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Abstract

A “signal-on” photoelectrochemical (PEC) immunosandor highly sensitive
detection of Human Epididymis Protein 4 (HE4), avreerum biomarker of ovarian
cancer with small molecular weight, was fabricabgdcoupling the porphyrin-based
metal-organic framework (MOF) nanosphere (NPCN-224) Nanobody (Nb). To
label the Nb, the nPCN-224 with an average siz&6if-200 nm was prepared by
solvothermal method. The mechanism for the photeotirgeneration of nPCN-224
was systematically investigated, showing that tlesalved Qin aqueous solution
participated the charge separation and transpaomgluhe photoelectric conversion
by generating @ , which resulted in a 6-fold enhanced photocurrentusing
ascorbic acid as the,O scavenger. Moreover, the inherent structural ptrosi
nPCN-224 demonstrated advantage for reactant aloidtiégsDue to the superior
properties of nPCN-224, and the high specificityd aaffinity of Nbs, the
immunosensor exhibited a broad detection range ftd8 pg-mCto 10.0 ng-mt*
and a detection limit of 0.560 pg- MLlower than most methods reported before. The
immunosensor could clearly distinguish ovarian eangatients in different stages
from healthy individuals, and the as-obtained rssatatched well with those by
traditional electrochemiluminescence immunoassathoakfrom the hospital. This
work would open a new avenue for PEC immunosensoctinical diagnostics and

evaluation of potential clinical efficacy.

Keywords. metal-organic framework, photoelectrochemical, imesensor,

2



Human Epididymis Protein 4, Nanobody

1. Introduction

Among the common malignant tumors of female repctida organs, ovarian
cancer remains a major cause of death in gyneaabgialignancy of women [1].
More than 60% of patients are diagnosed at advasizeg, that is, stage Ill or later,
with a 5-year survival rate of about 46%. Howetleg 5-year survival rate can be up
to 92% when the diagnosis occurs at stage |. Huepaidymis protein 4 (HE4) has
recently emerged as a new serum biomarker of avarancer with a molecular
weight of approximately 25 kDa [2], which shows gweinance for the early
diagnosis of ovarian cancer and is impervious ® rtfenopausal status[3-5]. Thus,
developing highly sensitive and selective analytisathods with high reliability is of
critical significance in the early cancer diagnosis

Current methods for the detection of HE4 includeyeme-linked immunosorbent
assay (ELISA), electrochemical immunosensor, chemihescent immunoassay,
electrochemiluminescent immunoassay, radioimmurmayasslocalized surface
plasmon resonance (LSPR) biosensor, molecularlyimntipg sensor , and optical
assay and so on [2, 6-13]. For instance, Hellat developed a noninvasive detection
via an optical nanosensor implant [11]. Zheng etdakigned an ultrasensitive
electrochemical immunoassay based on Cargo reldem® nanosized PbS
colloidosomes [14].

As an emerging bioanalytical technique, photoetettemical (PEC) bioanalysis,



which combines photochemistry and electrochemidias drawn much attention
recently [15-18], since it not only equips with nteof low cost, simple instrument
and high selectivity, but also shows advantageshigh sensitivity and low
background resulting from the separation of exicitalight source and readout signal
[19-21]. As one of critical factors for PEC bioaysb, PEC active species have been
extensively exploited for use, including metal-@ning semiconductors such as
TiO,, ZnO, WS nanosheet, CdS and carbon-nanomaterials etc.gRZar instance,
Li et al recently developed a “signal-off” PEC imnasensor for HE4 by using WS
nanosheet as probes [29]. Nevertheless, it is sslential to develop more
photoactive materials with high PEC performancaiuees of environmental benign
and easy biofunctionalization for further applioas of PEC biosensing.
Metal-organic frameworks (MOFs), as an emerging<laf functional materials
with highly ordered porosity and large specific fane area [30-33], have been
extensively applied in PEC biosensing [34, 35],eonffg some interesting and
distinct advantages over other nanoprobes. For pbearhi et al reported a novel
nanocomposite IBABr-Au@Zn-MOF as both the substratgerials and probes for
the construction of a “signal-off” PEC immunoseng8]; Shan’s group reported a
“signal-off PEC sensor using a Zr-based MOF (PCN-222) asdghalgrobe based
on the steric hindrance effect generated by thedoaation interaction between Zr-O
clusters and phosphate groups [37]; Ai and Liu'sugr constructed photoactive
materials for PEC biosensing by using MOFs as acoodation for photoactive

probes such as black TiGnd Ru(bpyy" [38]. Among them, MOFs have been
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usually applied as both the substrates and praire'sijnal-off” biosensors due to
the large size of crystalline MOFs, or as hostgstieraccommodation of photoactive
dyes thanks to its high porosity. However, the figigon” PEC biosensor using
nanoscaled MOFs as photoactive element has besomseéported [39].

Herein, by choosing carboxyl groups-functionalizedrphyrin as ligands, a
porphyrin-based MOF nanosphere (nPCN-224) was epps a PEC probe for a
“signal-on” PEC immunosensor for the detection &4H(Fig. 1). The MOFs with
carboxyl groups-functionalized porphyrin as ligarade expected to show not only
excellent photoelectric activity, but also a frigndbiointerface for further
biomolecules conjugation in biosensing. Since HB4 & relatively small molecular
size (with a molecular weight of approximately 2Baj, the immunoassay using
Nanobody (Nb, with a molecular weight of 12~15 kDa¥tead of conventional
monoclonal antibody (mAb) would result in a highhsigvity [40, 41]. The PEC
immunosensor by using nPCN-224 as a PEC probe asdabl recognition units not
only showed superior sensing performance so fat, dso demonstrated high
reliability for practical assay of HE4 level in bospiked samples and real clinical
specimens. This work would open a new avenue ®future clinical diagnostics and

evaluation of potential clinical efficacy.
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Figure 1. Scheme for the preparation of Nb3@nPCN-224 (a) fahdication of
photoelectrochemical HE4 immunosensor (b).
Experimental Section
1.1 Materials and Reagents

Meso-tetra(4-carboxyphenyl)porphyrin {FCPP), zirconium(lV) oxychloride
octahydrate, superoxide dismutase (SOD), chloroawcid (HAuCk), BSA,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EP@nd N-hydroxysuccinimide
(NHS) were purchased from Sigma-Aldrich (USA). Beioz acid (BA), N,
N-dimethylformamide (DMF), mannitol, acetone, etblarascorbic acid (AA) and
L-Cysteine (L-Cys) were obtained from Sinopharm @lwal Reagent Co., Ltd.

(Shanghai, China). Dopamine (DA) was provided bKJ8hemical Co., Ltd. (USA).
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Carboxyl-functionalized multiwalled carbon nanotsl!WCNTs) and human serum
albumin (HSA) were offered by Nanjing XFNANO Matals Tech Co., Ltd. (Nanjing,
China) and Simmcere Co., Ltd. (Nanjing, China)pessively. Potassium ferricyanide
(KsFe(CN)}) and potassium ferrocyanide 4K (CN)) were offered by Shanghai
Lingfeng Chemical Reagent Co., Ltd. (Shanghai, &hiarcinoembryonic antigen
(CEA) and alpha-fetoprotein (AFP) were obtainearfBeijing Key-Bio Biotech Co.,
Ltd. (Beijing, China).Phosphate buffer solution (PBS), Tris-HCI buffed ansodium
citrate dihydrate (N#&CsHs0;-2H,0) were purchased from Sangon Biotech (Shanghai,
China). Indium tin oxides (ITO, 6.2-6.8/sq) was supplied by Zhuhai Kaivo
Optoelectronic Technology Co., Ltd. (Zhuhai, Chindltrapure water (18.2 K-cm,
Milli-Q) was used for the whole experiments.
1.2 Apparatus

Electrochemical impedance spectroscopy (EIS) warged out on a CHI 660e
workstation (Shanghai, China) using a three-eléetreystem. The counter electrode
was a platinum wire, the reference electrode wasAgfAgCl (saturated KCI)
electrode and the modified ITO electrode was usetha working electrode. PEC
studies were performed with a 150 W xenon lamphassburce of visible light (Zolix
Instruments Co., Ltd., Beijing, China) at room tergiure. The PEC measurements
were performed in 10 mM PBS (pH = 5) containing M1AA at a constant biased
potential of -0.05 V. Scanning electron microsc¢izM) images were obtained from
a Zeiss Ultra Plus (Germany). Transmission electnicroscopy (TEM) images and

high-resolution transmission electron microscopyR{iEM) images were measured
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by a field emission electron microscopy (JEM-21Q8EQL, Japan) at an acceleration
voltage of 200 kV (FEI, USA). Elemental analysisswaecorded on the Oxford
X-Max Energy Dispersive Spectroscopy (EDS) (EngJakbly/-vis absorption spectra
were recorded by a Caryl00 UV-vis spectrophotom@gilent, USA). Powder
X-ray diffraction (XRD) was detected by a SmartL&®) X-ray diffractometer
(Rigaku, Japan). Fourier transform infrared (FTKpectra were performed by a
Nicolet iS10 FTIR spectrometer (Thermo, USA) loadeith an attenuated total
reflection (ATR) setup. Fluorescence spectra wereonded by a FluoroMax-4
spectrofluorometer with the xenon discharge lampitation (Horiba, Japan). The
dynamic light scattering (DLS) technique was usedahalyze the particle size
distribution by a NanoBrook Omni instrument (Broakken, USA). The DFT pore
size distribution and Brunauer-Emmett-Teller (BEU)yface area calculated from N
adsorption-desorption isotherms at 77 K were obthifrom NovawWin 1000e

(Quantachrome, USA).

1.3 Synthesisof MWCNTs-PDA-AuNPs

MWCNTs-PDA-AuNPs was synthesized based on a pesuieport with a slight
modification [42]. Firstly, 10 mg of carboxyl-funohalized MWCNTs were dispersed
in 0.01 M Tris-HCI buffer (pH = 8.5), and followdn)y sonicating for 10 min. Then,
the precipitate was re-dispersed in Tris-HCI buffeid = 8.5) containing 2 mmL™
DA after centrifugation and washing with Tris-HGlffer, and then stirred for 24 h at

the room temperature. Next, the MWCNTs-PDA wasemdéd by centrifugation and



washing with ultrapure water. Afterwards, D of 0.1 M HAuCl,aqueous solution
was added to MWCNTs-PDA dispersion, and subsequénthL of 0.1 M sodium
citrate was added to the above solution drop bp draler stirring. After stirring for 2
h at room temperature, the MWCNTs-PDA-AuNPs nanalgbwere obtained by
centrifugation and washing with ultrapure water.
1.4 Synthesis of NPCN-224 and Nb3@nPCN-224

The nPCN-224 was synthesized according to a pesviiberature with minor
modifications [43]. HTCPP (10 mg, 0.13 mmol), ZrO£8H,0 (30 mg, 0.93 mmol)
and BA (290 mg, 24 mmol) were dissolved in DMF (@0) in a 50 mL Teflon-lined
autoclave and the resulting solution was heate@0&C for 3 h in an oven. After
cooling to room temperature, purple crystals webngaioed by centrifugation and
washing with DMF for several times. The obtainedChNP224 was resuspended in
DMF for further use. To further combine with thebdded Nb (Nb3), 1 mg of
nPCN-224 dissolved in DMF was washed with etharguira firstly. Then, the
obtained nPCN-224 were re-dispersed in 1.0 mL ofnid@ PBS solution, and
followed by sonicating for 10 min. Next, the resut suspension was added into the
freshly prepared 1.0 mL of 10 mM PBS solution comitay 10 mgmL™* NHS and 20
mgmL™* EDC under stirring for 2 h at room temperature undarkness. After
centrifugation and washing with 10 mM PBS solutioine precipitate was
resuspended in 2.2 mL of 10 mM PBS solution comgir?0 ung Nb3and the
suspension was stirred af@ for 12 h under darkness. Afterwards, the pregipitvas

collected by centrifugation and added into 2.0 hil@ mM PBS solution containing
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20 mg BSA with extra stirring at 3T for 1 h. Finally, the obtained Nb3@nPCN-224
was stored at 2C under darkness before use.
1.5 Fabrication of Photoelectrochemical | mmunosensor

Before the surface modification, ITO electrodesevadeaned ultrasonically with
acetone, ethanol and ultrapure water in sequiemc min and then were dried under
N, flow. Next, 10 uL of the obtained MWCNTs-PDA-AuNPs dispersion (0.75
mg-mL?Y) was drop-casted onto the ITO electrode (0.4 xc8) and dried at 37C
in an electro-heating standing-temperature cubivédr 5 h. Afterwards, 1@L of
EDC/NHS solution (10ng-mL*Y/20 mg-mL?Y) as activating agent was drop-casted
onto the electrode and kept at room temperature2fdr. Then, the unreacted
activation agent was washed away by 10 mM PBSisoluand 1QuL of the capture
Nb (Nb2, 10ug-mL?Y) in 10 mM PBS was dropped onto the surface ofthetrode at
4 °C for 12 h. After rinsing with 10 mM PBS solutioh) uL of BSA (1% w/v) in 10
mM PBS was added dropwise onto the Nb2 modified &l€xtrode at 37TC for 30
min to block the non-specific sites. After that, (D of HE4 antigen with various
concentrations was further dropped onto the matliff®© electrode, and incubated at
37 °C for 60 min. Followed by rinsing with 10 mM PBSlsgion, 10 pL of
Nb3@nPCN-224 dispersion was dropped onto the al@eelectrode and incubated
at 37°C for 60 min. At last, the HE4 immunosensor wascessfully constructed after
rinsing with 10 mM PBS solution.
1.6 Detection of HE4 in Spiked Samplesand Real Clinical Specimens

The serum from healthy people was diluted 100 tiosésg 10 mM PBS solution.
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Then the target HE4 was added into the spiked sesamples resulting in 10.0, 0.100
and 1.00 x 18 ng-mL*HE4, respectively, which were analyzed by the &sidated
PEC immunosensor. Furthermore, the immunosensor alss applied for the
detection of HE4 level in the clinical specimernanfrnon-ovarian cancer patients and
ovarian cancer patients, all of which were collddi®m Zhongda hospital. For each
sample, there were three independently repeatedurezaents, and the concentration
of HE4 in these samples was calculated based onc#fieration curve. For
comparison, the detection results were comparedh whose obtained by

electrochemiluminescence immunoassay (ECLIA) frdroryda hospital.

2. Resultsand Discussion
2.1 Characterization of MWCNTs-PDA-AuNPs Nanohybrids.

In order to enhance the performance of the PEC immunosensor,
MWCNTs-PDA-AuNPs nanohybrids showing high condutyivand stability were
chosen as the substrate material to modify the ¢él&trodes and link the capture
antibody Nb2 [42, 44, 45]. The successful prepamif MWCNTs-PDA-AuNPs
nanohybrids were firstly manifested by TEM. As shom Fig. 2A, MWCNTs
exhibited a tubular morphology, and the diameteMd/CNTs-PDA (Fig. 2B) was
much wider than that of MWCNTs (Fig. 2A), which ioated that PDA was
successfully coated onto the surface of MWCNTseAfthe treatment with HAug|
the AuNPs with a diameter of ca. 6 nm were homogeslg anchored on the surface

of MWCNTs-PDA (Fig. 2C, D). The successful syntsesi MWCNTs-PDA-AuNPs
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was also confirmed by UV-vis spectra. As shownim 53, both the MWCNTs and
MWCNTs-PDA showed a broad absorption peak in thelaJV-vis region. While

after the modification of AuNPs, an obvious absorptpeak around 530 nm was
observed, which was attributed to the characteriatisorption of AuNPs. All the
above results demonstrated that the MWCNTs-PDA-AuNRanohybrids were
successfully synthesized, which would be appliedaasubstrate for the further

conjugation of biomolecules, e.g., Nb2.

Figure 2. TEM images of MWCNTs (A), MWCNTs-PDA (B) and
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MWCNTs-PDA-AuNPs (C), and the HRTEM image of MWCNHBA-AUNPs (D).

2.2 Characterization of nPCN-224.
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at 77 K with N.

13



PCN-224, a porphyrin-based ¢ZMOF, showed excellent stability, good
biocompatibility and superior optical properties6{48]. To obtain PCN-224
nanosphere (nPCN-224), a diluted ligand solutions weed for the synthesis
compared with that for the single crystalline PCA+343]. The morphology of the
nPCN-224 obtained was investigated by SEM (Fig. BA,The SEM images showed
that the nPCN-224 exhibited a spherical morpholegt) the particle size in range of
160 nm~200 nm, as confirmed by DLS analysis (F#. iBset). Furthermore, EDS
analysis (Fig. 3B, inset) showed that the chemamahposition of the as-obtained
complex was consistent with that of PCN-224. Initold, the XRD result of the
nPCN-224 (Fig. 3C) showed that the main diffractpeaks were at 4.68 °, 6.96 °,
8.08 ° and 9.70 °, which were consistent with thofsthe single crystalline PCN-224
[43]. Meanwhile, the porosity of the as-synthesin®LCN-224 was investigated by N
adsorption-desorption measurements. As shown in3Bgthe BET surface area and
pore volume of NnPCN-224 were calculated to be Ih3g* and 0.873 crhg™ with
two pore sizes at around 1.3 nm and 2.7 nm, respgctThe large surface area and
high porosity of nPCN-224 would be highly desirafde improving the loading of
antibody and promoting the electron transfer toagigk the sensitivity of the followed
PEC immunosensor. Moreover, the inherent structyratosity of nPCN-224
demonstrated advantage for reactant accessibiitych would be beneficial for

enhancing the separation of photogenerated electmod holes.
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AA.

The spectroscopic properties of the nPCN-224 wise iavestigated. As shown
in Fig. 4A, the FTIR spectra revealed some charati® functional groups of
nPCN-224 such as -C-N (1410 ¢n-Ar (1600 and 1580 cil), -C=0 (1660 cri)

and -OH (3430 ci), which were consistent with those ofTCPP. Meanwhile, the
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UV-vis spectra (Fig. 4B) showed that the maximummeSabsorption of nPCN-224
(430 nm) in DMF was red-shifted by 11 nm comparéith what of free HTCPP (419
nm), which could be attributed to the hydropholawity of nPCN-224 whose Soret
band is easily shifted by changing the solvent wlifferent dielectric constants [49].
Moreover, the nPCN-224 exhibited a strong emispigak at 649 nm with a shoulder
peak at 712 nm under the excitation at 420 nm @), which was matched with the
emission peak of ;T CPP. Thus, the as-synthesized nPCN-224 retainesd aidhe
optical properties of FTCPP, which provided the possibility for nPCN-224be as a
PEC probe. To assess the photoelectric activiidheonPCN-224, a standard PEC
cell was fabricated for measuring the photocurmgeneration with chopped light
irradiation. As shown in Fig. 4D, the photocurremts prompt, steady, and
reproducible. More importantly, with the same aogtamount, the ITO/nPCN-224
showed a 3.5 times higher photocurrent than thatit®f precursor, LTCPP,
demonstrating the important role of the porouscsime of the nPCN-224. On one
hand, the highly porous structure and the highaserfarea were beneficial for the
electron transfer; one the other hand, the higldyops structure was in favor of
enriching the small molecules such as the scaveAfen the solution, which was
expected to promote the separation of photogerteratectrons and holes[37].
Therefore, the nPCN-224 was selected as a PEC poolibe construction of PEC

immunosensor in the following study.
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2.3 Mechanism for the Photocurrent Generation.
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(D) The mechanism of photocurrent generation with/hPCN-224.

The mechanism for the photocurrent generation &@NH224 was systematically
investigated. As shown in Fig.5B, the photocurr@it ITO/nPCN-224 in the
air-saturated solution was much higher than thahénN-degassed solution, and the
photocurrent was further enhanced in thes@urated solution, indicating that the
dissolved @ in agueous solution participated in the chargearsgipn and transport
during the photoelectric conversion. To further lexg the photoelectric conversion
process, AA, a typical © scavenger was added to the solution. As showiginsA,
the photocurrent of ITO/nNPCN-224 in the electrolytgh AA was about 6 times
higher than that without AA, suggesting that AA htigoe applied as an ;0
scavenger, which promoted the separation of phaerg¢ed electrons and holes and
resulted in the enhancement of photocurrent. Tethéurconfirm the intermediate
product during the PEC process, the possible rgaspecies including superoxide
anion (Q") and hydroxyl radicals (-OH) were probed with ste depletion agents,
superoxide dismutase (SOD) and mannitol [50], retppely. The photocurrent with
SOD was higher than that without SOD, which coutdcbntributed to the depletion
of O, (Fig. 5C). Furthermore, the photocurrent was drdpgiéer adding mannitol to
the electrolyte (Fig. S4), which further suggedtieat the @~ was generated during
the process of photoelectric conversion. Meanwhileshould be noted that the
photocurrent only increased a little with the aiddit of SOD, which could be

attributed to the comparable oxidation capacitpéfand SOD [51]. Thereafter, the
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mechanism of the photocurrent generation of nPCMN23s proposed as shown in
Fig. 5D. Irradiated by light, the nPCN-224 absorlgubtons, and the excited
electrons transferred from the valence band toctmeluction band, leaving holes in
the valence band. Then, dissolved oxygen in thetrelgte solution accepted
electrons from the conduction band, producing,@vhich was eliminated by AA.
Meanwhile, the excited holes were consumed by relestfrom the ITO. Thus, the
presence of AA and dissolved oxygen effectivelypapsed the recombination of
electro-hole pairs, resulting in high photoelectrimversion efficiency of nPCN-224,
which was in favor of enhancing the sensing pertoroe of the PEC biosensor by
using NnPCN-224 as a PEC probe.

2.4 Fabrication of the Immunosensor and Detection of Target HEA4.

Our previous report displayed that by using Nb tiet a small molecular weight
(12~15 kDa) and unique physiochemical properties, direct immunoassay can be
applied for detection of the small molecule insteddthe traditional competitive
immunoassay with complicated procedure by using colmmal antibody (mAb).
Noticed the small molecular size (with a molecwarght of approximately 25 kDa) of
HE4, two Nbs, Nb2 and Nb3 were screened out ariflguias recognition units for the
fabrication of PEC immunosensor for HE4 (see Figa®d Fig.S2, and more discussion
in Supporting Information) The construction process confirmed by photocurrent
measurements with chopped light irradiation byaadard PEC cell. As shown in Fig.
6A, after the electrode was modified with the MWGNADA-AUNPs nanohybrids,

the photocurrent was enhanced obviously comparédthat of the bare ITO, which
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could be attributed to the photoelectric activityMWCNTs. After further assembly
with Nb2 and HE4, the photocurrent decreased gitggdpaobably owing to the steric
resistance and poor conductivity of these biomdéscuHowever, the photocurrent
was significantly improved after the immunoreactmfrfNb3@nPCN-224 with HE4,
which indicated that the nPCN-224 labeled on Nb3dde utilized as a “signal-on”
PEC probe for the HE4 sensor. Since the nPCN-224ddee quantitively captured
onto the photoelectrode via the immunoreaction lB®nPCN-224 and HE4 (Fig. 1),
the amount of HE4 would be quantitively detectednbgasuring the photocurrent
response upon the capture of Nb3@nPCN-224. Meaewthie EIS measurements
also confirmed the successful assembly of the inosensor (Fig. S5). Under the
optimum detection conditions (see results in Fig), She photocurrent gradually
increased with the amount of HE4, and the calibratiurve exhibited a good linear
relationship between the increased photocurrentthedogarithmic values of HE4
concentrations ranging from 1.00 pg-frtb 10.0 ng-mt* (Fig. 6B). The relationship
betweenAl/lo and Gies could be expressed dS/lo= 0.1714 log Ges (g-mLY) +
2.5149 with a correlation coefficient of 0.996, ahd limit of detection (LOD, &S)
was calculated to be 0.560 pg-thiThus, the HE4 could be quantitatively detected
by the proposed PEC immunosensor. Compared wittr otiethods for HE4 assay in
previous reports (Table 1), the PEC immunosensiostoacted in this work exhibited
superior sensing performance, thanks to the ouwsignPEC performance of

nPCN-224.
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Figure 6. (A) Photocurrent responses of the HE4 immunoseimseach step during
the fabrication process in 10 mM PBS solution (pHsbntaining 0.1 M AA. (B)
Calibration plot of the PEC immunoassay for theedigbn of different concentrations
of HE4 from 1.00 pg-mitto 10.0 ng-mL. Inset: photocurrent responses of the PEC
immunosensor to different concentrations of tatde# antigen at 10 ng-ni. 1.00

ng-mL*, 0.100 ng-mt, 0.0100 ng-mttand 1.00 pg- mt.
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Table 1. Comparison of Different Methods for HE4 Detection.

Linear range LOD
Methods References
(ng-mL?) (ng-mL?)
ELISA 0.375~22.5 0.375 [52]
Electrochemical
1.00 ~ 100 0.200 [9]
immunosensor
Chemiluminescent
0.500 ~ 37.5 4.50 x 10 [10]
immunoassay
ECLimmunosensor  1.00 x 6 100  3.30 x 18 [53]
LSPR biosensor 0.250 ~ 250 0.100 [13]
photoelectrochemical
0.0250 ~ 4.00 0.0154 [2]
sensor
photoelectrochemical
1.00x 10°~10.0  5.60 x 16 This work

immunosensor

2.5 Specificity, Reproducibility and Stability of PEC | mmunosensor.

To investigate the specificity of the PEC immunasenthe modified electrode
(BSA/Nb2/M-P-A/ITO) was incubated with some potahtinterferents including
CEA, AFP, L-Cys, HAS and the mixture, whose conmins were 100-fold of the
HE4. As shown in Fig. 7A, the photocurrent respooisthe immunosensor to CEA,
AFP, L-Cys and HSA was much lower than that of thE4 and the mixture,
demonstrating that the fabricated immunosensor d@atl selectivity for HE4. In
addition, the reproducibility was investigated kabificating five independent PEC
immunosensors in the presence of 0.0100 ng-HE4. The results showed that the
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relative standard deviation (RSD) was 1.54% (Fif), 8iemonstrating the proposed
immunosensor had good reproducibiligs shown in Fig. 7B, the photocurrent of the
proposed immunosensor still kept stable under saatis on/off irradiation cycles for
300 s. As shown in Fig. S8, there is no signifiadifference for the surface structures
of fabricated immunosensors before and after th€ Rieasurements. Moreover, the
photocurrent response retained 93.1%, 84.0%, 82u38081.6% of the initial signal
after the prepared immunosensor for 10.0 ng*tHE4 was stored at 4C under
darkness for 3, 5, 7 and 14 days, respectively. (F@), further indicating that the

proposed immunosensor possessed good stability.
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Figure 7. (A) Photocurrent responses of the proposed immursasdor 10.0 ng- mit
HE4 compared to those for 1.9@-mL? interferents (CEA, AFP, L-Cys, HSA) and
the mixture of them in 10 mM PBS solution. (B) Sliap of the proposed
immunosensor incubated with 10.0 ng-MHE4 under continuous on/off irradiation
cycles for 300 s. (C) Stability of the proposed iomosensor for 10.0 ng-rtHE4
after a storage of 3, 5, 7 and 14 days.

2.6 Preliminary Analysis of Spiked Samplesand Real Clinical Specimens.

To further assess the reliability of the prepar&CPmmunosensor, the recovery
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experiment was carried out by analyzing the spigaohples in human serum with
three different concentrations (10.0 ng-mD.100 ng-mt and 1.00 pg-mit). Table

2 showed good recoveries from 90.5% to 98.6% witielative standard deviation

(RSD) less than 3.53%, which indicated that the MR224-based PEC immunosensor

had good reliability for HE4 detection.

Table 2. Recovery Tests of HE4 in Human Serum Samples.

Added Found RSD Recovery
Samples
(ng-mL?) (ng-mL?) (%) (%)
1 10.0 9.86 2.12 98.6
2 1.00x10" 9.41x10° 3.53 94.1
3 1.00x10° 9.05x10" 1.34 90.5

The proposed HE4 PEC immunosensor was further giaglto detect the HE4
level in the serum from both healthy people andiawacancer patients. As shown in
Fig. 8, there was an evident difference in HE4 eot@ation between the positive and
negative groups, which indicated that the propadéd immunosensor could well
distinguish ovarian cancer patients in differerdgss from healthy individuals. It
should be noted that the results detected by ti& iREEnunosensor matched well with
the HE4 concentrations obtained by traditional tet@hemiluminescence
immunoassay (ECLIA) from Zhongda hospital (TableaB) it was proved that there
was no significant difference between them thro&ghdent's F and t static tests,
further showing that the proposed method exhibé&eckllent reliability for detecting
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HE4. Therefore, the nPCN-224 acting as an outstgnBEC probe made it possible
for HE4 detection in clinical diagnosis. Furthefoefs on simplifying the operation
and shortening the diagnosis time are necessaryhBorcommercialization of the

detection system.
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Figure 8. Photocurrent responses of the proposed PEC immuasosfor real clinical
specimens from healthy people and OC patients. HHE¥% concentrations were

calculated by the standard curve)
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Table 3. Comparison of the Proposed PEC Immunosensor andA@IDetecting

HEA4.
ECLIA® Thiswork RSD  Recovery
Diagnostic results Samples
(hg-mL)  (ng-mL) (%) (%)
1 22.6 21.3 2.07 94.2
2 9.37 8.75 5.44 93.4
Positive 3 33.1 33.7 1.30 102
4 10.2 10.5 2.86 103
5 3.80 4.07 8.70 107
6 4.15 4.62 9.62 111
7 1.11 1.15 3.91 104
8 1.20 1.21 1.72 101
9 1.03 1.04 3.65 101
Negative 10 1.40 1.53 7.15 109
11 2.12 1.90 9.69 89.6
12 1.81 1.81 6.37 100
13 1.63 1.71 6.01 105
14 1.63 1.57 5.58 96.3

a: The ECLIA (electrochemilumlinescence immunoasessults were obtained from

Zhongda Hospital.

3. Conclusion

In summary, a porphyrin-based MOF nanosphere, nRZNwas successfully
prepared and applied as a PEC probe to constrtsigaal-on” immunosensor for
detecting HE4 by using Nbs as recognition unitee MRCN-224 not only maintained

many advantages of the ligand,TCPP for photoelectric conversion, but also
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exhibited advantages for reactants accessibilitgnks to the high porosity and
surface area of the MOFs. The high photoelectritvecsion efficiency and highly
porous characteristic of nPCN-224, and the higltifipgey and affinity of Nbs make
them attractive candidates for immunosensor appics. As a proof-of-concept, the
NnPCN-224 and Nbs based PEC immunosensor for HEettitwt exhibited superior
performances with respect to other methods s@\faractical assay for detecting HE4
level in both spiked samples and real clinical speas demonstrated that the
proposed immunosensor could be an accessible ditidnighly sensitive assay. This
work will pave the avenue for the future clinicalaghostics and evaluation of

potential clinical efficacy.
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Highlights:

A “signal on” immunosensor for HE4 was construatsthg MOF nanospheres as
PEC probes.

The MOF with high porosity guaranteed the enrichihoérO, and AA, promoting
charge separation.

Nanobodies were used instead of monoclonal antilbodgidering the small size
of HEA4.

The sensor can distinguish ovarian cancer patiardgferent stages from healthy

individuals.
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