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ABSTRACT

Circulating tumor DNA (ctDNA) identification is onef the most meaningful approaches towards eangeradiagnosis.

However, effective and practical methods for analyzhis emerging class of biomarkers are stilkiag.

In this work, a

on

biosensor based on nitrophenyl functionalized blalcsphorus nanosheets (NP-BPs) is fabricatedefwitive and selective
detection of ctDNA. In this work, a nitrophenyl fetionalized black phosphorus nanosheets (NP-B®sghsor is fabricated for
sensitive and selective detection of ctDNA. Dueh® successful nitrophenyl functionalization, Mie-BPs biosensor shows
higher quenching efficiency and stronger affinibyvards single-stranded DNA (ssDNA), as compareth waduble-stranded
DNA (dsDNA). Therefore, the NP-BPs biosensor eitkib.4-fold fluorescence enhancement when dyelildbesDNA probe
forms dsDNA in the presence of its specific ctDN#get. This biosensor exhibits a detection lim5® fM and a wide linear
detection range of 50 fM-80 pM, provides relial#adout in a short time (15 minutes). Moreover,NReBPs-based biosensor

could be applied to discriminate single nucleotfm@ymorphisms in clinical serum samples.

It is isloned that the

NP-BPs-based sensing platform has great potemialarly cancer diagnosis and monitoring cancegassion.

Keywords: ctDNA; Black phosphorus; Surface functionalizatidlitrophenyl; two-dimensional materials; Biosensor

1. Introduction

Obstacles in cancer therapy include tumor hetemigen
tumor evolution, and delayed diagnosis.(Burrellabt 2013;
Castellanos-Gomez 2015; Murtaza et al. 2013) Téwardy and
accurate cancer diagnosis is crucial for timely afféctive
treatments to reduce morbidity and mortality in a@n
patients.(Fu and Wang 2018; Hu et al. 2017) Catiod tumor
DNA (ctDNA) is the DNA liberated from cancer ceitgo the

body fluid, which can be found in the early stage oserum samples.

cancer.(Newman et al. 2014) However, despite thmcal
virtues, sensitive and selective detection of ctDi¢ASstill
challenging, mainly due to the low blood abundaaé high
background of nucleic acid fragments from normékda real
samples.(Schwarzenbach et al. 2011) Various praddave
been developed for ctDNA identification, for instan
next-generation sequencing,
reaction (RT-PCR), and digital PCR, but these ptatf still
have drawbacks such as the high cost, lengthy psp@nd
complicated operations.(Das et al. 2015; Hu 2@l8; Taly et
al. 2013; Zhou et al. 2016)

As an effective solution in early cancer diagnogjene
analysis, and detection of genetic disorders, DN#sdnsors
have attracted substantial attention. (Cao et &182
Garcia-Olmo et al. 2010; Gupta et al. 2013; Karleh et al.
2015; Yola et al. 2014) In these DNA biosensospeeially
those based on nucleic acid hybridization, theifqgenances
could

" Corresponding authdEmail address: xf.yu@siat.ac.cn (Xue-Feng Y
wh.zhou@siat.ac.cn(Wenhua Zhol

be further enhanced by tuning ther stacking elect and
hydrophobic properties. (Huang et al. 2018; Leale®018)
Although considerable achievements have been nmdighly
sensitive and low-cost DNA biosensors pertaining the
interaction of DNA and nanoparticle (Wang et al12)) most
DNA biosensors can’t be applied to detect ctDNAedily in
Therefore, new diagnostic platfofars
ctDNA identification with the satisfactory sensitiy
selectivity, and simplicity are highly desirable.

As a fledgling member of two-dimensional
nanomaterials, black phosphorus nanosheets (Bes)drawn
tremendous attentions in biosensing.(Yew et al.72@hou et
al. 2018a) BPs possess large surface-to-volume cate to

real-time polymerasainch corrugated system comprising the armchair or zigzagcture

which enable efficient adsorption of
biomolecules.(Castellanos-Gomez 2015; Zhou et @1.8B)

Although miRNA detection of BPs biosensor has been

developed, the detection limit could be further ioyed with
surface functionalization.(Yew et al. 2017; Zhowkt2018a)
Moreover, bare BPs are relatively unstable undebiant
conditions further hindering their applicationsbéssensors.
Herein, a new biosensor based on nitrophenyl BIPsERS)
for sensitive and selective detection of ctDNAdbricated. As
shown in scheme 1, after successful NP functioatdin, in the
absence of the target ctDNA, the FAM-labelled strgfranded
DNA (ssDNA) probe (P) could be effectively adsorloado the

(2D)



surface of NP-BPs and quenched by NP-BPs. Initheepce
of its complementary target ctDNA, the probe quidkirms

DNA target
disassembly
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Scheme 1. Schematic design of NP-BPs-based biosensor [ixXAt
detection based on the ssDNA/dsDNA discriminatibifitg. FAM is
used as the fluorescence dye.

double stranded DNA (P/T) and couldn't adsorb enstirface
of NP-BPs with fluorescence retained, which carubed to
quantify the concentration of target ctDNA. ThifBPs-
based biosensor exhibiting high sensitivity, highestivity,
and short detection time has great potential pertgito rapid
and accurate detection of ctDNA.

2. Experimental section

2.1. Synthesis of NP-BPs.

The BPs were prepared by a liquid sonication exfigin. 25
mg of the bulk BP was dispersed in 25 mL of NMP aedted
ultrasonically for 10 hours. Bath sonication wagied out for
another 10 hours at 300 W. Then 4-nitrophenylafidzm
tetrafluoroboraté5 mg was stirred with BPs (1 mg) in GEN
(1 mg BPs, 10 mL) for overnight to get NP-BPs. Pphepared
NP-BPs were rinsed with alcohol to terminate fumaalization
and remove unbonded 4-NPD molecules.

2.2. Concentration optimization of NP-BPs, MgCl,, KCI.

For dsDNA, the quenching efficiency is defined &sFe+/Fo)
x100%, where fr and k are the FL intensities of dsDNA in
the presence and absence of NP-BPs, respectively.

2.4 Density functional theory cal culations.

Periodic density functional theory calculations evearried
out in the mixed Gaussian plane wave basis setgleinented
in the CP2K code with Grimme’'s D3 dispersion
corrections.(Grimme et al. 2010) The Perdew-BuEkezerh
generalized gradient approximation exchange cdioela
function (Perdew et al. 1996) was used to calculaie
exchange correlation energy. The DZVP-MOLOPT bsaisn
combination with Geodecker-Teter-Hutter pseudopatn
(Goedecker et al. 1996) were used with a plane veaveff
energy of 500 eV. The structural minimization wpasformed
using Broyden—Fletcher—Goldfarb—Shanno algorithnili&kh
H. Press 2007) The BP (001) surface with the celltof 6x6
was built. Neighboring slabs were separated kycawm of 20
A to avoid spurious self-interactions. MonkhorstR#&-point
meshes of 5x5x1 were used for these periodic models

2.5. Fluorescent ctDNA assays.

The clinical serum samples were collected by clgation
at 3000 rpm for 10 minutes and frozen at -80 *@hefisage.
In the concentration gradient assays, the serunspilied with
50 fM to 100 pM target ctDNA. Then ctDNA was extied
from 5 mL of serum using the MagMAX Cell-Free DNA
Isolation Kit. Afterwards, the FAM-labelled ssDNAO nM)
was hybridized with the extracted ctDNA for 10 nties
Then, 10ug/mL of NP-BPs were added to make a total volume
of 300 uL and the fluorescence spectra were recorded. eln th
specificity assays, 0.5 pM of targets with differsequences
were extracted from serum samples by following shene
procedure, then the FAM-labelled ssDNA (50 nM) was
hybridized for 10 minutes, and the fluorescence tspetere
recorded.

2.6 Quantitative PCR

To optimize the concentration of the NP-BPs, the pgeudo-ctDNA targets were isolated with MagMAX

FAM-labelled ssDNA (50 nM) was hybridized with tterget
DNA (50 nM) in 10 mM Tris-HCI buffer for 10 minutesn the
FL quenching assays, different volumes of the NRB-8#ution
(100 pug/mL) of 0, 50, 75, 100, 125 and 1p0 were added to
10 mM Tris-HCI buffer (pH 7.4) for a total volumé 800 pL.
The reaction proceeded for 15 minutes at room teatype and
the fluorescence emission spectra were recordés@tnm.
The concentrations of Mg&and KCI were optimized with the
same method.

2.3. Fluorescence quenching efficiency analysis.

Firstly, 50 nM of DNA probe was hybridized with 50
target ctDNA at room temperature for 10 minutebun er (10
mM Tris-HCI, 50uM MgCl,, and 50 mM KCI). The mixtures
were then incubated with 1@/mL of NP-BPs for 15 minutes,
and the fluorescence intensities were measured. s3IDBIA

Cell-Free DNA Isolation Kit from spiked serum aatioig to
the manufacturer’s instruction. For a volume of 8D
guantitative PCR (QPCR), 1& of 2 xreaction buffer, LL Q5
enzyme (NEB), 1QuM primers and 1x SYBR Green | were
used. Subsequent thermal cycling was perform@&a &C for
0.5 minute, and then 45 cycles of 98°C for 10 sdspB60 °C
for 15 seconds and 72 °C for 10 seconds. Fluonescsignals
were recorded with Bio-Rad PCR system (CFX96) afterh
cycle, and the threshold cycle (Ct) was calculabgdthe
Bio-Rad analysis system. The oligonucleotide prénand
target are shown in Table S1.

3. Resultsand discussion

3.1. Synthesisand characterizations of NP-BPs.
The BPs are exfoliated from bulk BP crystal by liaeid

probe quenching kinetics were recorded with the &amygnication exfoliation method.(Guo et al. 2015)  @éxcess

procedure. For ssDNA, the quenching efficiencgiefined as
(1-R/Fo) x100%, where fand k are the FL intensities of
dye-labelled ssDNA in the presence and absencePeBRs.

2

amount of 4-nitrophenyl diazonium tetrafluoroboréteNPD)
is added to the BPs soluton to allow NP-



functionalization.(Ryder et al. 2016) The bare BRd NP-BPs
are characterized by transmission electron micqms¢dEM),
high-resolution TEM (HR-TEM), and atomic force nascopy
(AFM). As shown in Fig. 1la and Fig. S1a, both bBRs and
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Fig. 1. Characterizations of NP-BPs. (a) TEM and insBt FEM

images. (b) AFM image with height profiles along thhite lines in
the inset. (c) HR-XPS of P spectra. (d) HR-XP&afpectra.
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NP-BPs have average lateral sizes of ~300 nm. HR-T
image reveals lattice fringes of 3.3 A arising fr(d21) plane,
indicating that lattice structure of BPs is presenduring
NP-functionalization. The AFM images (Fig. 1b a8db)
confirm that the height increases from 8.7 nm eftihre BPs to
10.0 nm of the NP-BPs, confirmingsuccessful
NP-functionalization. NP-functionalization of B further
corroborated by high-resolution
spectroscopy (HR-XPS) (Fig. 1c and 1d). In P-gjpedhe
NP-BPs exhibit dominant P peaks of P 2p2/3 and H22pt
129.6 and 130.5 eV originating from P-P covalenbhdsoas
well as a broad peak at 132.5 eV from P-C covdbemnids of
phosphorus-phenyl compounds. Furthermore, theBv@lent
bond at 284.5 eV is observed from the C-spectramdh
scattering is performed to investigate NP-functii@madion (Fig.
S2). Compared to the bare BPs, three typical Rgmaks of
NP-BPs blue-shift with decreasing intensities. eAft
NP-functionalization, contact angle is changed fiofR + 1°
to 64.5 +

in 72 hours. In contrast, NP-BPs solution is stdbf 72 hours.
Furthermore, the absorption intensities of the Bd&te decrease
quickly and show 70% degradation after 3 days, ed&®those
of the NP-BPs exhibit negligible degradation underbient

conditions (Fig. 2b). These results further canfguccessful
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Fig. 2. Stability evaluation. (a) Optical photographd\#-BPs and
bare BPs dispersion in water. (b) Absorption spectof NP-BPs and
(c) bare BPs under ambient after storing in waiedf 12, 24, 48 and
72h

functionalization of BPs with NP, which protectg tBPs from
rapid degradation.

3.3. Optimization of the assay condition.

To optimize the biosensing performances of NP-BRs,
optimal concentration of NP-BPs in discriminatirgPdNA and
ssDNA is determined. As shown in Fig. S5a, therfhiscence
intensities (FL intensity) from dye-labelled dsDNwe higher
than that of dye-labelled ssDNA at the same NP-BPs
concentration, thus providing preliminary evidernbat the
biosensor can discriminate ssDNA from dsDNA. Maero
the FL intensities of the dsDNA and dye-labelledNs

X-ray phOtoeIeCtror?:hange with increasing concentrations of NP-BPggy. §5b

shows the concentration-dependent fluorescencesratif
Fpr/Fp of NP-BPs. When the concentration of NP-BPs resch
10.0 pg/mL,FpA/Fp shows a value of 1.8 and further increase
concentration of NP-BPs results in decredsedFe.

To verify the absorption performance, the NP-BRs RNA
are dispersed with various concentrations of Mgid KCI.
The kinetics of fluorescence change are presentédginS6
and Fig. S7. As shown in Fig. S6a and Fig. S7antneasing
the concentrations of Mggbr KCI, the absorption ability of
NP-BPs towards ssDNA is strengthened. Since bbbNA

0.2°, which indicates the NP-BPs are morg,y \p_Bps are negatively charged, repulsion effeetween

hydrophobic (Fig. S3). Zeta potentials of BPs hebenged o may impede efficient absorption of DNA on NPs3

from -34.63 = 0.75 mV to -22.63 +
Supporting Information) and the average hydrodymasizes
change from ~310 nm to ~350 nm correspondingly(5ip,
Supporting Information).

3.2. NP-BPs stability evaluation.

Since reliable detection signal is crucial for lginsor, the
effect of NP-functionalization on the stability @dPs is
investigated. The bare BPs and NP-BPs are at dhees
concentration of 28 ppm and optical
absorption spectra are acquired at predetermimeel fioints.
As shown in Fig. 2a, the bare BPs solution becdnaesparent

3

photographs  ang,

0.40 mV (Fig. S48cation | ions, especially Mgand K', has great affinity towards

DNA. (Nikolay 1999) After adding cation ions, thegative
charge of DNA are reduced, creating repulsion dhigleffect
between ssDNA and NP-BPs. On the other hand, bedhe
negative charge density of dsDNA is higher thah ¢fiasDNA,
cation ions under certain concentration performfedint

repulsion shielding effects in these two speciéds €6al. 2015)
Thus, the optimized conditions are determined wsslDNA

are fully shielded by cation ions and hence conepfetbsorbed
the surface of NP-BPs, while only moderate slitigl effect
is observed in dsDNA (Fig. S6 and S7). The optatian



results are shown in Fig. S8 and Fig. S9. Hen@d) fig/mL
NP-BPs is used in the following experiments in @hwith 50
UM Mg* and 50 uM K.
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Fig. 3. Comparison of biosensing performance: (a) FLnsitées of
P/T (green histograms) and P (red histograms)drpthsence of BPs,
NP-BPs or none BPs. Inset: FL intensity rati®s{Fp) in the
presence of NP-BPs or BPs. The error bars représerstandard
deviation of three samples under same conditids). Fluorescence
quenching kinetics for P/T and P in the presend¢RBPs or BPs (10
ug/mL) as a function of time. P represents the ldpelled ssSDNA
and P/T represents dsDNA formed by the dye-labedsdNA and
target DNA.

3.4. Fluorescence quenching property.

The interaction behavior between NP-BPs
single-stranded oligonucleotide probes with différeengths
and fluorescent tags is determined. In this stthiy)engths of
FAM-labelled single-stranded oligonucleotide probesset as
3-, 6-, 12-, 24-, 36- and 48-mer, respectively, ahe
concentration of all oligonucleotides is 50 nM. #sown in
Fig. S10, the quenching efficiencies vary with eliiént lengths
of probes after adding NP-BPs (10.0 pg/mL). Theest
guenching efficiency is observed in the 3-mer oligdeotide
probe, mainly due to its weak interaction with NPsB which
is consistent with previous report.(Wang et al. 20With an
increase in length of oligonucleotide, quenchinficiencies
are elevated accordingly. However, when the lergftthe
oligonucleotide probe is longer than 24-mer, thermhing
efficiency shows a significant decrease, which fbgsiue to
the departure of fluorescent tags from the surdddé¢P-BPs as
previously reported.(Wang et al. 2013) The fluozese
guenching efficiency of NP-BPs is also investigatesing
ssDNA labelled with different fluorescent tags. #tsown in
Fig. S11, the NP-BPs-based biosensor exhibits dnghsimilar
guenching efficiencies toward all fluorescent tégsted. All
these results indicate the fluorescence quenchidgminated
by the adsorption of ssSDNA to NP-BPs, rather thaeraction
between the fluorescent tags and NP-BPs.

3.5. Comparison biosensing performance of NP-BPs and BPs.
The discrimination ability towards dsDNA and ssDNs\
investigated using NP-BPs and BPs. The conceotratf the
dye-labelled ssDNA and target DNA are set as 5Ganiithose
of NP-BPs or bare BPs are 10.0 pg/mL. The FL iters

completely quenched with a quenching efficiency96f5%
(Fig. S12b). However, when equal amount of tafi# is
added to form dsDNA, FL quenching efficiency dese=ato
55.3%. In contrast, for the bare BPs, the fluomsee
guenching efficiency of the dye-labelled ssDNA is®% and
Fe/Fp is only 1.5. These results demonstrate that NB-BP
biosensor has better performances in discriminatisBNA
and ssDNA than bare BPs. The outstanding perfocenan
NP-BPs is also confirmed by fluorescence kinetkig.(3b).
The FL intensities are high and flat before additig-BPs.
However, after adding NP-BPs, the FL intensity frdhe
dye-labelled ssDNA (red dotted curve) quickly deses and
reach to a platform within 5 minutes and exhibitsnast
complete quenching after 8 minutes. On the othedhin the
presence of the target DNA, the FL intensity desesaslowly
(red curve) after 10 minutes. In contrast, for bizge BPs, a
much longer reaction time is required (25 minutfs) the
guenching reaction to reach a plateau (green detteldsolid
curves) and FL differences between dsDNA and ssDKA
much smaller as compared with NP-BPs. Therefoesides
increasing the overall stabilty of the biosensor,
NP-functionalization improves the discriminationilip and

antgsponse kinetics of the BPs biosensor.

Density functional theory calculations have beepliad to
ascertain the different affinity of NP-BPs towastONA and
dsDNA for NP-BPs. We select the Thymine from theAD
string as a model to calculate the Gibbs free gnefg shown
in Fig. S13, the Gibbs free energy of interacticgtween
NP-BPs and DNA nucleobase is much lower than thatéen
NP-BPs and DNA phosphorous backbone. This diffeen
mainly stems from the hydrophobic ang-n stacking
interaction between DNA nucleobases and NP-BPs.
Hydrophobic characteristic of nitrophenyl could anbe the
interaction of NP-BPs and ssDNA because the hydbigh
groups of nucleotides. Moreover, like graphene, dtomatic
structure of nitrophenyl could enhance then stacking
interaction between the nucleobases of ssDNA anthatic
structure on the surface of NP-BPs. However, tiedembases
are effectively shielded in the duplex after DNAbhidization,
the hydrophobic interaction and-r stacking interaction will
be weakened and the dsDNA are thus desorbed fro/B NP
(Zhang et al. 2015)

3.6. Sensitivity analysis.

The sensitivity of the NP-BPs biosensor pertainitog
phosphoinositide 3-kinase catalytic subunit (PIKJ@EDNA
is determined. PIK3CA gene plays an important riole
activation of the downstream Alt signal transduttiascade, a
pathway in the control of cell proliferation, migien, and
survival.(Shukla et al. 2007) The hotspot mutatRiIK3CA
E542K G>A (rs121913273) resulting in the PIBKCAtgimate
542 to lysine mutation is selected as the targetNét (T1)

from dsDNA and dye-labelled ssDNA under differenfecause ofits high-frequency mutation in breasdorectal and

conditions are shown in Fig. 3a and the fluoreseesmission
spectra and fluorescence quenching efficienciepesented
in Fig. S12. In the absence of nanosheets, boghlahelled
ssDNA and dsDNA show strong FL intensities. Afiddition
of NP-BPs, fluorescence from the dye-labelled ssi¥N#early

4

gastric cancer.(Karakas et al. 2006; Kawano &04l6; Shukla
et al. 2007) In the typical experiment, 50 nM dgkeled
ssDNA is hybridized with the ctDNA at concentraton
between 0 and 100 nM. The mixture is incubateti WiP-BPs
for 15 minutes under the optimized conditions. shewn in



Fig. S14, S14, as the concentration of ctDNA insesathe FL
intensity increases dramatically revealing a daaclimit of
50 pM. The calibration curve between the FL intigresnd
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validate the actual concentration of serially aithittDNA used
in NP-BPs biosensor. Although NP-BPs biosensoless
sensitive as compared with the traditional quatitgaPCR,
this biosensor is comparatively simpler and fasted thus has
unigue advantages in the point of care applications

3.7. Robustness analysis.
Given the importance in distinguishing ssDNA anBN#,

we further investigate whether NP-BPs biosensaspiscific
enough to discriminate single-stranded target ctD&NAong
dillerent dsDNA. dsDNA (50 nM) are formed through
annealing before the addition of target ctDNA (3@)n As
shown in Fig. S17, when target ctDNA is mixed widsDNA,
the NP-BPs biosensor shows very low quenching ieffiy.
Moreover, when the dsDNA does not exist, the flaoemce
guenching efficiency shows nearly the same valumagpared
with the mixture of ssSDNA and dsDNA. These results

error bars represent the standard deviation oétsaenples under same demonstrate NP-BPs biosensor shows good discriimimat

condition

concentration of ctDNA is derived (Fig. S14b) andirear
relationship between 50 pM and 50 nM (inset) iseobsd.

To assess the clinical potentials of the NP-BPsdrisor, it is
applied to directly detect ctDNA in clinical serusamples.
The clinical serum is kindly supplied by Shenzherofte’'s
Hospital. The human serum samples are spiked dififirent
concentrations of PIK3CA E542K G>A ctDNA.
concentrations of ssDNA probe and NP-BPs are 5Gni#10
pg/mL in the serum samples, respectively. As showhig.
S15, the FL intensities increase gradually as tmeentration
of target ctDNA increases from 0 to 20 nM and adin
relationship between 0 to 5 nM is observed (FighlHinset).
The detection limit of the NP-BPs biosensor is M in
clinical serum, showing great application poteritiaieal clinic
serum samples. On the contrary, graphene oxideebswmr
can't be applied directly in detecting ctDNA in sar samples,
owing to the interference from strong nonspecilis@ption of
serum proteins (Table S2). (Hu et al. 2011) Howgetlee
performances of NP-BPs biosensor should be fuithproved
for real applications.

In order to improve the detection limit in real &pation, the
NP-BPs-based ctDNA biosensor

conventional magnetic extraction. The ctDNA isragted

is combined with th

ability towards ssDNA under the background intesfees of
dsDNA.

3.8. Secificity analysis.

The specificity of ctDNA detection poses a greatligmge in
early cancer diagnosis, prevention, and targeted
therapy.(Huang et al. 2018) Inspired by the satisfry

The Performances of NP-BPs biosensor, its specifigityciDNA

detection is verified in both buffer and serum skasap Besides
the target PIK3CA E542K G>A (T1, fully complementao
the probe), a series of single-base mismatch wigetuding
PIK3CA E542K G>C (T2), PIK3CA E542K G>T (T3), and
wild type (T4) have been designed. Other singkeba
mismatch targets including T6, T7, T8 and T9,
single-nucleotide-deletion of PIK3CA E542K (T5) asdort
targets (T10, T1ll and T12) are designed to evaltiae
specificity of NP-BPs-based biosensor. As expedieel FL
intensity of the target PIK3CA E542K G>A is appnmétely
5.7 times higher than those of other targets bgagiimgle-base
mismatches (Fig. 5b).  Furthermore, our NP-BPs-dbase
biosensor shows great specificity in the clinicadusn sample
with 0.5 nM ctDNA target (Fig. S18). These results
demonstrate that the specificity of NP-BPs-basedédisor is
sufficient enough to discriminate ctDNA analogscmmplex

from 5 mL of serum using the MagMAX Cell-Free DNA Diological systems.

Isolation Kit. In the fluorescent assays, 50 nMe-dgbelled
ssDNA is hybridized with target ctDNA at concenioas
between 0 and 100 pM. Then the mixture is incubatih
NP-BPs for 15 minutes under the optimized condgiorAs
shown in Fig. 4a, the NP-BPs reveals a detectioit 6f 50 fM
which is more sensitive compared with previousjyorted 2D
nanosheet-based biosensors (Table S3). The dalibicurve
between the FL intensity and concentration of ctDMA
derived (Fig. 4b) and a linear relationship betwgérfM and
80 pM (inset) is observed, showing great applicapotential
in the real clinic sample. Standard quantitati@RAs applied
to confirm the actual concentration of the longyérctDNA.
As shown in Fig. S16, the quantitative PCR resslttsw a
detection limit of 50 aM and a linear relationship 50
aM-500fM. This linear relationship was subsequentied to
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Fig. 5. Specificity analysis of the NP-BPs-based biosens(a)
Fluorescence emission spectrum (excited by 488 amd) (b) FL
intensities of the NP-BPs-based biosensor in tleseuce of target
ctDNA (T1), single-base mismatched ctDNA (T2, T4, T6, T7, T8,
T9), single-base deletion DNA (T5), short targdt$Q, T11 and T12)



and Tris-HCl buffer. The error bars represenstia@dard deviation of Garcia-Olmo, D.C., Dominguez, C., Garcia-Arranz, Mhker,

three samples under same condition

Conclusions

In this work, we have successfully fabricated a BHs
biosensor owing to its different affinities towarsisDNA and
dsDNA. This NP-BPs biosensor has been fabricayesiiface
functionalization of BPs with nitrophenyl,
synergistically increases stability of BPs,

biosensor and nucleotide bases, and hence prosjesfic
detection performances towards ctDNA. This bioseshows

a great advantage in ctDNA detection with an ercell

sensitivity of 50 fM and a wide linear detectiomga of 50
fM-80 pM. In addition to robustness and specifidit single
nucleotide polymorphisms discrimination, this
biosensor demonstrate the accurate detection diAtD the

clinic serum samples. Atthe same time, the dietegrrocess is

simple with good reproducibility and only takes dfnutes.
Although more ctDNA targets should be included utufe
experiments, this non-enzymatic biosensor holdsicall
potentials in boasting rapid and accurate detectfatDNA in
cancer diagnosis, prognostic evaluation, and so on.
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Highlights
1. Two-dimensiona biosensor has been fabricated to detect DNA in human serum
samples.

2. NP-BPs biosensor shows high selectivity and excellent sensitivity towards
CtDNA.

3. The proposed biosensing approach provide keys to accelerate the clinica
potential boasting rapid, and accurate detection of ctDNA.
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