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Abstract: Tuberculosis (TB), caused Bjycobacterium tuberculosis (MTB), remains the top
fatal infection continuing to threat public healémd the present detection method for MTB is
facing great challenges with the global TB burdém.response to this issue, a novel
electrochemical DNA biosensor was developed foed#tg the I1S6110 fragment within
MTB. For the first time, the nanohybrid of gold w@articles decorated fullerene
nanoparticles/nitrogen-doped graphene nanosheen@fAo-GyNGS) directly served as a
new signal tag to generate signal response withamditional redox molecules and
subsequently labeled with signal probes (SPs) tonfdracer label to achieve signal
amplification. Additionally, a biotin-avidin systemvas introduced to immobilize abundant

capture probes (CPs), further improving the serisitiof the proposed biosensor. After a
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typical sandwich hybridization, the proposed elsdtiemical DNA biosensor was incubated
with tetraoctylammonium bromide (TOAB), which wased as a booster to induce the
intrinsic redox activity of the tracer label, resul in a discriminating current response. The
proposed electrochemical DNA biosensor shows adblioaar range for MTB determination
from 10 fM to 10 nM with a low limit of detectior.OD) of 3 fM. In addition, this proposed
biosensor not only distinguishes mismatched DNAusege, but also differentiates MTB
from other pathogenic agents. More importantlyyas been preliminarily applied in clinical
detection and displayed excellent ability to idgnthe PCR products of clinical samples.
There is great potential for this developed metiwoole used in early diagnosis and monitor of
TB.

Keywords. Cso-based signal tag; sandwich-type assay; biotinkaagstem; TB diagnosis

1. Introduction

Tuberculosis (TB) is among the top ten causes afidaround the world and a profound
burden on public health. Vast gaps in detectiontaeatment of TB persistently exist, which
are in part attributed to misdiagnosis. A defindiagnosis of TB relies on detection of the
infectious agent, mainlylycobacterium tuberculosis (MTB) with culture and microscopy,
which are limited by low detection rate and longadion [1]. Meanwhile, novel approaches,
in particular genetic and molecular techniques baiag developed for fast detection of MTB
[2].1S6110, an insertion element which is unique to VAl differs in repeat counts in each
strain of the MTB complex, stands out as a diagnasarker and a tool in molecular
epidemiology [3, 4]lt is therefore utilized as a target marker for Md&ection in this work.

Electrochemical DNA biosensors, a novel analyticall, have attracted considerable

2



10

11

12

13

14

15

16

17

18

19

20

21

22

attention in pathogen detection due to simple dpmeral procedures, low cost, as well as high
sensitivity and stability [5-7]. To assist the diagis of MTB with IS6110, it is crucial to
develop a highly sensitive electrochemical bioserfigo DNA detection. It has been proved
that nanomaterials both as redox probes and namarsarcan effectively enhance the
sensitivity of the biosensors because of the adwmst of sufficient active binding sites,
outstanding electrocatalytic activities and stabignal responses [8-10Fullerene (Go)
possesses outstanding inherent redox activity alosether carbon materials and holds great
potential for development of highly sensitive biosers [11-14]. However, the sole use @§ C
cannot achieve effective signal amplification [15¢rtunately, modification of & with other
substances could enhance its analytical performanwbéch provides a novel insight in
Cso-based biosensor development [16-18].

Recently, nitrogen-doped graphene nanosheet (N@Spafoused great interest in many
aspects such as supercapacitors [19], electrosa{@l§] and sensing [21] due to its excellent
electrical conductivity, electrocatalytic propeegd electron density caused by incorporation
of nitrogen. More importantly, nitrogen-doped grapé is a potential support matrix with a
unique enhancement effect when combined with varmoaterials, such as Ti(22], FgO,
[23], M0S; [24] and so on, compared with individual compond&fdreover, the rich nitrogen
atoms of NGS provides abundant anchor sites foralmenoparticles to improve their
analytical performance [25], as in the NGS/gold apnticles (AuNPs) nanohybrid recently
reported to immobilize DNA probes resulting in imoped sensitivity, which offers a
favorable tool for gene analysis and related desediagnosis [26]. Inspired by these, we

believed that NGS could be an ideal matrix to stamdously load fullerene nanoparticles
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(nano-Gp) and AuNPs to serve as an efficient and new sita@lto generate and amplify
signal response and subsequently applied for MTR\DBtermination.

In this work, a sandwich-type electrochemical adeayiS6110 fragment detection was
successfully constructed. In order to increaseatimeunt of capture probes (CPs) modified
onto the electrode surface, the biotin-avidin systeas introduced into the electrochemical
assay because each avidin molecular conjugatesfauithbiotin molecules [27-29Notably,
the design of AUNPs decorated nangtRGS was presented as a new signal tag for signal
generation for the first time. Incorporating NGStwhano-G resulted in high ratio surface,
great conductivity, rich nitrogen atoms and outdiag redox activity. The abundant nitrogen
atoms of the nano<4gNGS nanohybrid permits immobilization of plentifAluNPs on the
surface, which not only enabled labeling with akamtdsignal probes (SPs) via the strong
Au-S bonds to form the tracer label, but also enbBdnelectron transfer. After the
sandwich-type hybridization, the proposed electeocical DNA biosensor was treated with
tetraoctylammonium bromide (TOAB) to induce thedrdgnt electroactivity of the tracer label,
resulting in an excellent current response anchaithee and quantitative assay for the 1S6110
fragment. The analytical performance of the prodostectrochemical biosensor was
compared with previously reported electrochemigakénsor for MTB detection (Table 1),
and our work showed a lower detection limit andewitinear range, suggesting the proposed
biosensor may be of use in the field of TB diagsoBig. 1 depicted the stepwise process for

the proposed electrochemical DNA biosensor constnolc

2. Experimental

2.1. Reagents and Apparatus
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Chlorauric acid (HAuG) was purchased from Sigma-Aldrich Chemical Co. AUS
Nitrogen-doped graphene (NGS) and fullerengy,(©9.5%) were provided by XFNANO
Nanotechnology Co., Ltd (Nanjing, China). The beaateDNA extraction kit was purchased
from Tiangen Biochemical Technology Co., Ltd (Begj China). Tetraoctylammonium
bromide (TOAB) was provided by Yuanye Bio-TechngloGo., Ltd (Shanghai, China).
Specimens of sputum were collected from DepartnegnRespiratory and Critical Care
Medicine, the First Affiliated Hospital of Chonggin Medical University.
K3sFe(CN)}/K4Fe(CN} solution (5 mM) containing 0.1 M KCI was used tomitor the
construction of the proposed biosensor. Workindgdsuiias phosphate buffer (PB, 0.1 M, pH
7.0) containing 2 mM MgGland 10 mM KCI. All other reagents were of anabtigrade.
The PCR primers and corresponding PCR amplificgbiatedures were designed according
to previous literatures [34-36]. All the nucleid&ased in our experiment was sythesized by
Sangon Biotech. Co. Details of the oligonucleosdgquences are shown in Table 2.

The electrochemical experiments were carried oth &n electrochemical workstation
(CHI660E) with a typical three electrode systemai®@ihai Chenhua Instrument Co, China).
Glassy carbon electrode (GCE) of 4 mm diameter wgesl as working electrode, platinum
wire as auxiliary electrode and saturated calonkettede (SCE) as reference electrode.
Cyclic voltammetry (CV) ranging from -0.2 to 0.6(Vs. SCE) at a scan rate of 100 mV s
and electrochemical impedance spectroscopy (EISe wsed to monitor the stepwise
biosensor construction in 5 mMzRe(CN)}/K4Fe(CN) (1:1) solution containing 0.1 M KCI.
Differential pulse voltammetry (DPV) measurementtad proposed biosensor (-0.4 to 0.3 V)

was performed in 0.1 M phosphate buffer (pH 7.0ld= emission scanning electron
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microscope (Hitachi SU8010, Tokyo, Japan) was usednorphological depiction of the
materials. UV-vis absorption was obtained with @DQ@ spectrophotometer (Shimazu, Japan).
PCR amplification was completed with an MJ Miniral cycler (Bio-Rad, CA, USA) and
subsequent electrophoretic analysis was performgdavBG subMIDI electrophoresis tank
(Baygene Biotech Company Limited, Beijing, Chinajddaa ChemiDot! XRS+ Imaging
System (Bio-Rad, CA, USA).
2.2. Preparation of the Cgo nanoparticles

Cso Nanoparticles (nanoeg) was synthesized with a typical solvent-exchangsthod
[37]. Briefly, Cso toluene dispersion (1 mg rif). was mixed with equal volume of distilled
water and stood at room temperature for 5 min. ifisgure was subjected to continuous
ultrasonic treatment for about 14 h untdp@ompletely transferred from toluene phase into
agueous phase, resulting in a brown naggd{Spersion.
2.3. Preparation of the signal probe labeled Au-nano-Cg /NGS signal tags

The nanohybrid of € nanoparticles decorated nitrogen-doped grapheneetsh
(nano-Gy/NGS) was synthesized via a simple non-covalenhatetFirstly, Nitrogen-doped
graphene sheet (NGS) was added into distilled watdrpH was adjusted to 10 using 0.5 M
NaOH, and the mixture was treated with ultrasoundlitain a homogeneous solution, after
which the prepared nanos§was added into the NGS solution and stirred contisly for 12
h. The product was centrifuged and washed withlléidtwater three times and re-dispersed
into an aqueous solution to a final concentratibh mg mL™.

With sodium borohydride (NaBfitreatment, gold nanopatrticles (AuNPs) were baond

the surface of nano«gINGS via strong Au-nitrogen bonds. Briefly, the mipd of 100uL of
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HAUCI, (1 wt%) and 1 mL of nano4gdNGS was stirred for 15 min, and NaBsblution (4
mg mL?Y) was slowly added in drips and stirred for 30 mdngd the product was collected
after centrifugation at 8000 rpom and washing wiiktilled water three times and was
re-dispersed in distilled water. For tracer labekeparation, the AuNPs decorated
nano-GyNGS (Au-nano-GyNGS) was mixed with thiol-modified signal prob@sufM) with
continuous stirring at 4 °C overnight.
2.4. Fabrication of the proposed biosensor

Firstly, the bare GCE was cleaned with alumina paw@.3 and 0.0um) and rinsed in
turn with ultra-pure water and ethanol to preparesmooth surface, followed by
electrodeposition with HAuGI(1 wt%) for 30 s to obtain a uniformly spread AuNftm.
The AuNPs-modified electrode was then immersed M@hL of avidin (100ug mL?) for 14
h at 4 °C, incubated with 20 of biotin-modified capture probes (M) for 1 h at 4 °C, and
then treated with L of BSA (0.25 wt%) for 30 min to block nonspecifiinding sites.
Subsequently, various concentrations of the taR§fA was incubated on the electrode
surface at 37 °C for 2 h, hybridized for 2 h with (dL of tracer labels at 37 °C, and then
incubated with TOAB to induce the inherent electtddty of the signal tag
(Au-nano-Gy/NGS). The unbound substances of each step wereveshfrom the electrode
with distilled water. The typical sandwich hybridtion and subsequent incubation with
TOAB resulted in a well-defined peak current fonstve electrochemical detection of MTB
IS6110 sequence.
2.5. Clinical sample treatment

Sputum specimens of TB patients were collectetdieénetarly morning, liquefied with 1 M
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NaOH and centrifuged, and the precipitate was pEnded in distilled water and stored at
-80 °C.
2.6. DNA extraction and PCR amplification

The genome DNA of MTBS. aureus, C. albicans and clinical samples was extracted
using a commercial kit (TIANGEN, Beijing, Chinanaa 129 bp fragment within 1IS6110, a
90 bp sequence within Nuc and a 654 bp sequenb@wiiteC. albicans 18S ribosomal DNA
(18S rDNA) were amplified with Premix Taqg™ (TaKaRzalian, China). The procedures of
PCR amplification were depicted in Table 3. Addidly, the denatured PCR products were
prepared for electrochemical analysis with theofelhg procedures: the obtained PCR
product was heated at 100 °C for 7 min to obtanglsistranded DNA and immediately
placed on ice for 5 min to avoid renaturation ad INA as described in previously reported

work [38].

3. Resultsand discussions
3.1. Characterizations of the as-prepared nanocomposite

Field emission scanning electron microscope (FE-pkdls employed to characterize
the structural features of the as-prepared sigagd {Au-nano-g/NGS). NGS presented a
typical lamellate structure with crest-like protuece (Fig. 2A), and doping nan@sC
resulted in abundant nanospheres on the surfald&8f (Fig. 2B). Fig. 2C presents the bright
spots of AuNPs on the surface of nan@/BGS after AUNPs bonded with nitrogen groups,
indicating successful synthesis of Au-nang/8GS. In addition, UV-vis was carried out to
investigate the interfacial features of such nangmasite, as shown in Fig. 2D. In contrast to

the absorption band of nangdINGS, Au-nano-g/NGS showed an extra absorption peak at

8



10

11

12

13

14

15

16

17

18

19

20

21

22

520 nm, which is specific of AUNPs [389]rther confirming the results from FE-SEM.
3.2. Sensing mechanism of the proposed biosensor

The role of TOAB was studied to investigate the hagism of the proposed biosensor by
recording the DPV response of differently modifeddctrodes in phosphate buffer (0.1 M, pH
7.0). Fig. 3A shows the DPV measurement of the gged biosensor with 10 nM target DNA
incubated respectively with (1) SPs labeled Au-rR@g#INGS, without TOAB treatment
(curve a); (2) TOAB, without incubation of SPs lizEAu-nano-Gy/NGS (curve b); (3) SPs
labeled Au-nano-6/NGS and TOAB (curve c). A distinct peak current@fl V is present in
curve c¢ but absent in curve a or b. The result eeasistent with previous report that TOAB
could arouse the inherent electroactivity @b (11,12].Additionally, DPV response of SPs
labeled Au-nano-g/NGS and SPs labeled Au-nanggQcurve ¢ and d) was examined to
evaluate the specific effect of nangyBIGS for signal amplification, and curve d showed a
poor peak current compared with curve a, indicatingt the use of Au-nanosgNGS
nanohybrid as a signal tag enhances the sensitititye electrochemical biosensor, probably
because: (1) NGS with its large surface served @gtable matrix to bear a large amount of
nano-Go, as shown in Fig. 2B and Fig. 2C; (2) the intrddutof conductive NGS facilitated
electron transfer; (3) compared with nang/RGS, sole nano-§ lacks chemical
modification for metal nanoparticles anchoring [38hading to inferior conductivity. This was
confirmed with FE-SEM scan images (Fig. 3B) wheemaGo and AuNPs were mostly
separated except for a few clusters bounded vissiphly adsorption. Additionally, the
nano-GyNGS nanocomposite is endowed with the distinatieductivity of NGS, which is

absent in other functionalized nangs@ompositesike BSA-modified Go[38], in which the
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non-conductivity property of the protein hinderddcéron transfer. The introduction of the

support matrix of NGS, with multiple active siteg AuUNPS, incorporates nanad-forming

a stable and efficient structure, which not onlgmoted electron transfer due to the highly
conductivity of AUNPs and NGS, but also providetheorable microenvironment for target

recognition via the strong Au-S bond.

3.3. Optimization of experimental conditions

In order to obtain optimal performance of the bisse, optimization of experimental
conditions was necessary. Incubation time of ayidhoubation time of CPs, hybridization
time of CPs and the target DNA, pH of the phosphaféer for DPV measurement as well as
concentration of TOAB were optimized in this expsent. Experimental conditions were
examined in 5 mM KFe(CN}K4Fe(CN) (1:1) solution with 0.1 M KCI with CV
measurement ranging from -0.2 VV to 0.6 V at a semof 100 mV 3.

The amount of avidin captured onto the electrodéasa and hence the incubation time
of avidin directly affects its affinity to biotin-adified CPs. As shown in Fig. 4A, increase in
CV signal response did not occur until 14 h of ietion, which was used throughout the
experiment.

As for the incubation time of CPs, current respoinsecased in the range of 5-60 min
and started to decline at 90 min (Fig. 4B), soitioeibation time of CPs was selected as 60
min.

The hybridization efficiency between CPs and tangeuld affect sensitivity of the
biosensor [40]. Changes of current response witlerdnt hybridization time was recorded.

As shown in Fig. 4C, the changes in peak curreatlred maximum with 120 min of

10
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hybridization, so 120 min was selected as the idghtidization time in this experiment.

DPV current response increased with the pH of timsphate buffer in the range of 5 to
7, and declined when pH increased further (Fig.,40)DPV measurement was performed in
phosphate buffer with a pH of 7 in the study.

TOAB is also an element to possibly affect the D#fyhal response. As shown in Fig 4E,
current response reached the peak with a TOAB cdraten of 10 mM, so the concentration
of TOAB was set at 10 mM.

3.4. Electrochemical characterization of the proposed DNA biosensor

EIS was performed to monitor the modification stepshe proposed electrochemical
DNA biosensor in 5 mM KFe(CN)}/K4Fe(CN) (1:1) solution containing 0.1 M KCI and the
changes in electron transfer resistance, (fresented as diameter of the semicircle) was
shown in Fig. 5A. AuNPs-modified electrode (curvedxhibited a significantly lower R
compared to bare GCE (curve a) due to the high wandgty of metal nanoparticles. When
avidin self-assembled onto the electrode surfatagea semicircle domain appeared (curve c).
Incubation with biotin-modified CPs led to a shangrease in B (curve d), indicating
abundant CPs was captured onto the modified etietsurface via avidin-biotin affinity.
Then the non-conductive BSA (0.25 wt%) was uselldok the non-specific sites (curve e).
Lastly, the target DNA (10 nM) bound with CPs witalf the sequence, resulting in a further
increase of R (curve f).

In addition, CV ranging from -0.2 to 0.6 V in 5 mMsFe(CN}/KsFe(CN) (1:1)
solution containing 0.1 M KCI was used to confitme €IS results. Bare GCE showed a much

lower current response than AuNPs modified eleetrsgrface (Fig. 5B). Decreased current
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response in curve ¢ demonstrated self-assemblyidihaonto the modified electrode surface.
When biotin-CPs was conjugated with avidin, a fertillecrease in current response was
observed. After incubation with BSA (0.25 wt%) atide target DNA (10 nM), the
corresponding CV response decreased successiveyuni up, the consistent changes in CV
and EIS signal response demonstrated the asserhithe groposed electrochemical DNA
biosensor was successful.
3.5. Analytical performance towards | S6110 fragment

DPV was employed to investigate the analytical qrenfince of the proposed biosensor
towards 1S6110 fragment in 0.1 M phosphate bufféd (7.0) with TOAB treatment. As
shown in Fig. 6, the DPV signal response presemtedeat linear correlation with the
logarithm of the target DNA concentration (from f\ to 10 nM). The regression equation
wasl = 0.642 Ig + 7.093 R = 0.9966).
3.6. Anti-interference, reproducibility and stability studies

Specificity of the biosensor is evaluated using DRAgments similar to the target
sequence and gene fragments of common pathogeeittsagther tharMycobacterium
tuberculosis to rule out unintended reaction with non-target ANragments. Similar
sequences to the target DNA included non-compleangntDNA (N-DNA) and
single-base-mismatched DNA (S-DNA), the correspogddPV signal responses shown in
Fig. 7A, both producing merely negligible curreritanges compared with blank control.
Fragments of nuc gene frofiaphylococcus aureus and of the 18S rDNA fronCandida
albicans and corresponding denatured PCR products wereedeldj to the proposed

electrochemical DNA biosensor as pathogenic ageguences, resulting in insignificant

12
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signal response compared with the target DNA. Coaipaly, the current response of

denatured 1S6110 PCR products from the H37Rv stdnstaain, although lower than that of

the target, was significantly higher than the deret PCR product of nuc gene and 18S
rDNA, demonstrating excellent specificity of thee&krochemical DNA biosensor, which is

promising in TB clinical identification.

In order to investigate the reproducibility of th@woposed electrochemical DNA
biosensor, the current response of five differetdcteodes was recorded with DPV
measurement (Fig. 7B), resulting in similar peakrent with an RSD of 4.56 %, indicating
outstanding reproducibility. As for the stability the proposed biosensor, successive CV
signal response (Fig. 7C) revealed a 2.1 % decrafise 30 cycles of CV scanning,
demonstrating the designed signal tags could éfdgtimprove the stability of the biosensor,
and the current response of the proposed bioseaiter,21 days at 4 °C, remains 88.6% of
the initial reading (Fig. 7D), indicating accep&hibng-term stability.

3.7. The analysis performance for PCR product of clinical samples

In order to evaluate the potential of the propoB&tA biosensor in clinical application,
similar to previously reported works [35], denaturBCR products (of clinical sputum
samples from 7 non-tuberculosis patients and 1@rtuthosis patient) were analyzed by the
proposed electrochemical test. As shown in FigDBYV response of the denatured PCR
products from the non-tuberculosis groug £ 2.79+ 0.48 uA, n=7) was much lower than
that from the TB group X = 5.21+ 0.54 pA, n=17). These results were consistent with that
from PCR (bright bands representing positive TBesgsand therefore the proposed biosensor

may hold great potential clinical TB diagnosis.
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4. Conclusions

In summary, the nanohybrid of Au-nang@y@IGS has been successfully synthesized and
its application in electrochemical DNA detectionvestigated. The Au-nanosgNGS
nanohybrid exhibited high specific surface areghhtonductivity, excellent redox activity
due to the distinctive synergistic effect of nang-8GS and AuNPs and served as a new
signal tag for signal amplification for the firsine. Moreover, since such nanohybrid was
used directly to generate and enhance signal respadine steps for preparing the biosensor
was simplified and leakage of redox molecules wtgiently reduced. Moreover, the
biotin-avidin system in the biosensor constructided to significantly increased
immobilization of CPs and target analyte recogniti@and therefore enhanced detection
sensitivity. With these merits, the proposed etedtemical DNA biosensor is able to detect
IS6110 fragments at fmol level with excellent sfieity, reproducibility and stability and

thus may be of great use in clinical practice.
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1 Table 1l Comparison with other electrochemical biosensorsife MTB DNA determination.

Analytical ,
Target Linear range LOD Ref.
methods

SWv mycobacterial 10 - 10°M 8.7 x 10° M [30]
DNA

EIS mycobacterial 2-200nM 1.24 nM [31]
DNA

ECL rpoB gene 0.1-100nM 0.04 nM [32]

DPV 1S6110 0.1 pM - 10 nM 50 fM [33]

DPV 1S6110 10fM - 10 nM 3 fM Present work

2 SWV: square wave voltammetric; ECL: electrochemihescent.

5 Table2 Details of DNA sequences used in this experiment.

Oligonucleotide sequences used in this work (5'-3")

Target (1S6110) AGACCTCACCTATGTGTCGA
CPs GGTGAGGTCTAAAAA-Biotin
SPs SH-(Ch)e-AAAAATCGACACATA
Single-base-mismatched DNA AGACCTCACCTATGTCTCGA
Non-complementary DNA TTCAGCTCAGGGATGACGTC
Nuc CTTTAGTTGTAGTTTCAAGT
Nuc-F CTTTAGTTGTAGTTTCAAGT
Nuc-R CATCGTGGAAGCGACCCGCCAG
18S rDNA CGTCGTAGTCTTAACCATAA
18S rDNA-F ACTTTCGATGGTAGGATAG
18S rDNA-R TGATCGTCTTCGATCCCCTA
1IS6110-F ACCAGCACCTAACCGGCTGTGG
IS6110-R CATCGTGGAAGCGACCCGCCAG

6  Nuc: staphylococcal nuclease gene; 18S rDNA:18&dmal DNA; F: forward primer; R: reverse primer.
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Table 3 Procedures for PCR amplification of IS6110 fragtnanc gene and 18S rDNA.

Gene name Initial denaturation  Denaturation  Anmeali Extention Cycles Final extention
1S6110 94 °C 5 min 94°C30s 62°C30s 72°Crlmi 20 72°C 5 min
Nuc 95 °C 10 min 95°C 15s 58°C 30 s 70°C30s 0 4 70°C 2 min
18S rDNA 94 °C 3 min 94°C30s 50°C 30s 68°G45 35 68 °C 7 min
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Figure captions:

Fig. 1. Stepwise process of the fabrication of the prog@dectrochemical biosensor.

Fig. 2. FE-SEM scan images of (A) NGS, (B) nang/GS and (C) Au-nano4JNGS. (D)
UV-vis absorption spectra of (a) nangBIGS and (b) Au-nano4gNGS.

Fig. 3. (A) DPV response of differently modified electrgd@ phosphate buffer (0.1 M, pH
7.0): the proposed biosensor with target DNA (10) niMubated respectively with (a) SPs
labeled Au-nano-g/NGS, without TOAB treatment; (b) TOAB, without mgation of SPs
labeled Au-nano-g/NGS; (c) SPs labeled Au-nangdINGS and TOAB; and (d) SPs labeled
Au-nano-Gp and TOAB; (B) FE-SEM of Au-nano<g Error bars represented the standard
deviation (n=3).

Fig. 4. Effect of (A) the incubation time of avidin; (Bhe incubation time of CPs; (C) the
hybridization time between CPs and target DNA; {B) of phosphate buffer; and (F) TOAB
concentration. Error bars represented the stardfanation (n=3).

Fig. 5. EIS (A) and CV (B) of (a) bare GCE, (b) AuNPs nfatl GCE, (c) avidin/AuNPs
modified GCE, (d) CPs/avidin/AuNPs modified GCE) BSA/CPs/avidin/AuNPs modified
GCE, and (f) BSA/CPs/avidin/AuNPs modified GCE witttget DNA (10 nM). Error bars
represented the standard deviation (n=3).

Fig. 6. The DPV current response of various concentratmnkS6110 fragments, and the
calibration plot obtained by regressing DPV curresgponses on the logarithm of various
IS6110 fragment concentration is presented in iiseti Error bars represented the standard
deviation (n=3).

Fig. 7. (A) Interference studies. The inset showed agaetesarophoresis imaging of 1S6110
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10

fragment, nuc gene and 18S rDNA. Error bars reptedethe standard deviation (n=3). (B)

Reproducibility of the proposed electrochemicalskigsor (n = 5) incubated with 1 nM target
DNA. (C) Stability of the proposed electrochemita&sensor for continuous CV scanning

(30 cycles). (D) Long-term stability of the propdskeiosensor incubated with 1 nM target
DNA.

Fig. 8. PCR products of clinical sputum samples analyzgdhle proposed electrochemical

assay (the red bars represented non-tuberculosenizaand the yellow ones represented
tuberculosis patients) and agarose electrophomesiging (the inset). Error bars represented

the standard deviation (n=3).
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Highlights

® Gold nanoparticles decorated fullerene nanoparticles/nitrogen-doped graphene nanosheet
(Au-nano-Cgo/NGS) without additional redox molecules was directly employed as a

signal tag in MTB DNA detection for the first time.

® Nitrogen-doped graphene nanosheet combined with fullerene nanoparticles and gold

nanoparticles resulted in high conductivity and outstanding redox activity.

® Preiminary application of the proposed biosensor in clinical detection displayed

satisfying results.
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