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Abstract. Nucleoside diphosphatase kinase A (NDPK-A) is a astasis-suppressor protein and a
biomarker that act on a wide range cancer cellmhdit the potential metastasis. Herein, we presen
simple photoelectrochemical immunosensor based @ @anorod arrays for the sensitive detection of
NDPK-A. The ZnO nanorod arrays cosensitized wittSGthnoparticles and Mhdisplayed a high and
stable photocurrent response under irradiationerAfinti-NPDK-A nanobodies were immobilized to the
ZnO nanorod arrays, the proposed immunosensor eartilized for detecting NPDK-A by monitoring the
changes in the photocurrent signals of the eleetnmbulting from immunoreaction. Accordingly, the
well-designed immunosensor exhibited a low limitdgftection (LOD) of 0.3 pg mtand a wide linear
range from 0.5 pg mt to 10ug mL™. The Rof the regression curve is 0.99782. Meanwhile, ghed
stability, reproducibility and specificity of thesulting photoelectrochemical biosensor are dematest. In
addition, the presented work would offer a novel aimple approach for the detection of immunoreadti

and provide new insights in popularizing the disgjs@f NPDK-A.
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1. Introduction

Nucleoside diphosphatase kinase-A (NDPK-A) is erdolly the NM23 gene (non-metastasis 23rd),
which is associated with propensity and severity atif kinds of tumor cells[1-5]. Recent research
demonstrate that NDPK-A is a metastasis-supprgesoein that act on a wide range cancer cells hin
the potential metastasis[6]. Moreover, the expoesf NDPK-A shows positive correlation with the
deterioration of lung cancer [7] and non-hodgkimphoma (NHL[8]). It is obviously overexpressed in
hematologic neoplasms than normal blood cells[@f high level of NDPK-A in plasma indicates a poor
prognosis[10]. Although NDPK-A plays an importaoter in metastasis and oncogenesis, no other eféecti
method except enzymelinked immunosorbent assaySi&)l has been found for accurate detection of
NDPK-A[11]. Despite there are many merits of ELISis still limited by elevated background signdtsy
sensitivity and relative high LOD. Besides, althbugtroducing enzyme as a label could amplify the
detection signal, yet it also complicated the ofegaprocedure, which increased the time and cost
simultaneously. To this end, it is essential ancm@@ncy to establish a new label-free method, widch
ultrasensitive, simple and low-cost, for quantitatdetermination of NDPK-A.

Photoelectrochemical (PEC) immunosensors have oleselrapidly in recent years[12-14]. The PEC
detection signal is independent of the excitatimurse, reducing the undesired background noises
significantly[15]. PEC immunosensors are also Idle#, which makes the experimental processes
time-saving and low-cost [16]. In a typical PEC ionmosensor, an antibody is immobilized onto theasiaf
of an electrode. By measuring the photocurrentaesp after the specific immunoreaction between the
antibody and antigen (analyte) of different concatidns, the correlation between the photocurrendtthe
concentration of the analyte can be determined.afgily, optoelectronic material plays the rolesotil
during the construction of PEC sensors. Among varkinds of photoactive materials, ZnO is widelgdis
because of its high performance in chemical stgbiind biocompatibility. Additionally, under the
appropriate condition, it qualified be fashionedoirall sorts of shapes within nano-scale, such as
particle[17], schistose[18], flowerlike[19], siphate[20], and rods[21] et.al. One—dimensional stm&c{1D)
like tubes or rods are quite beneficial for PEGalgamplification[22-23], for the reason that 1Rusture is
more in favor of electron transfer via micrometeale axial length while in the meantime enablelitate
the charge separation effectively across the natesrseale diameter[24]. Nonetheless, the ZnO hagab
drawbacks limiting its application in PEC, for Zn&th a wide band gap can only absorb the UV light,
which restricts the efficiency of photon-to-chamecess[25]. Therefore, it is highly promising ssemble
a cosensitized structure that is composed of a Wwatel gap semiconductor and a photosensitizer whose
band gap is relative smaller and CB is low poténtia

Nanobodies (Nbs), also termed as Variable domdihgavy-chain antibodies (VHH) [26], is a unique
type of conventional antibody fragment and natyrall the serum of camelidae. It is the smallestvkmo
antigen-binding antibody fragment~15 kD)[27], and has aroused a progressively atiantin



immunosensor for higher binding specificity andagee thermal stability[28-29], with hydrophilic rdee
substitutions in the framework-two region, it derstwates a more soluble ability and a lower tenddaocy
aggregation than conventional antibody[30]. Witlesth benefits, Nbs are more suitable than normal
antibodies in the next fluorescent competitive ilmmgensors.

Herein, we report a label-free and sensitive PE@iumosensor for NDPK-A based on anti-NDPK-A
nanobody immobilization method. In this work, a Zn@norod arrays/CdS:Mn cosensitized structure was
utilized to detect the immunoreactions betweenbanly and antigen. To test the performance of the
immunosensor, samples with different concentratioh®§dDPK-A were introduced and the photocurrent
signal changes were recorded. This PEC immunosexduabited high sensitivity, stability, reprodudityi
and specificity.

2. Experimental Section
2.1. Materials and Reagents

The fluorine-doped tin oxide (FTO) conductive glagsre purchased from Zhuhai Kaivo Electronic
Components Co., Ltd. (sheet resistance <15 ohm, €hina).3-aminopropyl triethoxysilane(APTES),
Chitosan powder (CS)Bovine serum albumin BSA) were all obtained from Sigmaldrich(USA).
Glutaraldehyde (GA, 25% aqueous solution) was aget from Alfa Aesar(USA). Hexamethyleneteramine
(HTM) was obtained from Aladdin (China). Zinc adetd Zn(CH;COO), zinc nitrate (Zn(NGOs),),
manganese acetate (Mn(AL)Cadmium nitraté Cd(NGs),), sodium sulfidg NaS), were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China). ADPK was purchased from Millipore (USA). Human

chorionic gonadotropin (HCG), prostate-specificiget (PSA) anda-fetoprotein (AFP) were obtained

from Shanghai Ruiqi Biological Technology Co., L{&hanghai, China). Unconjugated oestriol antigen
(UE3) were purchased from Abcam, Inc. (America)e Hmti-NDPK-A nanobodies were provided by Pro
Y.K.Wan (Shanghai Institute of Materia Medica, Gisa Academy of Sciences). All other reagents wkre o
analytical grade and were used as received. Aleagsl solutions were prepared with deionized wadér (
water, 18.2 M/cm, Thermal, USA)
2.2. Apparatus

UV-vis absorption spectroscopy was taken on a Cary sed@dJV-vis spectrophotometer (Agilent,
Singapore). The photoluminescence (PL) spectra weeeformed by fluorescence spectrometer
(Fluoromax-4, Horiba Jobin Yvon, Japan). Morpholagyd size of the ZnO nanorods and ZnO/CdS:Mn
electrodes et.al were examined on Ultra Plus fegfdssion scanning electron microscopy (SEM, Zeiss,
Germany) and Transmission electron microscopy (TERpges were measured on a JEM-2100
field-emission electron microscope (JEOL, Japamgraacceleration voltage of 200 kV. Energy dispersi
X-ray spectra (EDX) were taken on Ultra Plus fieltiission scanning electron microscope (SEM, Zeiss,
Germany). X-ray diffraction (XRD) was performed @ D8 Advance diffractometer equipped with



high-intensity Cu K& radiation A = 1.54178 A) (Advance, Bruker, Germany), and thiaaeere collected

in the @ range of 10-90° at a step size of 0.02°.

Determination of photocurrent were carried out wahCHI 660C electrochemical workstation
(Chenhua, Shanghai, China) in a conventional thteetrode system in a quartz tank composed of the
modified FTO electrode with an area of 0.7%cas a working electrode, an Ag/AgCl (saturated KCI)
electrode as the reference electrode, and a phatwive as a counterelectrode. A white light Xe lasoprrce
of 150 W (Beijing NBeT Co., Ltd.) was used as thiadiation source. The illuminating light intensityas 1
sunillumination, estimated by a radiometer.

Electrochemical impedance spectroscopy (EIS) wadomeed on Gamry660 electrochemical
workstation(USA) in a 0.1M PBS(PH 7.4) solution taning redox probe, which were 0.1M KCI and
K3[Fe(CN))/K4Fe(CN)] (2 mM, 1:1) mixture ,with a three-electrode systel'he impedance spectra were
recorded at an open circuit potential of 0.2V(VSE$ with an amplitude of 10 mV over a frequencygan
from 0.01 Hz to 100 kHz.

2.3. Preparation of ZnO/CdS:Mn Electrode

The FTO electrode were cut into pieces of 0.7cntm,land then ultrasonically cleaned in 1M KOH,
acetone, ethanol and deionized (DI) water respelgtivWell-aligned ZnO nanorod arrays (ZnO NAS) were
prepared according to the literature method withrapriate modifications. Firstly, A NaOH solution i
methanol (0.03 M) was added slowly to a solutiorziot acetate dihydrate (0.01M) in methanoi: (4=
52:100) at 60 °C with intense stirring for 2 houf$ie resulting sol is colorless and transparend, the
nanoparticles are spherical and stable for at lma@stweek in solution. Then, the pretreated FTOteldes
were immersed in the zinc oxide sol and quicklylgmilout after 10 seconds, following 3 times anchthe
annealed at 150 °C for 1 hour to form seeds. Tlegss was repeated by 5 cycles. Secondly, the FTO
substrates with ZnO seeds were placed in sealkxh tefactor, containing 0.025 M Zn(Nf@ and 0.025 M
hexamethylenetetramine, followed by heating at @5dr 2—-8 h to grow the oriented ZnO nanorods. The
products were washed with DI water several timedissolve the surfactant and the residual saltthad
dried at 60 °C.

In order to obtain the complex of ZnO/CdS:Mn, swstee ionic layer adsorption and reaction (SILAR)
technique was adopted. The FTO with ZnO nanoroe/auwere dipped into 0.1 M Cd(N)R mixed with
0.08 M Mn(Ac) methanol solution for 2 min, washed with ethanad ghen immersed into 0.1M aqueous
solution of NaS for another 2 min ,again rinsed with ethanol. &beve cycles were repeated by 2-16 times.
The products were dried at 60°C reserved to use.

2.4, Fabrication of the Photoelectrochemical Immungensor

The fabrication procedure of the immunosenor issshim Scheme 1. Briefly, chitosan (CS) solution
(0.05 wt %) was prepared by dissolving chitosan genvwn 1% acetic acid. Forty microliters of CS swin
was dropped onto ZnO/CdS:Mn electrode and drieadriiThe ZnO/CdS:Mn/CS electrode was washed with
1 M NaOH and deionized (DI) water, respectivelyeitthe electrode waslanized by immersing in 10%
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3-aminopropyl triethoxysilane (APTES) anhydrousaetl solution overnightThe as-prepared silanized
ZnO/CdS:Mn/CS reacted with anti-NDPK-A nanobodilbg) solution (1g mL™) via a linker chemistry
using a solution of glutaraldehyde (GA 2.5%uP}h the resulting electrode was incubated at 4 Qi
moisture atmosphere to avoid solvent evaporatidter Ancubation for 16h, the electrode was rinsethw
PBS (0.01M, PH7.4) thoroughly to remove physicalysorbed Nbs. Subsequently, the electrode was
covered with 20uL of blocking buffer solution(1% BSA in 0.01M PB®H 7.4) for 30min at room
temperature to block nonspecific binding sites améshed with the PBS thoroughly. The
FTO/ZnO/CdS:Mn/CS/APTES/GA/Nbs/BSA electrode (h&teracalled ZnO/Nbs electrode) was used as a
photoelectrochemical (PEC) immunosensor and inesbat NDPK-A (Antigen, 251L) solution with a
variety of concentrations for 40 min. Finally, tleéectrode was rinsed with PBS, and introduced into
respective PEC measurement.

2.5. Photoelectrochemical Detection.

The antigen (NDPK-A) was analyzed with the concaitn from 5 pg mL to 10 mg mL}, and each
concentration of the sample was tested 5 times. CHfieration curve was obtained according to linear
relationship between the photocurrent differened) (and the logarithmic value of the NDPK-A
concentrationThe Al means the difference between the ZnO/Nbs eleetbafore and after being incubated
with NDPK-A. Photoelectrochemical detection was carried oub@inrtemperature in PBS (pH 7.4, 0.1 M).
Xe lamp was utilized as excitation light at 1 slianmination and was switched on and off every 15
applied potential was 0.2 V.

2.6. Preparation of Clinical Samples.

Human serum specimens are sampling from healthyrdoat the Second Affiliated Hospital of
Southeast University, Nanjing, China. The serum wpiked with different concentrations of the target
antigen and measured by the same procedure agpliddDPK-A detection above. In order to cover the
wide linear detection range of the proposed immansar, the serum were used either as receivedubedi
appropriately with 10 mM phosphate buffer solut{prl 7.4) before assay.

3. Results and discussion
3.1. Characterization of ZnO nanorods and FTO/ZnO/@S:Mn electrode

The ZnO nanorod arrays (ZnO NAs) were synthesihedugh a two-step hydrothermal process and
ZnO /CdS:Mn nano-composites were synthesized bgessove ionic layer adsorption and reaction (SILAR)
method[31-32].

The as prepared ZnO NAs were highly uniform andiearto the substrates. The morphology of the
ZnO NAs was characterized by scanning electronosgopy (SEM) and transmission electron microscope
(TEM). From the top view of sample (Fig.1A), theusture of the ZnO NAs was hexagonal prism with an
average diameter of 60-90 nm. The side-view imagebe ZnO NAs sample (Fig.S1A) confirmed that all
nanorods grown almost perpendicularly from the FSistrate with a length ofufn. The hexagonal
structure of ZnO nanorods was also demonstrated-tgy diffraction (XRD) analysis of ZnO nanorods
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(Fig. S1B). All of the diffraction peaks from th&@ NAs samples are in good accord with the wurizipe
ZnO (JCPDS No. 36-1451).

After CdS:Mn deposition, it could be seen that dhginal smooth nanorod arrays surface(Fig.1B) are
almost completely covered with CdS nanoparticles@ig). According to the TEM image of ZnO/CdS:Mn,
the thickness of the CdS shell is estimated to ®@@0nm(Fig.1D) and the size of CdS nanoparticles wa
estimated to be 155 nm. The energy dispersivetsmeopy (EDX) of the ZnO/CdS:Mslectrode shows
that the Zn, Cd, S and Mn elements were all homegesly distributed in the electrode surface(Fig.S2)
indicating the successful deposition of CdS patic@nd Mf' ions.
3.2.Photoelectrochemical Properties of the FTO/ZnO/Cd3n electrode

This three-dimensional (3D) nanostructures of Zr&danod arrays increased the specific surface area
enable loading more biomolecule. The ZnO nanoroas provide fast charge transport through the
micrometer-scale axial lengths[33], which conséitua stable photocurrent upon irradiation. Allledde are
the elements sufficiently affirmed ZnO nanorod gsrs an appropriate choice as the carrier of PES@'s.

ZnO/CdS: Mn cosensitized structure was used a®H@ matrix for the biosensing electrode. Highly
ordered ZnO NAs electrode has photoelectric agtilarge surface area, biocompatibility, high sigband
low cost, which is suit for PEC detection. Howeymire ZnO possesses a wide band gap (about 3.2reV)
it can only absorb ultraviolet light. The wide bagab and the poor utilization of light energy lintg use in
PEC biosensors. Enhancing photocurrent response rashgcing electron-hole recombination require
combining ZnO with other materials with narrow bagap to form a cosensitized structure[34]. The band
gap of CdS is about 2.4 eV[35]. Covering ZnO NAshwCdS can adequately utilize the light energy and
significantly promote the photocurrent intensity[38In®* can be introduced into CdS to form the CdS:Mn
doping structure. The lifetime of electron-holeambination for CdS:Mf is hundreds of microseconds
which is much longer than that of CdS only (dozehs:ianoseconds)[37]. The photocurrent response of
FTO/ZnO and FTO/ZnO/CdS:Melectrode was shown in Fig.2A. Upon irradiationhwisible light at 1
sun illumination, the FTO/ZnO electrode showed atpburrent of 26.18A at an applied potential of 0.2V,
whereas the FTO/ZnO/CdS:Mrectrode possessed a photocurrent of 1044&0which is improved by
approximately four times at same conditions. Theultewas attributed to the improvement of electron
transfer via the strong electronic coupling betwéen excited state of CdS:¥fhand the conduction band
(CB) of ZnO. The photocurrent generation mecharo$itine FTO/ZnO/CdS:Mis illustrated in Fig.2B. To
be specific, the lowest CB of CdS is -3.98 eV[3#hjich lies more negative than the CB level of Zr@Q19
eV)[39]. Upon irradiation, the photoinduced eleosavould quickly transfer from the CB of CdS to B
of ZnO and subsequently flow to an external cirafitthe PEC system through the conductive FTO
substrate. Meanwhile, holes in the ZnO valence I§&ii] -7.39 eV) would transfer to the VB (-6.38 edf)
CdS and combine with the electrons from the oxaabf HO[38, 39]. Owing to the perfect matching of
energy levels between the two semiconductors, llegogurrent intensity was greatly improved.

The combination of ZnO and CdS could expand thgeaf light absorption, which can be proved by
the UVwis spectra of ZnO/CdS. The WWs spectra of the ZnO, CdS and ZnO/CdS:Mn was showig.
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S3A. Since the pure ZnO can only absorb ultravibggtt, achieving the maximum absorption at 359nm.
After CdS were deposited, the light absorption eamgpanded to visible light region. The absorption
wavelength of the ZnO/CdS:Mn composites startethfB30nm to 500nm, and the peak shifted to 386nm,
which indicated a more effective utilization of lake light and increasing photocurrent responseotAer
reason for the improvement of photocurrent respa@asebe attributed to the decline of radiative siton

of the composites which is confirmed by fluores@spectrum (Fig. S3B). Owing to the heterojunction
structure formed by ZnO and CdS:Mn, the originabfescence emission of ZnO occurring in 383nm was
guenched, suggesting the radiative transition o© Zzmansformed into the electronic energy, which is
beneficial to the enhancement of photocurrent nes@o

In order to get the maximum photocurrent intengitg, growth time of ZnO nanorods by hydrothermal
reaction and the number of SILAR cycles were opmedi Fig.S4A shows the effect of hydrothermal
reaction time on photocurrent response. In thenmagg, the current was enhanced with the incredse o
hydrothermal reaction time and reached a peak wahen the hydrothermal time is 3 hours. After ferth
increase of the hydrothermal reaction time, thet@twarent intensity gradually reduced. During tlaelye
period of ZnO nanorod formation, the ZnO crystatevereferred to grow along with the C axis, whietm c
be confirmed by the 002 peaks in XRD of ZnO (FijBp At this stage, the growth rate in C axis wastdr
than that in other orientation and the height o©Zmanorods increase with the reaction time. Aféacting
for 3 hours, the growth rate in diameter would extéhe rate in height and the diameter of ZnO rad®r
increased obviously with the reaction time, thudueng the specific surface area of ZnO nanorotie T
ZnO nanorods became too thick to transfer electrdhsis, 3 hours of time is chosen for hydrothermal
reaction. The number of SILAR cycles is anotherantgnt factor for photocurrent intensity. The defpos
of CdS:Mnonto FTO/ZnO substrate was carried out by a cytlevo steps: the FTO with ZnO NAs was
dipped into 0.1 M Cd(NO3)mixed with 0.08 M Mn(Ac) methanol solution and then into 0.1M aqueous
solution of NaS, respectively for 2 min. As shown in the Fig. S#Hi# photocurrent response was enhanced
with the number of SILAR cycles before 10 cyclesring this stage, more CdS:Mnoparticles were
deposited onto the ZnO nanorods as the SILAR cyotesased, which enhanced the photocurrent respons
After 10 cycles, the photocurrent response decdease¢he SILAR cycles increased. It is becausexkess
CdS:Mnnanopatrticles formed on the surface of ZnO woulthrge the diffusion resistance for electron
transfer and cause the decline of the photocurfémis, 10 cycles is chosen as the optimized nuraber
SILAR cycles.

3.3. Characterization of the Immunosensor Fabricatn.

The construction of the PEC immunosensor is shawscheme 1. After FTO/ZnO/CdS:Mn electrode
was prepared, chitosan (CS) and (3-aminopropybthoixysilane (APTES) were constructed onto the
ZnO/CdS:Mn nanorod arrays to supply amidogen fowobadies (Nbs) coupling. After that, glutaraldehyde
(GA, 2.5%) was employed to crosslink with the NDRKspecific Nb, and bovine serum albumin (BSA)
was used to block the nonspecific binding sites. e Th as-prepared
FTO/ZnO/CdS:Mn/CS/APTES/GA/Nbs/BSA electrode (h&teracalled ZnO/Nbs electrode) was used as a
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PEC immunosensor.

The construction of the PEC immunsensor is primautilized the Strong metal oxide support
interaction (SMOSI)[40-41] between the FTO and Zmi& Vander Waals forces and Hydrogen bond[42]
between the CS film and ZnO nanorod arrays. TheNIDPK-A Nbs were coupled to the animo group of
APTES via glutaraldehyde and Nbs that could speadlff recognize corresponding antigen.

The SEM, UV-Vis spectra and other characterizaiooh as EDX can be used to judge whether the
ZnO/Nbs electrode is successfully fabricated. Wilem ZnO/CdS:Mrsequentially modified with CS,
APTES, Nbs and BSA, it could be found that the whBahO nanorod assay nearly connected with each
other and form a near-net-like pore structure(fg,. Which made a substantial decrease of the pleativie
material’s surface area where should been recdluasnation , resulting in the decline of the pbotrrent.
From (Fig.1F) it can be seen that on the modifiedteode, there are C, Zn, Si, O, Cd, S, Mn etahents,
which can partly verify the successful modify o thnO/Nbs electrode.

EIS is an effective method to monitor the fabrigatprocess of the PEC immunosensor.[43] As shown
in Fig.3A, the Nyquist plots of each electrode itveal during every construction step reflect thesifeice
properties of the electrodes. The diameter of émiarcle equals the electron transfer resistaRgg ¢f the
redox probe and reflects the restricted diffusiérihe redox probe through the multilayer systenates
directly to film permeability. Bare FTO electrodehéited the lowest R (curve a). After the hydrothermal
process, the semiconductor ZnO hindered the elettamsfer between the electrode and redox prdiee, t
FTO/ZnO NAs exhibited a larger semicircle (curve After the deposition of CdS and Kirthe R.at the
liquid-surface interface was further increasedjdating the successful immobilization of CdS and®Mn
Subsequentlychitosan, APTES, Nbs and BSA were constructed ensthiface of ZnO nanorods step by
step, and the &of each related electrode increased correspondieglye c to g), owing to the insulating
property of chitosan, APTES and protein. Finalljjen the NDPK-A was immobilized to the electrodes
through the specific binding between the antigeartbbody, the Rincreased to more than 10@®@insert
figure). Due to the elevating hindrance effect amilating effect introduced by the polymers anoktgns,
the increasing R of the electrods suggested a successful formatictnO/CdS:Mn/CS/APTES/GA/Nbs/
NDPK-A bioconjugates and stepwise fabrication &f pinoposed biosensor.

The construction of the immunosensor could alsordfkected by the corresponding photocurrent
response which was shown in Fig.3B. Upon irradmatigth visible light at 1 sun illumination, the leaFTO
substrate only exhibited a low photocurrent ofADAfter the ZnO nanorods grown on the FTO surfaice,
photocurrent increased obviously to 26.13%A0indicating the ZnO nanorod array is an idealtpktectric
material for the construction of PEC immunosenafter CdS:Mnwere deposited, the electrode generated a
peak photocurrent of 1.04xt@ which was 3.2 times higher than that of FTO/Zelectrode. As expected,
the successive immobilization of CS, APTES, NbsABS the electrode reduced the photocurrent gradual
After blocking with BSA, the as-obtained immunosan@as incubated with the antigen NDPK-A and the
photocurrent intensity further decreased. Suchedes&s in photocurrent could be explained by thiettiat
the protein NDPK-A with large spatial dimensiondured steric hindrances against the diffusion £ itb
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the photogenerated holes on the electrode intedadereduced the light-absorbing area of photoseasi
materials such as ZnO and CdS:Mn. As control erpant, the ZnO/Nbs electrode was incubated in 0.1M
PBS solution without antigen NDPK-A, the test catres approximate 48A which is almost the same as
that of the ZnO/Nbs electrode. All of the resulesrmbnstrated that the PEC immunosensor is succlyssful
fabricated and can be used to detect NDPK-A quaivily.

3.4.Quantitative determination of NDPK-A

After NDPK-A were specifically bound with the ZnQshl electrode, the photocurrent response of the
electrode decreased and the degree of photocuesminse decrement is related to the concentration
NDPK-A. Thus, a sensitive label-free method formjitatively detecting NDPK-A can be achieved by
tracking the final photocurrent variation to monite immunoreaction extent of NDPK-A and Nbs oa th
biosensor. Fig.3C displayed the typical photocurresponses of the PEC biosensor in the presence of
different concentrations of NDPK-A, whereas Fig.&ibws the derived calibration curve. The decrease i
photocurrent is dependent on the concentration@P KA. The variation of photocurrent intensity
decreased is linearly proportional to the logaritinthe concentration of NDPK-A in the range frotb fg
mL™"to 10ug mL™. The regression equation wals22.382+5.947 log &, (ng mL™), with the correlation
coefficient of 0.99782. The limit of detection (LYB 0.3 pg mL* (S/N=3). The limit of quantification
(LOQ) is 0.99 pg mL* (S/N=10).

3.5. Stability, Reproducibility, Specificity and Real-Sanple Analysis.

Stability of the proposed immunosensor was invastid by two tests. After the ZnO/Nbs electrode
was incubated with 10ng MLNDPK-A, a 800s test of photocurrent response \aéert. As shown in
Fig.4A, there is no obvious fluctuation during 8@0s test, indicating that the biosensor is stabtaigh for
the whole process of PEC detection. The long-titaeage stability of the proposed immunosensor vss a
investigated. The ZnO/Nbs electrode was storeddark and moist atmosphere environment at 4°Cyer o
for different periods before the PEC detection ®hd. mL* NDPK-A. As shown in Fig.4B, 89% of the
initial signal was still remained after stored éer 4 weeks, which illustrated the good storagbibty and
its value in practical applications.

The reproducibility and precision of the proposeuiiunoassay was estimated by both intra-assay and
interassay relative standard deviation (RSD). Aredy from the testing results with five parallel
determinations, the intra-assay RSDs were 2.3%83ahd 3.7% toward 0.05, 0.5, and 5 ng huf target
antigen (NDPK-A), respectively. The interassay R®D2.9%, 3.9%, and 3.4% were acquired by detecting
the same samples with five electrodes fabricatel@pandently under identical experimental conditions
These results suggested a satisfactory reprodiigidiid precision of this immunoassay.

Since specificity is a serious problem hinder tbgadopment of the biosensor, because it’s diffitmilt
distinguish the nonspecific adsorption from spedifiinding, which affect the sensitivity and accyrat the
detection results. In order to confirm that the tpltectron signal variation is originated from gfiec
reaction between the antigen and antibody, spégitexperiment was investigated by comparing trsilte
response in the same condition with some representantigen instead of NDPK-A, such as HCG, PSA,
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AFP, uE3 and their mixture with NDPK-A. The conaatibn of the rest antigen is 100ng rhlwhich is 10
times higher than the target antigen (10 ng*jnThe results were displayed in the Fig.4C. Aseexed,
after rinsing with PBS, the electrode incubatedhwihe rest antigen exhibited a low response of
photocurrent, and the value is similar to the qura probe incubated in a solution only containPigS.
Comparing with the target antigen, the currenteddhce Al) is low to the extent that could be ignored,
even if the concentration is 10 times. When 10 mgPK-A were added to the mixture of four different
interfering antigen, no significant difference abible found contrast to the response obtained iprimence

of 10 ng mL* only. All the results declared that the immunoseris high selectivity and stable enough for
NDPK-A detection, what's better, it shows a potehith practical application.

Finally, a significant and challenging factor foDRK-A analysis is the applicability in complex
biological matrixes. 10QL standardized human serum (diluted in 1:10 ratith whe PBS buffer) samples
spiked with 0.03, 0.1, 3, 10 and 200 ng NDPK-A extjwvely and were analyzed with the proposed method
Each concentration of the sample was tested 5 tifitess results were shown in Table 1 and exhibitadlg
recoveries varied in the range of 95.7% to 108.IT%e relative standard derivations (RSD) were from
3.42% to 6.35%, indicating that our method had hpghcision and good reliability for detection of
NDPK-A in real examinations and held great potériiaclinical analysis.

4. Conclusions

In this work, wedeveloped a label-free photoelectrochemical immensars for sensitive NDPK-A
determination via specific binding between NDPK-+#daanti-NDPK-A Nbs which were immobilized on
ZnO NAs electrode. The ZnO NAs displayed a high stadble photocurrent response under irradiation due
to their large surface area and ordered nano-acthie. The photocurrent response was improvedéy t
consensitizing ZnO NAs with CdS nanoparticles anifMas the result of the perfect matching of energy
levels between ZnO and CdS, expanding absorptioliglf energy, fast electron transfer, and effextiv
inhibition of charge recombination. After immobaizon of anti-NDPK-A Nbs on the ZnO/Nbs electrode
surface, a highly sensitive PEC immunosensor wihoad detection range and a low detection limBg0
mL™) has been achieved, which also reveals high spiggifo NDPK-A. What's more, comparing with
conventional detection methods, the PEC biosenased on nanobodies exhibited longer shelf life,emor
accuracy in test and more relaxed operating enwissrt, which offers a tremendous advance in
immunoassay and provide the possibility of clinii®PK-A diagnosis.
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Scheme 1. Schematic representation of constructigmocess of the PEC immunosensor.

Figure.1. SEM image (A) and TEM image (B) of the FD/ZnO NAs; SEM image (C) and TEM image (D) of
FTO/ZnO/Cds:Mn electrode; SEM image (E) of FTO/ZnOLdS:Mn/CS/APTES/Nbs/BSA electrode and (F) the

corresponding EDX analysis.

Figure.2. (A) Photocurrent intensity of FTO/ZnO NAs and FTO/ZnO/Cds:Mn electrode and (B) Mechanism of

photocurrent generation and electron-hole transfein the FTO/ZnO/Cds:Mn PEC System.

Figure. 3. Nyquist plots of EIS (A) and the correspnding photocurrent responses (B) of the electrode&@)bare FTO,
(b)FTO/ZNO, (c)FTO/ZNnO/CdS:Mn, (d)FTO/ZnO/CdS:Mn/CS, (e)FTO/ZnO/CdS:Mn/CS/APTES,
(FTO/ZNO/CAS:Mn/CS/APTES/Nbs, (g)FTO/ZnO/CdS:Mn/CS/APTES/Nbs/BSA,
(h)FTO/ZNnO/CdS:Mn/CS/APTES/Nbs/BSA/Ag. (C) Photocurent responses and (D) corresponding calibration
curve of the PEC immunosensor in the presence offtérent concentrations of NDPK—A from 0.5 pg mL™* to 10ug
mL ™. TheAl is the difference between the PEC immunosensor fiee and after being incubated with NDPK-A. The
insert function is the linear relationship between the photocurrendifference (Al) and the logarithmic value of the

NDPK-A concentration. R?represents the correlation coefficient.

Figure.4. Stability test of the PEC immunosensor @ photocurrent response of detection probe incubatewith
10ng/ml NDPK-A (A) in a PEC test of 800s and (B) a PEC test during four weekgC) The selectivity test by
comparing theAl of 10ng mL™ target Ag with the interfering antigen (100 ng mL) and the mixed solutionAl is the
photocurrent difference between the detection probbefore and after the incubation with NDPK-A or interfering

antigen respectively.

Table 1. Recovery results of NDPK-A added in realssnples
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Table 1. Recovery Results of NDPK-A Added in Realénples

Sample No.  Added(ng mt) Found(hg mL?Y) Recovery (%) RSD(%,n=5)

1 0 - - -

2 0.03 0.029 95.7 6.35
3 0.1 0.11 106.0 5.72
4 3 3.24 108.1 3.98
5 10 10.05 104.5 3.42

6 200 197.97 98.99 4.17
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Highlights

® A photoelectrochenmical immunosensor based on ZnO NAs and NBs was
fabricated

® Cosensitized structure of ZnO NAs, CdS and Mn improved the photocurrent
response

® Anexcellent sensitivity and selectivity of NDPK-A detection was obtained



