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Abstract

Traditional approaches for nucleic acids detectiequire prior amplification of target
genes, while nanomaterials-aided DNA biosensorsrarg magnificent but still suffer from
the nanomaterial acquirement and limited sensjtiftibbove picomolar level). Herein,
fullerenol Go(OH),s, a representative fullerene derivative, was enmgdoyas a
photoelectrochemical (PEC) nanoprobe to achievaidigation and ultrasensitive detection
of amplification-free single-stranded DNA (ssDNApwh to sub-femtomolar level. The
bonded hydroxyl groups with intense density endoelérenol to directly recognize and

capture ssDNA-AuNPsia the hydrogen bonding interactions (H-bonds), legdo a sharply
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decreased photocurrent with quenching efficiencyou5%, which could be attributed to the
photo-generated electrons on the conduction bantultfrenol (-4.66 eV) preferentially
migrating to the Fermi level of AuNPs (-5.1 eV)hat than the electrode. In the presence of
target gene (mutant human p53 gene fragment), thertds between fullerenol and ssDNA
were competitively depleted during the base painmprigcess of complete hybridization
between ssDNA and target, making double-strandedA-BNNPs (dsDNA-AuNPSs) depart so
that the photocurrent powerfully recovered. On $asithe photocurrent variation before and
after target introduction, this proposed simplgidaand ultrasensitive PEC biosensor for
amplification-free target gene detection illustcatewide liner ranged from 1 fM to 100 pM
and a detection limit of 0.338 fM. This work pretsh an ingenious strategy for the
discrimination and ultrasensitive detection of muclacids, and the well-designed PEC
biosensor was further conducive to the impetudioifcadiagnostics.

Keywords:. fullerenol; nucleic acids discrimination; ampt#ition-free; photoelectrochemical

biosensor; gold nanoparticles; electron transfer

1. Introduction

Biomolecular detection is becoming eventful in rn&acbnology, biomedicine,
environmental monitoring and clinic diagnostics@kaie et al., 2018; Willner et al., 2007),
which has motivated increasing enthusiastic inatheancement of simple, rapid and sensitive
biosensors for various biomarkers analysis imghgasmall molecules, proteins and nucleic
acids (Chen et al. 2020; Li et al., 2018; Zhanglgt2019; Zhu et al., 2020). With respect to
nucleic acids detection, various powerful methodsehbeen raised, such as quantitative

polymerase chain reaction (QPCR; the current gtadesard), isothermal amplification, and
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next-generation sequencing. However, these trawditiapproaches require prior amplification
of target genes and well-equipped laboratories, imgakhe examination procedures fairly
complicated. Very recently, clustered regularlyemspaced short palindromic repeats-Cas
(CRISPR-Cas) technology, holding great significaimcgene editing, also shows potential for
the highly selective and sensitive determinatiomwsleic acids (Bruch et al., 2019a; Zetsche
et al., 2015). Thanks for its programmability thgbua single-guide RNA or a pre-CRISPR
RNA, CRISPR-Cas system enables simple, easily Isleaéand amplification-free channel for
building nucleic acids biosensing devices (Bruchlgt2019b; Wang et al., 2020). Besides, it
Is worth to note that coupling nanomaterials wittect nucleic acids recognition also opens
up bright opportunities for the fabrication of siprapid and high-performance nucleic acids
biosensors (Ho et al., 2019; Mal et al., 2018).

In the past decade, highlighted by the appreciatidgerimination capability towards
single-stranded DNA and double-stranded DNA (ssDNANA), various nanomaterials
have been synthesized and developed for the sensitid selective detection of sSDNA,
involving transition metal dichalcogenides (TMDsick like Mo$S (Zhu et al., 2013), and
TaS (Zhang et al.,, 2015), metal-organic framework (M@Ehao et al., 2015), covalent
organic framework (COF) (Peng et al., 201d39,. Besides, carbon nanomaterials in different
dimension, as exemplified by two-dimension (2D)pirene oxide (GO) (Li et al., 2013;
Wang et al., 2016), and graphdiyne (GD) (Parvialgt2017), 1D carbon nanotubes (CNTS)
(Tang et al., 2014, Yang et al., 2008), as welbRscarbon quantum dots (CQDs) (Ouyang et
al., 2012), have been employed as a class of imtiggcandidates to recognize nucleic acids
(Sun et al., 2016). For the discrimination prineipssDNA could be directly absorbed on the

nanomaterials surface with certain strong inteoast while dsDNA would be released and
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away from the nanomaterials due to the vanishestantions after sSDNA was hybridized.
Thanks to this merit, the subsequently establidghiedensors for ssSDNA detection exhibited
simple operation and rapid response with the as$iatsignal indicator. In despite of these
distinct achievements, however, it is disappointieat the preparation processes of some
nanomaterials mentioned are strict with the prdas#igu requirement of sophisticated
instruments. More importantly, these biosensingtf@ies still suffer from the limited
detection sensitivity exclusively at above-picomdé&vel, which inevitably hinder their wide
implements in the practical examinations, considgerthe concentration of target nucleic
acids might at femtomolar range (Hwang et al., 2020e reason behind these unsatisfied
detection limits could be mainly attributed to tiderent shortages of traditionally optical
detection method (fluorescence), which entailssdrmae form of excited source and detectable
signal, causing severe cross-disturbance and higtkgoound signals. Thereby, the
achievement of more accessible and sensitive dmtefdr nucleic acids is imperatively
expected.

Photoelectrochemical (PEC) bioanalysis is ascenalathattractive because of the totally
separated and different energy forms between tlgeex source (light) and the reported
signal (current), leading to extremely low backgrdisignals of the constructed biosensor,
which gives insights to the detection limit redoatiand sensitivity improvements (Wang et
al., 2018; Wen et al., 2018; Zhao et al., 2014)leFenol Go(OH),s is a typical hydroxylation
derivative of OD fullerene § belonging to the carbon nanomaterials. With unique
nanostructure and nearly cognate physicochemieslifes as fullerene, fullerenol owns more
remarkable performance on high biocompatibilityfate energetic active sites and superb

electron accommodation (Niu et al., 2011). In thiwk, fullerenol Go(OH),s was employed
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as a PEC nanoprobe to selectively discriminate g§B&DNA, with the help of highly
guenching efficiency of Au nanoparticles (AuNPshiagt fullerenol to construct a simple,
rapid and ultrasensitive PEC biosensor for amplifan-free ssDNA detectiorScheme 1
showed the detection principle. Two ssDNAs inclgdmutant human p53 gene fragment as
the target (T) and its complementary probe (P1h Wit terminal labeled by AuNPs (defined
as P1-AuNPs) were used to construct the PEC bioseAs seen, the prepared fullerenol
exhibited an initial photocurrent response. WherABNPs was decorated on the modified
electrode, fullerenol directly captured P1-AuNPsotilyh the intense hydrogen bonding
interactions (H-bonds) formed between rich hydroggbups (-OHs) of fullerenol and the
nucleic bases of P1, leading to a sharp decremiephatocurrent response with a PEC
guenching efficiency up to 85%. In rationale, thECPquenching mechanism behind this
system was ascribed to the visible light-inducexttebn transfer from the conduction band of
fullerenol to the Fermi level of AuNPs. In the prase of T, T was hybridized with P1 to
yield T/P1-AuNPs that would depart from the modifedectrode, since the H-bonds between
fullerenol and P1 was competitively depleted duting complete base pairing process. This
caused an effective recovery of photocurrent respomhich was used to quantitatively
evaluate T. The proposed PEC biosensor displayaglesj rapid and ultrasensitive for the
determination of p53 gene fragment, coupling witlide liner range from 1 fM to 100 pM

and a detection limit down to 0.338 fM.
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Scheme 1. Schematic representation of the synthesis routa fidlerene to fullerenol (A)
and the fabrication process of the fullerenol-baB&& biosensor (B), with the photocurrent

responses of multi-step modified electrodes with-tdéf-on” model (C).

2. Results and Discussion

2.1. Nanomaterials Characterizations

From the ultraviolet-visible (UV-vis) absorption esprums, three characteristic
absorption peaks located at 440 nm, 346 nm andnB68vere observed for fullerene (Fig.
1A), while a novel and exclusive absorption peakzt nm was exhibited for fullerenol (Fig.
1B), revealing the successful functionalization-@dHs on fullerenol. According to the
tangent study against the maximum absorption, 38Tvas corroborated as the initial optical

absorption wavelength (denoted &sse) Of fullerenol. Dynamic light scattering (DLS)



measurements indicated an obvious increment incfgadize of fullerenol with the average
size of 275.9 nm (Fig. 1D) in contrast to fullerem¢h the average size of 129.7 nm (Fig. 1C),
mainly because of the more intense aggregatioretenydof fullerenol in the aqueous phase.
Besides, zeta potential (ZP) in -17.6 mV of fullereand -26.8 mV of fullerenol (Fig. 1E)
demonstrated their good stability in aqueous mediuhen the increment of ZP of fullerenol
versus fullerene depicted the better binding dffimf fullerenol than that of fullerene. As
seen from the X-ray photoelectron spectroscopy (X#Sullerenol (Fig. 1F), two expected
peaks of the binding energies at 284.85 eV and &3&vere found, of which the former
belonged to Cls and the latter belonged to Olsshwlapresented the existence of oxygen
and carbon atoms in fullerenol. In addition, Foutr@ansform infrared spectroscopy (FTIR)
spectrum of fullerenol was obtained in Fig. S2, wehseveral typical bands at the related
wavenumbers were depicted, containing 3410 éon v.on, 1594 cnit for ve-c, 1374 cnit for
oc-o-n and 1074 ci for ve.o. All these results proved the successful syntHesis fullerene

to fullerenol by the one-step facile synthesis. Tilnenber of -OHs on single fullerenol was
calculated as 25 according to the XPS atom% vdidellerenol, thus the molecular formula
of fullerenol was presumed ag(©OH).s.

The electrochemical and PEC activities of fulledlemere further censored. According to
the electrochemical impedance spectroscopy (EI$)gnlG, fullerenol elaborated a smaller
semicircle diameter in contrast to fullerene, inmpdysuperior electron transmission capability
and surface reaction kinetics of fullerenol dugh® modification of rich -OHs. Importantly,
considering the homology of carbon nanomaterialspraparison study for the photocurrent
responses of fullerenol and other typical carbononaaterials in different dimensions and

nanostructures was executed, as shown in Fig. lkHet)the optimized experimental
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conditions (details in Fig. S3), photocurrent irsiéyn of 0.63pA (curve e) for OD fullerenol
was obtained, which was distinctly stronger thaat tf other chosen carbon nanomaterials,
involving 0.23pA for 2D GO (curve a), 0.24A for 1D CNT (curve b), 0.08A for OD CQD
(curve c) and 0.50A for OD fullerene (curve d). Reasonably, the imnyad PEC performance
of fullerenol could be ascribed to its superior toledectric activity of increased surface
energetic active sites and superb electron trassonis For the characterization of AuNPs,
scanning electron microscopy (SEM) image and UValasorption spectrum were conducted.
As shown in Fig. S4, AuNPs possessed uniform glotmphology in the size of 16 nm and a

surface plasmonic absorption location at 523 nm.
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Fig. 1. UV-vis absorption spectrums of fullerene (A) andllérenol (B). DLS size

distributions of fullerene (C) and fullerenol (OJPs (E) of fullerene (left) and fullerenol

(right). XPS spectrum of fullerenol (F), with thegh-resolution XPS spectrums of Ols and

Cls in inset. EIS curves (G) of fullerene (a) anllefenol (b). Photocurrent responses of

various carbon nanomaterials (H): 2D GO (a), 1D GN)T 0D CQD (c), 0D fullerene (d) and
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2.2. Methodology and Char acterization of the PEC Biosensor

The feasibility of the complete hybridization beemeT and P1 (the probe sequences
were seen in Table S1) was confirmed by native guigjamide gel electrophoresis (PAGE)
method, and the resultant image was placed inZAg.T (lane 1) and P1 (lane 2) presented
the same migration distance for the same baseseamoid and P1, while the mixture of T
and P1 (lane 3) exhibited much slower movementclvimdicated the hybridization between
T and P1. The PEC biosensing behaviors were ewdkiy the changed photocurrent
responses of the multi-step modified electroded|usdrated in Fig. 2B. At the beginning, the
glass carbon electrode (GCE) modified with fulleder(fullerenol/GCE) exhibited a
promising photocurrent response of Ou@8(curve a). After the subsequent immobilization of
P1-AuNPs (P1-AuNPs/fullerenol/GCE), P1-AuNPs wasedatly absorbed on fullerenol
through the energetic H-bonds formed between ftiek and P1, and the photocurrent
response turned into only 0.088 (curve b) with the calculated PEC quenching efficy up
to 85%. Such a sharp photocurrent attenuation stedehe great PEC quenching effect of
AuNPs against fullerenol based on the visible ligisiuced electron transfer from fullerenol
to AuNPs. Ultimately, a reinstated photocurrentpase of 0.5QA (curve c) was found
when the modified electrode was further incubateth W (T/P1-AuNPs/fullerenol/GCE).
Upon the complete hybridization of T and P1 for T/#uplex, the reinstated photocurrent
could be caused by the departure of T/P1-AuNPs fidharenol. Consequently, on account
of the photocurrent variations before and afterubating T at a range of different
concentrations, a simple, rapid and ultrasensifRleEC biosensor was proposed for T

determination.
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Cyclic voltammetry (CV) process was measured toratdtarize the multi-step
construction of the PEC biosensor (Fig. 2C). Ifliiahe pretreated GCE exhibited a pair of
redox peak (curve a) with a strong intensity. As tlee fullerenol/GCE, the peak current
(curve b) was apparently declined owing to the armeffect of fullerenol against the electron
transmission. Subsequently, when P1-AuNPs was inlinet (P1-AuNPs/fullerenol/GCE),
an evident enhancement of peak current (curve © gaten in view of the exceptional
conductivity of AuNPs. Lastly, after T was introgukc (T/P1-AuNPs/fullerenol/GCE), the
peak current (curve d) was observed to recovergselcurrent intensity was proximate to
that of fullerenol/GCE, attributing to the releadfeT/P1-AuNPs complex from the modified

electrode surface. These results suggested thessfatfabrication of the PEC biosensor.

2.3. ssDNA/dsDNA Discrimination

SEM, DLS size, and ZP were applied to verify arabelate the discriminating events of
fullerenol towards ssDNA and dsDNA. From the SEMages, the prepared fullerenol
exhibited spherical shape with good dispensabdity] its diameter was approximately across
30 nm to 60 nm (Fig. 2D). For the mixture of fudaol and P1, the diameter sharply
increased to about 100-200 nm (Fig. 2E), which mash larger than that of fullerenol alone.
This obvious enlargement in size distribution caswnlely implied that the strong H-bonds
led to the vivid interactions between fullerenoddaRl, i.e., the assembly of P1-fullerenol.
Interesting to note, after the further introductwnT, the size distribution for the mixture of
fullerenol, P1 and T (Fig. 2F) was close to thafulferenol alone, which demonstrated no
obvious association between T/P1 duplex and fulldreThese results provided a powerful
verification for the absorption preference of fu#ieol towards ssDNA than dsDNA. Besides,
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DLS size and ZP were also conducted to study tlilgyabf fullerenol to discriminate the
nucleic acids in different configurations. Speaflg, the mixture of fullerenol and P1 showed
the average size of 480.7 nm (Fig. 2G) with theoZP34.6 mV (Fig. 2I). Compared to the
average size of 275.9 nm (Fig. 1D) and the ZP 6t8&2nV (Fig. 1E) of fullerenol, the
increment on the average size of the mixture ofefahol and P1 again indicated the
assembly of P1-fullerenol in the agqueous mediung #re enhancement about the ZP
suggested the increment of negatively charge demditfullerenol surface, furthermore
presenting the surface coverage of fullerenol byt the mixture of fullerenol, P1 and T,
the average size was 309.9 nm (Fig. 2H) and the&-28.4 mV (Fig. 21), which manifested
the detached state between fullerenol and the digled T/P1 duplex. All the consequences of
DLS sizes and ZPs in agreement with the SEM redudislighted the dramatic screening
capability of fullerenol towards the nucleic acidsdifferent configurations, demonstratively

with ssDNA capture but dsDNA release.
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2.4. Inter actions between Fullerenol and ssDNA/dsDNA

The existed interactions between fullerenol and\&&SIdsDNA were undertaken by the
UV absorption spectrums, as illustrated in Fig. B5.owned an evidence absorption peak at
260 nm (Fig. S5A), which was consistent with thearelcteristic absorption of
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oligonucleotides. While P1 and T was mixed, theogitson peak changed to 257 nm (Fig.
S5B), where the 3 nm blue-shift was inferentiafiguced by the formed H-bonds during the
nucleic bases pairing process between P1 and &bNptompared to the absorption peak of
pure P1, the mixture of fullerenol and P1 showedr6blue-shift with the absorption peak at
254 nm (Fig. S5C). This fact elaborated the dicagture of P1 by fullerenol through the
dense H-bonds between rich -OHs of fullerenol &ednucleic bases of P1 (-OH---X; X =N,
O...). After the further addition of T, the nucleiades pairing between P1 and T totally
competed the H-bonds between fullerenol and PZIellyeT/P1 duplex was separated from
fullerenol, making the absorption peak of 256 nniig. S5D approach 257 nm in Fig. S5B
as the characteristic absorption of T/P1. Theselteesonfirmed that fullerenol captured P1
through hydrogen-bonding interactions but relea3édl, thus achieving the selective
discrimination of ssSDNA/dsDNA. Though fullerene walso announced to capture nucleic
acids throught-n stacking interactions, however, the efficiencysabsequent hybridization

was not very high, which would impede the achievanoé ultrasensitive T detection (Kaisti,

2017). Furthermore, the UV absorption peak of tirdure of fullerene and P1 was located at
263 nm as seen in Fig. S6, specifying merely 3 adashift versus P1 alone, which proved
more vigorous immobilization for the ssDNA on fu#eol through hydrogen-bonding

interactions (6 nm blue-shift) than on fullereneotigh -z stacking interactions. This merit

was reasonably attributed to the integration ofult@high surface density of -OHs on single

fullerenol and the flexible single nucleic acidastd.

2.5. Visible Light-Induced Electron Transfer for Photocur rent Responses

In view of the changed photocurrent generated leymnulti-step modified electrodes,
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mainly involving fullerenol/GCE and P1-AuNPs/fukerl/GCE, feasible mechanisms of
visible light-induced electron transfer were raisedthe photocurrent responses. In advance,
the energy band gagd) and the energy levels of conduction baBggf, valence bandgyg),
and Fermi levelKr) of fullerenol were investigated (Fig. S7). Theeggy band diagram for
fullerene (Wang et al., 2019), fullerenol and AuNRB#avero, 2014), was summarized in Fig.
3A. Notably, there were obvious divergence of thergy structure between fullerene and
fullerenol, and theEcg of fullerenol (-4.66 eV) was interestingly muchaer than that of
fullerene (-3.7 eV), which could be attributed ke tsurface functionalization of fullerenol
with rich —OHs. Fig. 3B proposed the mechanism dfotpcurrent response for
fullerenol/GCE. In a typical procedure, the photmgrated electrons’jan the CB and the
photo-generated holes “fhin the VB of fullerenol were produced under 46M-hght
illumination. Subsequently, thé migrated to the GCE (route |, Fig. 3B) and thecbuld be
digested by AA. Hence, the electron transfer rauts completed, causing the photocurrent
response. As for the establishment of P1-AuNPsffeiiol/GCE, AUNPs was proximate to
fullerenol, making a PEC quenching system, whossipte electron transfer mechanism was
decorated in Fig. 3C. On this occasion, thaneéhe fullerenol CB would preferentially move
to the Fermi levelEr) of AuNPs (route ], Fig. 3C) instead of the GCE (route Fig. 3C),
and the ein AUNPsEr was subsequently trapped by the dissolved oxy@ehi detection
electrolyte. The dissolved ;Owas then reduced, and the superoxide free rad@al)
emerged (Fig. S8). Consequently, only a bit nunabes could reach to the GCE, yielding a
sharply decreased photocurrent. Furthermore, #esignt photocurrent responses &
(where | was the photocurrent and@ was the time) curves for fullerenol/GCE and

P1-AuNPs/fullerenol/GCE were implemented. As shownFig. 3D and 3E, the gained
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photocurrent responses had exceptional retentien as the illuminated time surpass 300 s,
indicating the promising stabilitgnd durability of the multi-step fabricated PEC dansor.
Some control experiments were further conducteduiabite photocurrent responses using
P1-AuNPs to modify different CNM, and the result®wed vivid PEC quenching effect of
AuNPs towards fullerenol. Additionally, the photo@nt variations were quite in divergence,
which may originated from the different immobiliiat intensity and PEC interacting effect

(Fig. S8).
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visible light-induced electron transfer for fullea/GCE (B) and P1-AuNPs/fullerenol/GCE

(C). Transient photocurrent responses (D) dr@l curves (E) of fullerenol (a) and
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P1-AuNPs/fullerenol (b). The transient photocurreesponses were conducted under the
periodic “off-on-off” switch mode of 10-20-10 s fotl cycles. Thel-T curves were

implemented under the “off-on-off” switch mode @&-300-10 s.

2.6. Analysis Performance of the PEC Biosensor

In order to evaluate the analysis performance efdbnstructed PEC biosensor, series
concentrations of T (p53 gene fragment) was inadanto the P1-AuNPs/fullerenol/GCE,
and the photocurrent responses were examined #@&igAs exhibited in Fig. 4A, the
photocurrent intensity was gradually improved icgavith the increased concentration of T
from 1 fM to 100 pM. Fig. 4B described that theelan relationship was fitted &s= 0.6690 +
0.08082 Igc (wherel and c were the photocurrent intensity and the conceotrapf T,
respectively) with the correlation coefficieri®] of 0.9948. Under a definition of limit of
detection (LOD) = meagnk + 1.645(SRiand + 1.645(SRw concentration sample(Armbruster and
Pry, 2008), the LOD down to 0.338 fM could be c@ted for T detection. A detailed
comparative survey on the analysis performancetiorfabricated PEC biosensor with other
published works for nucleic acids determination Waen conducted. In contrast to not only
the works based on different substance-aided ssB&DMA discrimination (Table 1), but
also the works using different signal reportersb(@aS2), our PEC biosensor owned much
lower LOD, signifying the superior sensitivity ofioPEC biosensor. There were three major
reasons for the ultrasensitivity achieved, the iehe merit of PEC assay, the significant
ssDNA/dsDNA discrimination capability of fullerenoand the powerful PEC quenching
efficiency of AuNPs against fullerenol. Besides(ID pM) and its interferences including
single-based mismatch probe 1 (P2, 1 nM), singtethanismatch probe 1 (P3, 1 nM),
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double-based mismatch probe (P4, 1 nM) as welhaaixture (the mixture of P2, P3, P4
and T) (the probe sequences were seen in Table&g)employed to verify the selectivity of
the PEC biosensor. From Fig. 4C and 4D, the intcbdn of T and the mixture caused high
photocurrent responses, while other samples reksuheslight photocurrent responses,
implying that only T instead of the interferencemlgled the signal quencher release, which
suggested the excellent selectivity of the PEC dmesr. The duplicated photocurrent
response of the PEC biosensor incubated with 100Tp{#ig. S10) proved the satisfying
long-term stability. As tabulated in Table S3, BieC biosensor was employed to validate the
content of added T in human serum samples as aapgdication through the standard
recovery test, where ssDNA modification could pcotduNPs from aggregating. Under T
addition at different concentration levels in thartan serum samples, the recovery ranged
from 97.29% to 108.67% and the RSDs no more th@402.revealed promising reliability of
the PEC biosensor in the quantitative evaluationnotleic acids, which thus could be
expanded to the practical implements. The promiaimgysis performance of the constructed
PEC biosensor suggested the value of our stratmgthé discrimination and ultrasensitive

detection of nucleic acids.
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Fig. 4 Photocurrent responses of the PEC biosensorfateatit concentrations of T (A): zero
(@, 1 ftM (b), 10 fM (c), 100 fM (d), 1 pM (e), 1M (f) and 100 pM (g). The linear
relationship between photocurrent intensity and ceatration logarithm of T (B).

Photocurrent responses (C) and the selectivity gDjhe PEC biosensor incubated with

different samples: P2 (1 nM) (a), P3 (1 nM) (b),(B4AM) (c), T (10 pM) (d) and the mixture

(€).
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Table 1. Comparative study of the proposed PEC biosensdn wiher works based on

different substance-aided ssDNA/dsDNA discriminatior oligonucleotide detection.

Substance Type Model LOD Ref.
MoS; 2D DNA 500 pM Zhu et al., 2013
TaS 2D DNA 50 pM Zhang et al., 2015
Cu-TCPP MOF 2D DNA 20 pM Zhao et al., 2015
TPA-COF 2D DNA 20 pM Peng et al., 2017
GO 2D DNA 0.17 nM Wang et al., 2015
GD 2D DNA 25 pM Parvin et al., 2017
GD oxide 2D DNA 84 pM Wang et al., 2016
GD oxide 2D DNA 17 pM Wang et al., 2016
citric acid CQD oD DNA 45.6 nM Lo etal., 2016
malic acid CQD 0D DNA 17.4 nM Lo etal., 2016
Fullerenol 0D DNA 0.338fM Thiswork

Note that there were two target sequences in Rafig/ét al., 2016 and Ref. Lo et al., 2016, respelgti

3. Conclusion

In couclusion, this work comprehensively investigghthe bioanalysis application of
fullerenol (rich hydroxylated fullerene) as a PE@naprobe to achieve discrimination and
ultrasensitive detection of amplification-free ss®NOn the one hand, fullerenol was
highlighted by the discrimination ability towardsialeic acids under the modulation of
H-bonding interactions; thus ssDNA recognition HeDNA departure was realized, making
the constructed PEC biosensor much simple and najid low background. On the other
hand, the photocurrent response was intenselyitetilnsing AUNPs as the signal quencher
in view of visible light-induced electron transfevhich was conspicuously beneficial to the

improvement of detection sensitivity. Besides, thgh selectivity and specificity were
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achieved by the pre-designed comlementary sequiratecould be directly absorbed on
fullerenol and only binded to the tagert gene.rildiely, the proposed PEC biosensor for the
determination of p53 gene fragment owned a wider Inange from 1 fM to 100 pM and a
LOD down to 0.338 fM, and acquired dependable tesalthe preliminary application with
assistance of human serum samples. While futurd wadl be demanded, for example, to
measure the interaction force between fullerendl 88DNA or to alter target sequence, this
ingenious strategy represented a critical step dwhe discrimination and ultrasensitive
detection of nucleic acids, which could broadenmmtecule recognition and enrich

biosensing technology, opening up attractive adearant in the clinic diagnostic.
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Graphical abgract
Fullerenol as a Photoel ectrochemical Nanoprobe for Discrimination and Ultrasensitive

Detection of Amplification-Free Single-Stranded DNA
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Highlights

Fullerenol as a Photoelectrochemical Nanoprobe for Discrimination and
Ultrasensitive Detection of Amplification-Free Single-Stranded DNA
Fullerenol as a PEC nanoprobe captured ssDNA but released dsDNA under the
modulation of hydrogen bonding interactions.
AuUNPs owned signal guenching efficiency up to 85% against fullerenol via the visible
light-induced electron transfer.
The PEC biosensor achieved ultralow LOD down to sub-femtomolar level for target
gene detection without prior amplification.
This strategy represented a critical step toward the discrimination and ultrasensitive

detection of nucleic acids.
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