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ABSTRACT

Herein, a photoelectrochemical (PEC) and electrochemical (EC) dual-mode biosensor with
cationic ~ N,N-bis(2-(trimethylammoniumiodide)propylene)perylene-3.,4,9,10-tetracarboxyldiimide
(PDA™) decorected multifunctional DNA spheres in situ generated on electrode was proposed for
sensitive and accurate detection of miRNA-141. By employing target-related ternary “Y” structure
cleavage cycling reaction, the target DNA was converted into massive output DNA for being
anchored on TiO, substrate, and hence triggering the rolling circle amplification (RCA) reaction.
Upon the magnesium ions and PDAY, the long DNA tails of RCA product were condensed to in situ
form multifunctional DNA spheres. Notably, the distance between DNA spheres and TiO, substrate
was short, thus forming an effective PDA*-TiO, sensitization structure with fast electron transfer for
acquiring an extremly enhanced PEC signal in the assistant of ascorbic acid (AA). Meanwhile, the
cationic PDA™" with large plane n-n skeleton enabled the possession of favorable redox-activity and
substantial loading on DNA spheres, directly producing an obviously well-defined cathodic peak for
implement of EC bio-detection on the same sensing platform. This approch not only avoided fussy
aseembly of diverse signal indicators, but also significantly improved the sensitivity by utilizing
cleavage cycling amplification and RCA strategies. Moreover, the distinct dual-response signals
from two different transduction mechanisms and independent signal transduction could give a mutual
supporting for accuracy improvement. As a reslut, a detection range of 0.1 fM to 1nM for PEC and 2
fM to 500 pM for EC were obtained for miRNA-141, providing a universal and efficient biosensing
method with promising application in bioanalysis and early disease diagnosis.
KEYWORDS: dual-mode biosensor; PDA*; multifunctional DNA spheres; distinct dual-response

signals; two different transduction mechanisms
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INTRODUCTION

Sensitive and accurate bio-detection has become one of the major and imperative researches in
the fields of disease diagnosis, environmental monitoring and biological analysis.!* Accordingly,
enormous enthusiasm and attention have been foucus on exploiting various amplifing strategies by
using different detection techniques, such as electrochemiluminescence (ECL),>7 elctrochemistry
(EC),%10 colorimetry (CL),!'"!3 photoelectrochemistry (PEC)'4-!8 and fluorescence (FL).!° Althrough
acieved the superior sensitivity, most of the reported works for quantitative determination relied
heavily on single-modal readout, which might suffer from the drawbacks of poor external
anti-interference ability, high background and false signals caused by different operating personnel,
nonstandard test process, or diverse experimental environments, thus influencing the accuracy of
analysis to a certain extent.?0?!

To be resolved, recently appeared the dual-modal bio-detection, in which the inter-verifiable
dual-response derives from two different mechanisms and relatively independent signal transduction,
such as PEC-CL,?> PEC-EC,>® ECL-FL.?* Benefiting from the dissimilar transduction pattern, there
is no interference between these two signaling routes in the dual-response analysis. Indeed, the
adoping of diverse signal indicators is the direct way for dual-modal implementation. Nevertheless,
the fussy indicator assembly operation, such as deposition?>-*¢ and hemin treatment?’ restrains its
wide application. Comparatively, single indicator with exciting multifuction displays desirable
superiority in dual-mode, which can not only simplify operation, but also reduce the uncontrollable
variability in separated paths and different batches. Considering the simultaneous action of multiple
roles by single indicator, however, most of the reported works restricted in depressed detection

sensitivity or absolute change of detection batch.?®?° Therefore, researching desirable signal
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indicator for achiving the accurate, sensitive and convenient bio-detection is still a goal to pursue.

The cationic N,N-bis(2-(trimethylammoniumiodide)-propylene)perylene-3,4,9,10-tetracarbo
-xyldiimide (PDA™) is noticed as a kind of m-conjugated perylene derivative molecule with
promising applications in electronics and optoelectronics. PDA* possesses high photon-to-electron
conversion efficiency and narrower band gap, which is beneficial to sensitize wide-band materials
for forming excellent sensitization structure, thereby acquiring a significantly enhanced PEC singal.
Furthermore, the large plane n-n skeleton endows the PDA™ with favorable redox-activity, providing
an obviously well-defined cathodic peak for EC bio-detection. The PDA™ thus becomes a good
choice to act as bifunctional signal indicator for simply constructing PEC-EC dual-mode biosensor in
accurate analysis. Besides that, the PDA" with positive charge at both sides of electron-deficient
perylene core can not only realize the fuction as efficient DNA intercalator for nanoprobe formation,
but also accommodate various DNA amplifying strategies for sensitivity improvement.

In this work, by coupling of target-related ternary “Y” structure cleavage cycling amplification, a
novel multifunctional DNA nanospheres formed by PDA™ intercalating in DNA long tails from
rolling circle amplification (RCA) was in situ generated on TiO, substrate to construct PEC-EC
dual-mode biosensor for accurate, sensitive and convenient detection of target miRNA-141. As
depicted in Scheme 1, through cleavage cycling reaction, the target was converted into amounts of
output DNA for being assembled on electrode. Afterwards, with the assistant of RCA and Mg?*, the
DNA nanospheres were thus in situ generated on electrode, which could load substantial PDA"
signal indicators from dispersion solution to electrode surface and therefore effective reduced the
distance between indicators and electrode, accelerating -electron transport. PDA*-carried

multifunctional DNA nanospheres can in coordination with TiO, substrate to form PDA*-TiO,
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sensitization structure, which availably promoted light-harvesting capability and effectively
improved electron transfer to acquire enhanced photocurrent for sensitive PEC analysis.
Additionally, PDA™ with excellent electrochemical activity can produce an obvious electrochemical
signal for complementary EC detection. the distinct dual-response signals from two different
transduction mechanisms and independent signal transduction were applicable for dual-mode assay.
This method utilized cleavage cycling amplification-triggered RCA reaction strategy to in situ
generation of special condensed DNA spheres nanostructure with a good stability existed large
number of repeat binding sites for internal encapsulation of PDA™ as signal probes, hence the
capacity to perform dual-mode assay using an indicator sensing platform was established for
effective sensitivity and accuracy improvement. This innovative device offered a new perspective

toward accurate bioassay and promising application in extensive analysis.
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Scheme 1. Schematic illustration of (A) the target-induced recycle amplification with asistance of T7
36 endonuclease, (B) the process of forming multifunctional DNA spheres, (C) the fabrication of the biosensor, (D)

PEC detection and EC detection by the dual-modal biosensor.

42 Experiment Section

Synthesis of PDA* compounds. Cationic PDA* was prepared by quaterisation (Scheme 2).
47 Briefly, 0.50 g PTCDA and 1.5 mL DMAPA were mixed thoroughly, then 20.0 mL isobutanol
solution was dispersed in above mixture, followed by violently stirring of 24 hours under 90°C for
52 the amidation reaction. Afterwards, the obtained crude product was washed with ethanol and further
55 treated by 0.1 M NaOH solution at 80 °C for removing the unreacted raw materials. Immediately,
0.30 g above dried product and 0.15 mL CH;l were transferred into toluene solution for 3 hours of

60 reflux operation in nitrogen atmosphere. After washing with diethyl ether and vacuum drying, brown
7
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red PDA* was finally collected for further use.
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Scheme 2. Synthesis process of the PDA* compounds.

Fabrication of the biosensor decorated with multifunctional DNA nanospheres. First, 10 pL
TiO; solution’? was coated on pretreated glassy carbon electrode (GCE, @ = 4 mm) and then dried in
air, followed by immersing in HAuCl, solution for the deposition of Au nanoparticles (termed as
depAu/TiO,/GCE). Simultaneously, 50 pL mixture including 4 uM Y, and 4 uM Y, ssDNA was
heated to 37°C for forming Y, structure. Afterward, 10 pL target miRNA-141 with different
concentration was subjected to the Y, structure at 37°C and incubated for 2 h to generate the
ternary Y junction. With the addition of 25 U T7 exonuclease, target-related cyclic amplification was
triggered, leading to the conversion of a small amount of target into substantial output DNA.
Subsequently, 10 puL obtained output DNA was attached on depAu/TiO,/GCE and incubated
overnight at 4°C. 5 uL 0.1 mM HT was then coated on electrode with incubation of 40 min for
blocking residual binding site of depAu. Immediately, 5 uL. 2 uM pretreated DNA with annealing
operation and 2 uL. 20 U T4 DNA ligase were attached on electrode and incubated overnight at 16°C
for the intramolecular ligation. Next, 10 pL mixture containing 1U phi29 DNA polymerase and 2.5
mM dNTPs was incubated for 4 h at room temperature to initiate rolling circle amplification (RCA)

reaction. MgCl, was then cultured to obtain Mg?*-stabilized DNA nanoparticles at 30°C for 1 h.
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After removing unbound reagents by washing at deionized water, resultant electrode was incubated
with 5 uL 0.01 uM prepared PDA™ for 2 h. Consequently, multifunctional DNA spheres were in situ
generated by embedding positive charged PDA* into Mg?*-stabilized DNA nanoparticles.
RESULT AND DISCUSSION

Morphology characterization of the nanomaterials. The morphology of different
nanomaterials was characterized by SEM. TiO, nanoparticles displayed irregular spherical shape
with a small diameter of about 40 nm (Figure 1A). Moreover, Mg?*-stabilized DNA nanoparticles
from RCA was evidently observed with a stable condensation of about 800 nm in diameter (Figure
1B). After embedding positive charged PDA" into Mg?*-stabilized DNA nanoparticles (termed as

multifunctional DNA spheres), numerous globular structure were clearly viewed (Figure 1C).

Figure 1. SEM images of (A) TiO, nanoparticles, (B) Mg?*-stabilized DNA nanoparticles and (C) multifunctional
DNA spheres, and corresponding magnification of (D) TiO, nanoparticles, (E) Mg?*-stabilized DNA nanoparticles

and (F) multifunctional DNA spheres.

Additionally, the formed multifunctional DNA spheres were bigger and fuller than

Mg?*-stabilized DNA nanoparticles, and even concavo-convex could be clearly viewed on the

9
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surface. In order to have a clearer exhibition, the Figure 1D, Figure 1E and Figure 1F gave out the
enlarged images of corresponding three nanomaterials mentioned above, respectively.

Characterization of the biosensor fabrication process and the generation mechanism of
dual-response signals. To verify the fabrication process of biosensor, PEC measurements was
conducted in 5 mL PBS containing 0.1 M electron donor AA, the photocurrent profiles toward
stepwise-modified procedure were shown in Figure 2A. After coating TiO, nanoparticles on bare
GCE, slightly enhanced photocurrent intensity was observed (curve b) compared to that of bare GCE
(curve a), which is mainly due to the poor photoelectric activity of TiO, with wide energy band.
When depAu was coated on TiO,-modified electrode, the PEC signal further increased (curve c), the
reason of which was that the depAu possessed the capability of accelerating electron transfer.
However, with successively immobilizing output DNA (curve d) and HT (curve e) on electrode,
decreased signals were appeared accordingly owing to their poor charge transfer performance.
Remarkably, output DNA triggered the RCA reaction to form DNA nanospheres decorating with
substantial positively charged PDA", thereby generating significantly enhanced photocurrent owing
to excellent photoelectric activity of PDA™ as sensitizer toward TiO, (curve f).

Meanwhile, EIS was carried out to further confirm the construction process of biosensor. As
displayed in Figure 2B, bare GCE exhibited a small semicircle diameter (curve a) owing to the low
electron transfer resistance (R.). After the decoration of semiconductor TiO, nanoparticles on
electrode, R, value increased (curve b) in comparison with that of bare electrode. Afterwards, R
value obviously decreased with coating of depAu, which on account of excellent conductivity of
depAu nanoparticles (curve c). However, the R, value constantly increased with the sequential
assembly of negatively charged output DNA (curve d) and nonconductive HT (curve e). Once the

10
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positive charged PDA™ was incubated on modified electrode, a distinctly reduced R, value was
acquired (curve f) due to its superior electrochemical activity, thus indicating that the biosensor has
been successful fabricated.

Moreover, to verify the feasibility of biosensor performed in a dual-mode, both the PEC and EC
assay were employed. As shown in Figure 2C, in the absence of target, there were subtle initial
signal produced by photoactive TiO,-modified platform (red line). However, once the target
miRNA-141 triggered the RCA reaction to generate multifunctional DNA nanospheres for further
generation of PDA"/TiO, sensitization structure, a dramatically increased photocurrent could be
acquired (blue line). The photocurrent-generating mechanism was briefly described (Figure 2D).
Significantly, formative integrating framework of DNA nanospheres-sensitized TiO, can availably
promote light-harvesting capability and effectively depress electron-hole pair recombination for
facilitating charge transfer. The PDA* with a narrower band gap of 2.14 eV is beneficial to well
match wide-band TiO, (2.30 eV), thereby generating excellent sensitization structure. While being
irradiated by light, the electron of PDA™ transferred to the lowest unoccupied molecular orbital
(LUMO) from the highest occupied molecular orbital (HOMO), thus migrating to the conduction
band (CB) of TiO, and ultimately to the electrode via charge transfer adjustment mechanism.
Simultaneously, AA as electron donor constantly captured the photogenerated holes (h*) for
inhibiting the recombination of the electron-hole pair, ensuring generation of stabilized and enhanced
photocurrent signals. Meanwhile, as shown in Figure 2E, with non-existence of target, the
electrochemical signals was negligible owing to non-electrochemical activity of TiO, (red line),
which only acted as a platform for increasing surface area of electrode. Instead, PDA* with excellent
electrochemical activity was immobilized depending on the present of target and then thus caused an

11
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obvious electrochemical signal for quantitative target detection (blue line). The mechanism of
producing electrochemical signal was illustrated as follows: PDA* with excellent electrochemical
activity could transmute to reduce state from oxidation state under the action of electricity.
Consequently, electrochemical signal was acquired. In sum, the proposed biosensor could be acted as
dual-mode to implement photoelectrochmical and electrochemical detection with entirely different
mechanisms.

Furthermore, the color changes about synthesis process of multifunctional DNA nanospheres
were also investigated and were shown in Figure 2F, the solution containing substantial output
ssDNA generated by target-induced cyclic amplification was transparent (left). However, after being
treated with RCA reaction, output ssDNAs were converted into substantial DNA nanoparticles,
thereby obtaining the turbid solution (middle). Afterwards, the decoration of PDA* on long DNA
tails generated by RCA to form multifunctional DNA nanospheres, the color of solution was
obviously changed into pink (right), which effectively displayed the formation process of

multifunctional DNA nanospheres.

12
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DNA spheres embedded with PDA™ (right).
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Exploring sensitization effect of PDA* to substrate TiO, in PEC assay. To explore
sensitization effect of PDA* toward TiO,, the comparision of PEC responses using differecent
modified electrodes was conducted under the identical condition. From Figure 3 we can see that the
depAu/GCE (Figure 3A) and depAu/Ti0,/GCE (Figure 3B) have a photocurrent response of 0.02 pA
and 0.83 pA, respectively. Furthermore, photocurrent response of multifunctional DNA nanospheres
assembled depAu electrode (DNA nanospheres/depAu/GCE) was 0.75 pA (Figure 3C).
Nevertheless, when multifunctional DNA nanospheres was assembled on depAu-coated TiO,
substrate electrode (DNA nanospheres/depAu/TiO,/GCE), photocurret response significantly
increased to 3.25 pA (Figure 3D), response of which was about 3.9-fold and 4.3-fold higher than that
of depAuwTiO,/GCE and DNA nanospheres/depAu/GCE, attributing to that PDA* in DNA
nanospheres could act as an outstanding sensitizer towards TiO,. These results indicated that
PDA*-sensitized TiO, structure with high photoelectric properties was suitable to construct PEC

biosensor for sensitive detection.
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Figure 3. PEC responses of (A) depAu/GCE, (B) depAu/TiO,/GCE, (C) DNA nanospheres/depAu/ GCE and (D)
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DNA nanospheres/depAu/TiO,/GCE in 0.1 M AA solution.

PEAG characterization of the target cycle-induced RCA reaction. Native PEAG
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10 measurement was executed to testify the practicability of target cycle-induced RCA reaction. As
12 shown in Figure 4, target miRNA-141 and Y., junction in lane 1 and 2 displayed a distinct single
15 band, respectively. Triplet-joint structure assembled from miRNA 141 and Y, junction migrated
slower in the band of lane 3, which was attributed to its long oligonucleotide sequence. While the T7
20 endonuclease was added into sample containing triplet-joint structure, the band of which exhibited a
23 faster movement (lane 4), sugguesting that output DNA with a small oligonucleotide sequence was
25 generated at the assistant of T7 endonuclease. Nevertheless, in lane 5, where the output DNA was
28 mixed with the auxiliaries for triggering RCA reaction, a bright band was noticed with extremely low
mobility owing to generation of long DNA tails. The results of PAGE verfied the successful

33 execution of target-induced RCA reaction in the presence of target miRNA-141.

37 R Rca
38 _/E% product

Rps triplet-joint
‘ I: structure

‘\F Y, , junction

A\~ output DNA

50 ~~_ miRNA-141

53 Figure 4. Native PEAG images: Lane 1, miRNA 141; lane 2, Y., junction; lane 3, triplet-joint structure; lane 4,

56 output DNA; lane 5, RCA reaction product.

59 Analytical performance of dual-mode biosensor for miRNA-141 detection. To estimate the

15
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anlytical perfamance of fabricated dual-mode PEC biosensor, PEC measurement was firstly
implemented with various concentrations of miRNA-141. As illustrated in Figure 5A, PEC response
raised gradually as the increase of miRNA concentration from 0.1 fM to InM. The calibration plot
on the basis of photocurrent value was found to be linear in corresponding logarithm of miRNA-141
concentration (Figure 5B), and the linear equation was / = 0.5521 lgc + 4.429 (where [ and ¢ were
the photocurrent value and the concentration of miRNA-141, respectively). The limit of detection

(LOD) was calculated to be 0.037 fM.
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Figure 5. (A) PEC responses of the proposed biosensor with the incubation of various concentration of
miRNA-141: 0.1 fM, 0.5 fM, 1 fM, 10 M, 100 M, 1 pM, 10 pM, 100 pM and 1nM. (B) The corresponding linear
curve. (C) DPV responses of the proposed biosensor with the incubation of various concentration of miRNA-141: 2

M, 5 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM and 500 pM. (D) The corresponding linear curve (error bar n = 8).

Simultaneously, electrochemical assay was also performed by recording DPV response. As

shown in Figure 5C, with the increase of the miRNA-141 concentrations in the range from 2 fM to
16
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500 pM, reduction peak also increased gradually. Moreover, the calibration plot displayed a good
linear relationship between the reduction peak value and the logarithm of target concentrations. The
calibration plot was I = -10.41 Igc + 46.78 (Figure 5D) with a detection limit of 0.67 fM (3S,/m,
where S, is the standard deviation of the blank signals, m is the slope of calibration curve at lower
concentration ranges). Additionally, comparison of the analytical performance among various test
platforms was listed in table S4, which demonstrated that the proposed biosensor has an improved
sensitivity and a wider linear due to the utilizing of target cycle-induced RCA reaction amplification.

Selectivity and stability of the fabricated biosensor. To investigate the selectivity of proposed
biosensor, blank and diverse interfering substances including miRNA-151, miRNA-21, thrombin,
DNA (a fragment of TP53 gene), and PSA were respectively incubated. Despite in the presence of
100 pM interference, no evident photocurrent response was monitored (Figure 6A). However,
significant signal was observed at introducing of 1 pM target, which indicated a high selectivity of
fabricated biosensor for the miRNA-141 assay. Furthermore, 1 pM miRNA-141 was incubated to
investigate the stability of proposed biosensor under the periodic “off-on-off” light for 9 cycles. As

depicted in Figure 6B, good stability was found with a relative standard deviation (RSD) of 0.98%.
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Figure 6. (A) Selectivity of the proposed PEC-EC biosensor towards miRNA-141 in comparison with the

interference including miRNA-151, miRNA-21, thrombin, DNA and PSA. (B) Stability of the fabricated biosensor

under the periodic “off-on-off” light for 9 cycles.
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CONCLUSION

In summary, this work has developed a sensitive and accurate PEC-EC dual-mode biosensor
based on the multifunctional DNA spheres as signal indicators. The massive output DNA from
target-related ternary “Y” structure cleavage cycling reaction could trigger the RCA to in situ
formation of PDA* decorected multifunctional DNA spheres on TiO, substrate. Since the DNA
spheres were close to TiO, substrate, an effective PDA'-TiO, sensitization structure and fast electron
transfer could be acquired for generating extremly high PEC and EC signals. This approch ont only
avoided fussy aseembly of diverse signal indicators, but also significantly improved the sensitivity
by utilizing cleavage cycling amplification and RCA strategies, offering a new perspective for the
future development of accurate, sensitive and convenient bioanalysis.
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