization fragment away from the
carbon surface in some degree. This result indicated that the

https://dx.doi.org/10.1021/acssensors.0c01745
ACS Sens. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01745/suppl_file/se0c01745_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01745/suppl_file/se0c01745_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01745/suppl_file/se0c01745_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01745?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01745?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01745?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01745?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01745?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

1000 150
- Electrode — Electrode
+  Electrode+TSP ——Electrode+TSP
800 | - Electrode+TSP+casein 100+ —Erectrode+TsPscasein =
- Electrode+SSP —_ — E:ec:mgﬂzzi ) \
+SSP+
c Electrode+SSP+casein g g5 | —rctredenSSPrcaseln, /
== 600 = /
£ £
x E
4004 3.
(&)
d
200 - -

2o

0 T T T T T T T
500 1000 1500 2000 2500 0.2 0.0 0.2 0.4 0.6 0.8
) ZelQ d) E/V vs.Ag/AgCI
(o]
8x10° TSP
10 I Tsp axtos| W
7x10°{ I sspP [ SSP.
34 —_—
6x10 Tax10*
= 5x10°- %
3
£ 107 Lax10°
‘3 3x10° g
2x10° 1x10°
1x10°4
o i
0.1 1 25 5 10 100 250 500 1000

Signal probe Concentration (nM)

Non-specific probe Concentration(nM)

Figure 2. (a) Electrochemical impedance spectroscopy (EIS) and (b) cyclic voltammograms (CVs) of SPCE. Hybridization (c) and adsorption (d)
performance of the TSP- and SSP-modified SPCE. The concentration of the modified TSP and SSP was 1 xM; EIS and CV results were obtained
in 10 mM, pH 7.4, PBS containing [Fe(CN),]*/[Fe(CN)¢]*~ (10 mM, 1:1) and 0.1 M KCI; the impedance frequency range was 10™'—10° Hg,

and the signal amplitude was S mV.

longer random sequence of the probe can adsorb on the
carbon surface to avoid the nonspecific adsorption of reporter
DNA and help the hybridization sequence to recognize and
bind to targets. However, the unordered DNA structure has
much lower efficiency than highly ordered DNA tetrahedron.
Next, we changed the reporter DNA into the nonspecific
biotin-modified DNA and found that the electrochemical
signal was as low as the blank one. The result indicates that the
adsorption between the short report probe (15 bases) and the
carbon interface was very weak. Thus, the electrochemical
signal mainly comes from the hybridization between the probe
DNA and the reporter DNA rather than the adsorption of
nonspecific reporter DNA. Also, we compared the assembly
methods of TSP on the carbon surface. As can be seen
obviously in Figure Ic, the covalent binding mode between
amino and carboxyl got much higher signals and S/N ratio
than the physical absorption mode, demonstrating that the
former could provide a highly ordered DNA tetrahedron layer
for the carbon-based nano—bio interface. This provides us with
clear design principles for the design of the probes based on
the carbon interface in the following experiments.
Characteristic and Performance Verification of the
Carbon-Based DNA Framework Nano—Bio Interface.
Electrochemical impedance spectroscopy (EIS) and CV were
used to characterize the electron transfer performance of the
modified SPCE. As shown in Figure 2a, the Nyquist diagrams
of all electrodes consisted of a semicircle at high frequency and
a line at low frequency. The diameter of the semicircle
reflected the charge transfer resistance. The EIS of the bare
SPCE displayed a semicircle with a small diameter at high
frequency. After EDC/NHS activation, TSP and SSP were
immobilized on the SPCE through the interaction between
amine and carboxyl groups, resulting in a slight increase of

charge transfer resistance because of the poor conductivity of
nucleotide,” indicating the successful assembly of TSP and
SSP. Casein (1%) as blocking reagents to the electrode was
used to inactivate the remaining binding sites and block
nonspecific adsorption, leading to a decrease in the electro-
chemical active surface area of electrodes due to the hindering
effect on the electron transfer rate and resulting in the
attenuation of redox peaks. Since the carbon interface is highly
rough, the DNA tetrahedron could effectively compensate for
the surface defects of the carbon interface to reduce
nonspecific adsorption of protein and DNA. Further, we
used 1% casein as a blocking agent because the molecular
weight of casein is small enough to repair smaller defects on
the carbon interface that the tetrahedron could not fix up. The
CVs in the Figure 2b also proved the successive immobilization
of TSP and SSP.

Then, we characterized the hybridization and adsorption
performance of TSP- and SSP-functionalized SPCEs. As shown
in Figure 2c, the electrochemical signal increased with the
concentration of the signaling probe. However, with the same
concentration of the signaling probe, the TSP-modified SPCE
exhibited much higher signal intensity than the SSP-modified
SPCE, showing a much better hybridization performance. In
the comparison of absorption performance, we adopted a
random sequence of DNA to react with the immobilized probe
on the SPCE, and the TSP-modified SPCE obviously showed a
weak adsorption interaction than the SSP-modified SPCE at
the same nonspecific DNA concentration (Figure 2d).
Therefore, the TSP-functionalized carbon interface showed
higher hybridization and lower adsorption performance than
the SSP-functionalized one, which could absolutely improve
the S/N ratio in the nucleic acid reaction and show huge
potential for practical biosensing uses. The repeatability is also
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Figure 3. (a) Logarithmic plot of amperometry current versus miRNA-141 concentration for TSP- and SSP-modified carbon-based electrochemical
biosensors. The dynamic range is broad and spans from 10 aM to 10 pM. (b) Comparison of S/N ratio in the detection of different concentration
of miRNA-141 with TSP- and SSP-modified carbon-based nano—bio interface. (c) Detection of three kinds of miRNAs with the TSP-modified
carbon-based electrochemical biosensor. (d,e) Detection of different quantities of miRNA-21 in PC-3 and MCF-7 cells with the TSP-modified

carbon-based electrochemical biosensor.

an important performance indicator in the construction of
biosensors. In order to test the repeatability of our DNA
tetrahedron-based carbon interface, the electrochemical
responses to the 10 nM signal probe were repeatedly measured
over a period (five days). As can be seen in Figure S4, the
average response of the current signal produced a fluctuation
of no more than 10%. Therefore, our DNA tetrahedron-based
carbon interface shows a high repeatability in the construction
of biosensors.

Universal Biosensing Strategy Based on the DNA
Framework Nano—Bio Interface. Having demonstrated the
DNA framework nano—bio interface with improved biorecog-
nition capacity and weak adsorption performance, we
developed a universal TSP-functionalized carbon-based bio-
sensing platform to achieve the multiplex detection of various
kinds of bioactive analytics including proteins, miRNAs, and
small molecules (Scheme 1). MicroRNA-141 (miRNA-141, a
promising cancer biomarker), thrombin (crucial in physio-
logical and pathological coagulation), and ATP (to participate
in the cellular energy transfer) were chosen as model target
molecules. We have designed a specific detection strategy for
each analyte to get the greatest assay performance by simply
changing the sequence extending from DNA tetrahedron. The
16-channel homemade electrochemical biosensing device
equipped with 16-channel SPCE arrays was used for multiplex
and high-throughput detection.

Detection of miRNA. MiRNAs have been associated with
the development of cancer and could be applied as potential
biomarkers for the early diagnosis of cancer.””* Here, a gap
hybridization strategy was designed for miRNA-141 biosensing

detection.”” At first, some important biosensing parameters
had been optimized, including reaction temperature and the
concentration of the biotin-signaling probe (see Figure SS).
We found that a higher S/N ratio could be obtained when the
reaction temperature was 37 °C and the concentration of the
biotin-signal probe was 100 nM. As shown in Figure 3a, as the
miRNA-141 concentration increased from 10 aM to 10 pM,
the electrochemical signal intensity increased gradually. Of
note, TSP-functionalized carbon-based electrochemical bio-
sensor for miRNA-141 had a broad dynamic range (five
decades) with higher S/N ratio (Figure 3b) and aM level limit
of detection (LOD, we determine the LOD as the lowest
detected concentration whose signal was higher than the blank
control signal plus three standard deviations). 10 aM of LOD
for miRNA-141 means that 60 miRNA-141 molecules could be
detected in 10 uL samples. The super-high sensitivity was
ascribed to the consistently favorable orientation of DNA
tetrahedron on the carbon-based nano—bio interface, which
could avoid possible steric crowding and electrostatic
interaction and the adsorption of the nonspecific DNA and
protein. As a control, we also used the SSP-modified SPCE to
detect miRNA-141 in the same concentration range, showing
three orders of magnitude smaller LOD (10 fM) than the TSP-
functionalized carbon interface. Then, we tried to examine the
suitability of TSP-functionalized carbon interface for complex
sample system by using total RNAs extracted from the MCE-7
and the PC-3 cell lines. Different target miRNAs were detected
by changing the sequence of helper DNA without changing the
sequence of capture DNA and the signaling probe DNA. As
shown in Figure 3¢, miRNA-21 could be detected in the total
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Figure 4. Concentration profile for the detection of thrombin in buffer (a) and 10% serum (d) with TSP- and SSP-modified carbon-based
electrochemical biosensor. The comparison of S/N ratio in the detection of different concentration of thrombin in buffer (c) and 10% serum (f)
with TSP- and SSP-modified carbon-based nano—bio interface. Logarithmic plot of amperometry current vs thrombin concentration in buffer (b)
and 10% serum (e) for the TSP- and SSP-modified carbon-based electrochemical biosensor.

miRNAs from the MCF-7 and PC-3 cell lines, while the
electrochemical signals of miRNA-141 and miRNA-375 were
as same as the blank control, indicating that the quantity of
miRNA-141 and miRNA-37S was lower in MCF-7 and PC-3
cells. The results were consistent with the reported content of
miRNA-21 in MCF-7 and PC-3 cells in the previous
studies.**™" Also, we investigated the required amount of
extracted total miRNA in the cell lines and found that as little
as 0.78 ug miRNA was enough for the detection of miRNA-21
in MCF-7 and PC-3 cell lines (Figure 3d,e). Therefore, the
designed carbon-based nano—Dbio interface could be applied to
detect multiple miRNAs in tissue samples.

Detection of Proteins. We challenged the TSP-modified
carbon-based electrochemical biosensor for the detection of
proteins. Generally, SPCE was used for the establishment of
the electrochemical immunosensor.**”* The rough carbon
surface could help the immobilization of antibodies. However,
the orientation direction and the density of antibodies would
limit their recognition activity and reduce the sensitivity of
protein detection. Here, we took the thrombin for example and
designed a double-aptamer sandwich strategy for the detection
of the protein. The 15-base thrombin aptamer was involved in
the intending sequence of the DNA tetrahedron, while another
29-base thrombin aptamer was decorated with the biotin to act
as a reporting probe. Detailed information for the optimization
of important parameters can be found in the Supporting
Information, Figure S6. Especially, the dilution and reaction
buffers were 1% BSA. Within 30 min of reaction, higher
positive signals could be obtained.

The results for thrombin assay could be seen in Figure 4a.
We challenged the TSP- and SSP-modified carbon-based
electrochemical biosensor with a series of diluted samples (100
pM to 100 nM thrombin). The electrochemical signal from the
TSP-modified SPCEs was much higher than that from the

SSP-modified ones, 0.1 nM thrombin could be detected by the
TSP-modified SPCE, while 10 nM thrombin could be detected
by the SSP-modified SPCE. Also, we challenged its feasibility
and capability in the detection of thrombin in 10% human
serum (Figure 4d,e). The TSP-modified SPCE could work well
with 10% serum, while the SSP-modified one showed only
weak correlation with different concentrations of thrombin.
The S/N ratio by using the TSP-modified SPCE was much
higher than the detection with SSP-modified SPCE not only in
the buffer but also in the 10% serum (Figure 4cf). These
results demonstrated that the TSP-functionalized carbon
biosensing interface could facilitate the folding of aptamer
against target proteins and showed much better detection
performance.

Detection of Small Molecules. ATP was used as a mode
molecule to investigate the TSP-modified carbon-based
electrochemical biosensor for the detection of small molecules.
ATP is a source of intracellular energy and participates in a
series of biological processes.”’ Here, we designed a
competitive strategy that an aptamer could either participate
in recognizing ATP or in hybridization with the extending
strand from the tetrahedron (Scheme 1). In the absence of
ATP, the aptamer participated in hybridization with the
capture probe, and the higher electrochemical signal could be
achieved. With the increase of the concentration of ATP, the
less biotin-decorated aptamer would participate in the
hybridization, resulting in the decease of current signals
(“signal off” mode; I, and I were defined as the electro-
chemical signal without and with ATP, respectively). Some
important parameters had been optimized (see more details in
the Supporting Information, Figure S7). Especially, 37 °C for
reaction temperature, 45 min for reaction procedure, and 500
nM for the concentration of biotin-decorated aptamer report
probes were chosen so that higher current signal change could
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Figure S. (a) Concentration profile for detection of ATP in buffer with TSP- and SSP-modified carbon-based electrochemical biosensor. (b)

Logarithmic plot of (I,

— I)/I versus ATP concentration with TSP- and SSP-modified carbon-based electrochemical biosensor. Electrochemical

signal without ATP as I, and the electrochemical signal with the ATP as I (c) Comparison of S/N ratio in the detection of different
concentrations of ATP with TSP- and SSP-modified carbon-based nano—bio interface. (d) Selectivity investigation of TSP-modified carbon-based
electrochemical biosensor for the detection of ATP (1 mM) against other control analogue molecules and the mixture of these analogues (GTP,
TTP, CTP, dGTP, dCTP, and dTTP). (e) (I, — I)/I versus ATP concentration in 20% serum with TSP-modified carbon-based electrochemical

biosensor.

be obtained. The TSP-modified SPCE showed obviously
higher current signal change than the SSP-modified one
(Figure Sa). Since the designed biosensing configuration for
ATP is “signal off” mode, which is different from the detection
of miRNA and protein, we use the ratio of signal change (I,
— 1) and background signal (I,.) to characterize the
sensitivity of ATP detection (Figure Sb). ATP (1 uM) could
be detected by the TSP- modified SPCE, while only 50 yuM
ATP could be detected by the SSP-modified one. The (I, —
I)/1,., that is to say (1 — S/N) ratio from the TSP-
functionalized carbon interface was higher than that from the
SSP-functionalized one (Figure Sc). The specificity of the TSP-
modified carbon-based electrochemical biosensor for the
detection of ATP was investigated by incubating ATP with
its analogues such as cytidine triphosphate (CTP), guanosine
triphosphate (GTP), uridine triphosphate (UTP), and their
mixture. We found that the changes of electrochemical signals
resulted from CTP, GTP, UTP, and the mixture were less than
20% of that of ATP, even if their concentrations were the same
as ATP (Figure 5d). These results suggested that the proposed
biosensor had excellent selectivity for ATP. Also, the biosensor
was used to detect ATP in 20% human serum samples. The
current signals increased proportionally as concentration of
ATP increased (from 10 yM to 1 mM; log-linear fitting
equation: y = 0.3x — 0.15; R*: 0.982). We could detect as low
as 10 uM ATP (Figure Se). The results demonstrated that the
TSP-modified carbon-based electrochemical biosensor can be
available for quantification of small molecules in real-life
samples.

Advantages of the TSP-Functionalized Carbon-Based
Nano—Bio Interface. The TSP-functionalized carbon-based
nano—bio interface has solved two problems in the application
of SPCE for the detection based on nucleic acid probes. One
problem is that the rough surface of SPCE could adsorb DNA
probes randomly to hinder DNA hybridization, and the other
problem is that the carbon-based surface could cause
nonspecific adsorption to increase the background signal.
Here, the TSP-functionalized carbon-based nano—bio interface
could provide a rigid foothold to improve the hybridization
and binding performance and reduce the background
adsorption, greatly improving the S/N ratio. Especially, we
adopted the multiplex SPCE array other than the conventional
electrode to gain extra advantages (see Table S2). Therefore,
the combination of DNA framework and SPCE has
significantly expanded the practical application of SPCE for
clinical diagnostics in the future. Nevertheless, there are still
much work to do for the use of DNA nanostructures in the
improvement of the carbon-based interface, including the
different structures and sizes of the DNA tetrahedron and the
assembly density of the DNA nanostructure. Thus, much more
efforts are still required to explore the role of DNA
nanostructures played in carbon-based interfaces.

Bl CONCLUSIONS

In summary, we have established a novel platform for the
construction of carbon-based biosensing interface by bonding
rationally well-designed TSP onto SPCE with covalent
coupling. Also, a multiplex and universal platform has been
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developed for the highly sensitive and selective detection of
various kinds of bioactive molecules including proteins,
miRNAs, and small molecules. The TSP-functionalized SPCE
showed obvious higher S/N ratio in comparison with the SSP-
functionalized one. The disposable functionalized SPCE has
advantages of low-cost, easy-making, good stability, and
reproducibility, holding great promise in the practical clinical
diagnosis. It is worth noting that the TSP-functionalized
carbon-based biosensor can easily be integrated with micro-
fluidic devices to provide an all-in-one solution for the rapid
analysis of real-life samples. Especially, in combination with
portable electrochemical devices and smartphones, it would
have the potential to achieve point-of-care testing (POCT) in
the future.
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