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Abstract

In thiswork, a novel electrochemical biosensor is developed for facile and highly
sensitive detection of lipopolysaccharide (LPS) based on collaboration of dual
enzymes for multiple-stages signal amplification. Through ingenious design, the
specific recognition of target LPS is transformed to the exonuclease 111 (Exo
II1)-assisted interface  DNA cycling collaborated with the terminal
deoxynucleotidyl transferase (TdT)-catalyzed DNA extension, finally inducing
significant electrochemical signal concerned with the concentration of LPS. This
paper mainly discusses the detection principle, optimization of key factors, and
the analytical performance of the biosensor. With the efficient signal
amplification, the biosensor shows high sensitivity with a good linearity and a
low limit of detection of 1 pg mL™ for LPS. Moreover, the developed biosensor
can clearly discriminate L PS from interferents and show high specificity for LPS
detection. This biosensor has also been successfully employed to measure LPSin
real food samples, suggesting potential opportunity for application in food safety
detection.

Keywords: Electrochemical biosensor; Collaborative amplificat
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1. Introduction

Lipopolysaccharide (LPS) which is also termed eoxiot has given rise to
significant problems for medical and food safety 1. As a toxic inflammatory
stimulator, LPS derived from the outer membraneGsém-negative bacteria is
responsible for a great deal of patients and ctssabnnually resulted from
hemorrhagic colitis, septic shock, organ failurel @o on [3-6]. Due to the high
activity and toxicity at an extremely low concetia [7], sensitive and specific
detection of LPS is greatly important for food s$gfeclinical diagnosis and
therapeutics.

Traditional methods such as limulus amebocyte ¢ydast and immunoassay
have commonly been employed for LPS detection, thgy are usually
time-consuming, highly vulnerable to experimentteah and require cumbersome
preparation and detection procedure [8]. Therefaneiltiple efforts have been
dedicated to the exploitation of alternative asseyhods for LPS lately. Natural and
artificial ligands with specific cognition and higffinity to LPS provide promising
alternatives to seek for accurate and specific atiete of LPS [9], thus various
biosensors on the basis of these ligands, suchP&hinding peptides, proteins,
functionalized polydiacetylene liposome and pyrederivatives, have been
established for LPS detection [10-12]. Howeverséhbiosensors tend to be not stable
and specific enough owing to cross-binding or caontation of other interferences
coexisting with LPS, while the synthetic biomolezsilor probes involved are

generally complicated and cost-prohibitive. Theeaf the aptamer with high



specificity and affinity for LPS is selected sucfedly, showing particularly
attractive applicability, and a number of studies aptasensors for LPS have been
reported [13-15]. Nevertheless, the sensitivity apdcificity of these aptasensors are
often restrained because of the requirement ofakigeporter labels on aptamer
probes or without efficient signal amplification.hérefore, it is still an urgent
necessity to develop more sensitive, flexible apédcsgic methods for appliable
detection of LPS.

In virtue of the diverse and unique properties dfiADprobe such as high
programmability, mechanical flexibility, capacityf @specific target recognition
[16-18], DNA amplification systems have been effecttools to improve the
sensitivity of detection [19, 20]. Among them, emmrassisted DNA amplification
has received much more interest with the meritsiwiplicity, high efficiency and
sensitivity [21, 22]. Herein, we have developedoaet electrochemical biosensor for
facile LPS detection based on collaborative mudtigiages amplification via dual
enzymes. The utilized enzymes are exonucleaseEXb (III) which can gradually
digest single nucleotide from 3’ flat or hollow eaiDNA duplex [23], and terminal
deoxynucleotidyl transferase (TdT), a polymerasalgaing the extension of DNA
strand at 3’-hydroxyl terminal without template [24nspired by the fact that the
catalytic characteristics of the two enzymes aréh bdosely related with the 3’
terminal of DNA, collaboration of dual enzymes fdighly efficient signal
amplification may be achieved through ingeniousgieswith the switch of duplex

DNA structure upon target LPS binding as the stgrpoint, the target recognition



can be transformed to released DNA strands thatfuvther trigger Exo lll-assisted
interface DNA cycling, producing a large number3chydroxyl accessible for TdT
to polymerize long DNA nanowires on the surfacelettrode and finally resulting in
significant amplification of electrochemical sign&oth Exo Il and TdT have no
requirement of specific sequence, which may couteho the design flexibility of the
detection strategy. In addition, LPS aptamer heithout any modification could
firmly bind with LPS and greatly improve the spagtly of detection. Moreover,
collaboration of the dual enzymes can result intiplel-stages signal amplification to
realize highly sensitive detection of LPS. This Inoet for more flexible and specific
yet highly sensitive detection of LPS has also beramined in real food stuff,
indicating potential practicability for food safedgtection in the future.
2. Materials and methods
2.1. Materials and reagents

LPS, bovine serum albumin (BSA), glucose, hemogidbib), mercaptohexanol
(MCH), hexaammineruthenium (1 chloride (RuHex),
tris-(2-carboxyethyl)-phosphine hydrochloride (TQERvere purchased from
Sigma-Aldrich (St. Louis, MO, USA). Exonuclease lExo IIl) and terminal
deoxynucleotidyl transferase (TdT) were purchasethfNew England Biolabs, and
dNTP was obtained from Takara Biotechnology Cod. [(Dalian, China). All the
DNAs (HPLC purified) were synthesized and purifidy Shanghai Sangon
Biotechnology Co. Ltd., and the sequences werelasfs.

Aptamer: 5’-CTTCTGCCCGCCTCCTTCCTAGCCGGATCGCGCTGGOBATG



ATATAAAGGGTCAGCCCCCCAGGAGACGAGATAGGCGGACACT-3
Report probe: 5-GCGATCCGGCTAGGAATTTT-3
Signal probe: 5’-SH-TTATGCCGGATCGC-ddC-3’
Other chemicals were of analytical grade and @tilizas obtained without extra
purification. DNA immobilization solution was 10 mMris-HCI containing 10 mM
TCEP, 1mM EDTA and 100 mM NacCl (pH 7.4). DNA hybmrdtion buffer was 10
mM PBS containing 100 mM NaCl, 5 mM KCl and 2 mM ®1g (pH 7.4). Ultrapure
water (>18.0 M2) for all experiments were prepared from a Milliegd system. Milk
sample was pretreated by first being centrifugedLfbmin at 10000 rpm to remove
the upper fat. After that, 10% (v/v) perchloric d@queous solution was added to
precipitate protein for several reiterations, tlitee supernatant was collected and
corrected to proper pH. Finally, the supernatan$ wentrifuged for 5 min at 7000
rpm to be prepared for use.
2.2. Gold electrode treatment and modification

The treatment procedures of gold electrode werelynéae same as previous
reports [25]. Firstly, the gold electrode with amlieter of 3.0 mm was polished with
alumina slurry of 1.um and 0.3um in order, and then ultrasonicated in ethanol and
deionized water for 5 min respectively. Subseqyentie electrode was in bath of
freshly prepared piranha solution,&0,: 30% HO, = 3:1, v/v), followed by washed
with deionized water. After that, the electrode w&ctrochemically cleaned with 0.5
M H,SO, aqueous solution.

Before being immobilized on the electrode, the aigmobe was treated with 10



mM TCEP to reduce disulfide bonds. The preparedtrelde dried with nitrogen was
immerged in DNA immobilization solution containiguM signal probe for 1.5 h at
room temperature, and then dipped in 1 mM MCH agsewlution for 2 h to prohibit
nonspecific binding and render the immobilized DNA®rder. Finally, the modified
electrode was washed by deionized water and drigdrwild nitrogen stream.
2.3. Detection of LPS

For the detection of LPS, LPS aptamer (200 nM) sembrt probe (200 nM)
were firstly mixed and heated to 95 °C for 5 minl gnadually cooled to 25 °C for 60
min to form the partial duplex. Then LPS of variamscentrations were added and
incubated for 30 min at 37 °C to form the aptam@B8Lcomplex and release the report
probe. After that, the signal probe-modified eledé was dipped into the above
mixture, followed by incubated with 0.5 WL™ Exo Il (50 uL 1x NEBuffer 4) at
room temperature for 30 min. Finally, the electrod®s incubated with 1.0 WL™
TdT (50uL 1x TdT buffer) and 2 mM dNTP for 90 min at 37 °&hd then gently
rinsed with deionized water for the following elexthemical measurements.
2.4. Electrochemical measurements

Electrochemical measurements were carried outah riemperature on a CHI
660D electrochemical workstation (CH InstrumentsSAY with a traditional
three-electrode system including a modified go&tbde, a platinum electrode and a
saturated calomel electrode (SCE) as the workiegtede, the counter electrode and
the reference electrode respectively. Square was#ammetry (SWV) and

chronocoulometry (CC) measurements were condunt&d mM Tris-HCI buffer (pH



7.4) containing 5uM RuHex which was bubbled with and maintained unither
nitrogen steam to deoxygenate. Electrochemical dapee spectra (EIS) was
recorded in 5 mM [Fe(CN)* "™ containing 1 M KNQ. SWV was performed with
the scan range from 0 to -0.5 V, the frequency®Hk, and the amplitude of 25 mV.
For CC measurements, the pulse period was 250 I8sw&s measured by applying
the bias potential of 0.224 V and the amplitudéd ahV with the frequencies swept
from 0.1 Hz to 10 kHz.
3. Resultsand discussion
3.1. Principle of the strategy

Pleaseinsert Scheme 1 here.

The principle of this strategy to detect LPS is esphtically illustrated by
Scheme 1. The report DNA probe is designed to Oigwiwith the aptamer of LPS to
form a partial duplex. In the existence of LPS, éipgamer-LPS binding destroys the
partial duplex and liberate report probe. The =eareport probe can be captured by
the signal probe immobilized on the electrode withdree 3’-hydroxyl group
(3'-ddC), and the hybridization can form an interéh duplex with a flat 3’ terminus
accessible to Exo Ill. Exo Il then catalyzes thepsvise elimination of single
nucleotide from the 3'-ddC end of signal probe ¥pase 3’-hydroxyl, meanwhile
release the report probe to bind with another sigr@be for a new catalytical cycle.
Through the Exo lll-assisted interface DNA cyclirgglarge amount of 3’-hydroxyl
can be produced for TdT to initiate the polymei@atreaction and generate long

DNA nanotails on the surface of electrode, whichsemuently bind with RuHex to



show a significant electrochemical signal related the concentration of LPS.
Therefore, the multiple-stages signal amplificatipncollaboration of dual enzymes
enables flexible, highly specific and sensitiveedéibn of LPS.
3.2. Verification of the principle

Pleaseinsert Fig. 1 here.

Electrochemical techniques including square wav#amonetry (SWV) and
chronocoulometry (CC) have been carried out tofyehie principle of the designed
biosensor. As shown in Fig. 1, the introductiorLBS leads to an evident increase of
peak current in SWV measurements, which is congisteth the results of CC,
suggesting the LPS-triggered generation of long DiNgkotails on the electrode
surface.

Pleaseinsert Fig. 2 here.

The stepwise modification and interface propertidselectrode have been
examined by electrochemical impedance spectroscapgye Nyquist plot of
electrochemical impedance spectra (EIS) comprissshacircle and a linear portion,
which represent the interfacial electron transfesigtance and diffusion-controlled
process respectively. As shown in Fig. 2, the lgglel electrode presents a nearly
straight line in the EIS (curve a), implying only diffusion-limited process. An
obvious semicircle appears upon the successful iniination of signal DNA probes
that hinder the electron transfer (curve b). Furtmeubation with the mixture
containing target LPS results in the increase ohicecle diameter (curve c),

indicating the formation of interfacial duplexes by hybridization between the



released report probes and immobilized signal @oBéer the cleavage reaction of
Exo lll, the semicircle diameter distinctly decresgcurve d). The final extension
effect of TdT leads to significant increase of samle diameter due to the blocked
electroconductibility by the generated long DNA agils (curve e).
3.3. Optimization of experimental conditions

Pleaseinsert Fig. 3 here.

Optimization of experimental conditions plays caicioles in the analytical
system, thus it has been conducted to obtain thedssay performance. Firstly, the
concentration of report probe as a key factor isinuped, because a very low
concentration of it will restrict the signal amjpddtion, whereas an ultrahigh
concentration of it will result in a relatively @ited background signal. As presented
in Fig. 3A, the variation of CC signal is peak-shalependent with the concentration
of report probe, and the highest signal variatippears at 200 nM, so the optimal
concentration of report probe is chosen as 200 T concentration and cleavage
time of Exo Il are then investigated. As depictedFig. 3B, the surface charge
increases continuously with the growing concerdratiof Exo Il and almost
approaches a plateau at 0.5uU%, thus 0.5 UuL™ Exo Il is adopted in the assay
experiments. Fig. 3C demonstrates the temporabrespof the sensing method with
the cleavage time of Exo Ill, and the optimal tinse30 min according to the
maximum surface charge. Moreover, to verify thedfof TdT, the electrochemical
responses to different concentrations and polyragoa times of TdT are recorded.
As shown in Fig. 3D, the CC signal increases grigladéong with the rising of TdT

10



concentration, meanwhile the extension time-depeindeange of CC signal is also
observed, arriving at steady states at 1.0L3 and 90 min, respectively. Therefore,
the concentration of 1.0 WL™ and the polymerization time of 90 min are suffitie
for TdT to produce long DNA nanotails on the suefac electrode.
3.4. Analytical performance of the biosensor

Pleaseinsert Fig. 4 here.

To examine the analytical performance of the biesgn electrochemical
responses of the sensor to varying concentratibnarget LPS have been explored.
With RuHex as the signal molecule, CC techniquectvlian accurately measure the
redox charges of RuHex on the electrode surfaeengoyed. Fig. 4 demonstrates the
characteristic CC performance to detect differesricentrations of LPS. It can be
found that the redox charge increases gradualthesbundance of LPS gets higher,
and the variation of CC signal is linearly correthiith the logarithmic value of LPS
concentration ranging from 2.5 pg ito 1000 pg mL. The limit of detection for
LPS is evaluated to be 1 pg thibased on the 3d/slope criterion. In addition, the
repetitive experiments reveal a relative standaadion below 5.5%, indicating the
acceptable reproducibility of this biosensor. Maeg the developed method shows
equivalent or even preferable detection performsimmmmpared to some previous
reports for LPS detection (Table 1).

Pleaseinsert Table 1 here.

Interferents including BSA, RNA, AA, Hb and glucosee utilized to determine

the specificity of the biosensor for LPS detectifs. demonstrated in Fig. 5, target
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LPS and the mixture composed of interferents anfl &fe able to induce remarkably

enhanced CC signal, while inappreciable signalemsement can be observed for

each interferent. These results suggest that tlipoped biosensor can clearly

discriminate LPS from interferents and show higécsiiity for LPS detection.
Pleaseinsert Fig. 5 here.

LPS in food may potentially threaten human heaith tb the high toxicity, so it
is of great importance to detect LPS from food dasiplo examine the practicability
of the proposed biosensor, the recovery experinterassay drinking water samples
and milk samples containing LPS have been carriatl &PS standards are
respectively added into drinking water samples il samples to acquire the final
concentrations of 5, 20, 200, 600, and 900 pg'nthen the recoveries are measured
through the developed biosensor. As shown in TAptee LPS recoveries in drinking
water samples are calculated to be from 91.8% 2841 Wwhile the recoveries in milk
samples are from 90.5% to 109%, all with the aat@ptrelative errors, indicating
satisfactory practicability of the biosensor for3.Betection.

Pleaseinsert Table 2 here.
4. Conclusions

In conclusion, through the ingenious design to atmifate Exo lll-assisted
interface DNA cycling and the TdT-catalyzed DNA ension, a novel
electrochemical biosensor is developed for LPSatiete Collaboration of the dual
enzymes contribute to the multiple-stages signapléication to achieve highly
sensitive quantitative determination of LPS. Besjdde method shows excellent

12



selectivity to clearly discriminate LPS from thetdarferents, meanwhile exhibits
satisfactory assay capability in real food sampbesyiding promising practicability
for LPS detection. Furthermore, the unique catalfgatures of Exo Il and TdT may
increase the design flexibility of the detectiomattgy, which is profitable for
converting the method to the detection of othegder and then extending its

application.
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electrode incubated with the mixture containing LR after the cleavage reaction

of 0.5 UpL™ Exo IIl, () further treatment with 1.0 bL™* TdT.
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Fig. 3. Optimization of key experimental conditions. (AglRtionship between the
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of the redox charge with the concentration of EHKo (IC) Variance of the redox
charge with the cleavage time of Exo lll. (D) Vaga of the redox charge with the

concentration and polymerization time of TdT. Efpars show standard deviations of

three independent measurements.
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Fig. 4. (A) Chronocoulometry curves corresponding to défeé concentrations of
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measurements.
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Fig. 5. Electrochemical response of the developed bioseonsoterferents and target
LPS to examine the detection specificity. Blank tcoin 10 mM PBS (pH 7.4).
Concentrations of all the interferents and LPS #3680 pg mL'. Error bars show

standard deviations of three independent measutsmen

24



Table 1. Comparison between the developed biosensor whigr oeported sensors for

LPS detection.

Sensor Linear Range LOD
Impedance biosensor [26] 0.001-1 ng'L 1 pg mL*
Electrochemical biosensor [13] 0.01-1 ngL 10 pg mL*
Magnetic aptasensor [27] 0.01-100 ng'mL 3.6 pg m*
Colorimetric aptasensor [28] 1-150 ng thL 50 pg mL*
Fluorescent sensor [29] 0.10-1.50 uM 100 nM

The developed biosensor 2.5-1000 pg'mL 1 pg mL?

25



Table 2. Recoveries of the developed biosensor for LPSctlete in real food

samples.
Added Detected Recovery Relative Error
Real Sample

(pg mL*?) (pg ML) (%) (%)
Drinking Water 5 5.6 112 5.2
20 19.5 97.5 3.5
200 186 93 55
600 620 103 4.2
900 826 91.8 4.9

Milk 5 4.7 94 6.3

20 18.4 92 4.1
200 181 90.5 4.7
600 575 95.8 24
900 981 109 3.3

Independent experiments for the measurement of eactentration were performed

in triplicate.
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Highlights:

® A novel eectrochemical biosensor is developed for LPS detection.

® The biosensor is based on collaborative amplification of dual enzymes.

® The biosensor shows high sensitivity, specificity and acceptable reproducibility.

® [ PSisdetected effectively in real food samples by the biosensor.
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