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ABSTRACT: Due to exceptional electron-accepting ability, light-absorption, and a
delocalized conjugated structure, buckminsterfullerene (Cg,) has attracted fascinating
interest in the field of organic solar cells. However, poor delocalization and
accumulation of electrons for pristine Cg, in physiological aqueous solution and
difficulties in conjugation with biomolecules limit its extended photovoltaic
applications in bioassay. Herein, we reported the noncovalent coupling of Cg, to an
electronically complementary porphyrin-derived metal—organic framework (PCN-
224) with carboxyl-group terminals. Such assembly not only offered a friendly
interface for bioconjugation but also resulted in a long-range ordering C4,@PCN-224
donor—acceptor system that demonstrated an unprecedented photocurrent enhance-
ment up to 10 times with respect to each component. As an example, by further
cooperating with Nanobodies, the as-prepared Cg,@PCN-224 was applied to a
photoelectrochemical (PEC) immunosensor for S100 calcium-binding protein B with
by far the most promising detection activities. This work may open a new venue to
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unlock the great potential of C4y in PEC biosensing with excellent performances.

s a promising analytic technique, photoelectrochemical

(PEC) immunoassay has received intense attention in the
fields of biomarkers detection due to its advantages of low
background and high sensitivity, originating from the complete
separation of the excitation source and detection signal." Tt is
envisioned that exploring novel photoactive materials with
enhanced photoelectric conversion efficiency under physio-
logical aqueous solution would offer an important way to
improve the sensitivity of the PEC immunoassay.” Up until
now, many metal-containing semiconductors such as TiO,,
ZnO, and CdS have been extensively exploited with increasing
advances.” As a metal-free alternative, Cgy has attracted
fascinating interests in the field of organic solar cell, due to
light-absorption, delocalized conjugated structure, and its
superior electron-accepting ability, especially in the excited
state.* However, there are limited reports on its extended
photovoltaic application for a bioassay, ascribing to poor
delocalization and accumulation of electrons for pristine Cg, in
a physiological aqueous solution system and the incompatible
interface of Cg, for effective conjugation of biomolecules. To
overcome these drawbacks, some interesting strategies were
developed. For example, Yuan et al. modified Au nanoparticles
on Cg to immobilize the capture DNA via Au—S bond for
prostate-specific antigen detection.” Hu et al. introduced a
derivable —COOH group on Cg; by functionalization with L-
cysteine to conjugate biomolecules for screening of thrombin
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inhibitors.” Nevertheless, simultaneous maintaining of the
unique optoelectronic properties and endowing of a biofriendly
interface for Cgj is still challenging.

Metal—organic frameworks (MOFs), which are assembled
from organic ligand and metal nodes in order, have well-
regulated crystalline structures with unprecedented porosity
and large specific surface area.” The regular porous structure of
MOFs allows encapsulating guest molecules to form host—
guest nanohybrids.” The semiconducting MOFs were also
recently reported by using pyrene, porphyrin, or imidazole as
the ligand.9 Also, these MOFs and their derivatives have been
applied in the PEC sensor as the photoactive materials.'’ The
long-range donor—acceptor (D—A) ordering between elec-
tronically complementary MOFs and Cg, via noncovalent
interaction is thereby highly envisioned to be a general favorite
scheme to improve transfer of free charge carriers and create
novel photoelectrodes with fascinating characteristics.**""
Moreover, by selecting a suitable organic ligand with reactive
end-groups, MOFs could also be facilely link to biomolecules.
Thus, in principle, by using MOFs as a host and a judicious
choice of organic ligand with complementary electronic
structure and reactive end-groups, not only the interfacial
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limitation of Cg, would be addressed but also the photovoltaic
properties of Cgy could be boosted. Notably, several strategies
have been explored to couple MOF and Cy, for improving the
electronic conductivity and charger mobility;ga’u“’c’d’12 how-
ever, few realistic applications are demonstrated. In special, the
PEC properties of MOF and Cg, host—guest system and its
great potential in bioassay also has not been explored so far.

Herein, to address the challenge of Cg, for biosensing in
physiological aqueous solution, we report the assembling of
C4o with porphyrin-derived MOF with carboxyl-group
terminals (PCN-224). The carboxyl groups on the highly
porous PCN-224 in the assembly (Cz@PCN-224) facilitated
the conjugation of a large number of biomolecules. Moreover,
the long-range ordering D—A interaction between the
porphyrin unit in PCN-224 and Cg, provided an accelerated
photoinduced electron transfer for fulfilling an enhanced light
harvesting efficiency. As an example, the Cs,@PCN-224 based
PEC immunosensor was successfully constructed by further
incorporation of Nanobodies for detecting S100 calcium-
binding protein B (S100B), an emerging peripheral biomarker
of blood—brain barrier permeability and central nervous
system injury, with by far the most promising detection
activities.

B EXPERIMENTAL SECTION

Materials and Reagents. Tetrakis (4-carboxyphenyl)
porphyrin (H,TCPP) and fullerene C4, were purchased from
Tokyo Chemical Industry Co., Ltd. (Shanghai, China).
Zirconyl chloride octahydrate (ZrOClL,:8H,0) and p-benzo-
quinone was purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Glutaraldehyde (GA), dopamine (DA), 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochlor-
ide (EDC), and N-hydroxysuccinimide (NHS) were obtained
from Sigma-Aldrich. Dicyandiamide (DCDA) were obtained
from Sigma-Aldrich (Germany). Phosphate buffer solutions
(PBS) was obtained from Sangon Biotech (Shanghai, China).
Bovine serum albumin (BSA) was purchased from Sunshine
Biotechnology Co., Ltd. (Nanjing, China). CNQDs was
prepared by following the previous work, and the TEM
image of CNQDs is shown in Figure S6a."* The indium tin
oxide (ITO) slices were obtained from Zhuhai Kaivo
Optoelectronic Technology Corporation (Zhuhai, China).
Benzoic acid, polyvinylpyrrolidone (PVP), N,N-dimethylfor-
mamide (DMF), ethanol, and acetone were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
S100B was purchased from Sino Biological (Beijing, China).
The anti-S100B Nanobodies (Nb82 and Nb9) were generated
and purified by our own lab (see the detailed method and
discussion in the Supporting Information). Freund’s complete
adjuvant, Freund’s incomplete adjuvant, antimouse IgG-
alkaline phosphatase, ampicillin, and isopropyl p-D-1-thioga-
lactopyranoside (IPTG) were purchased from Sigma-Aldrich.
Mouse anti-HA tag antibody was obtained from Covance Inc.
Lymphocyte isolation sterile solution was provided by GE
Healthcare. Oligo (dT) primer and 96-well plates were
purchased from Thermo Fisher Scientific. Pstl and Not I
were obtained from New England Biolabs Inc. VCSM13 helper
phages (Filamentous phage), TG1 cells, and WK6 cells were
obtained from Prof. Serge Muyldermans’s lab (Laboratory of
Cellular and Molecular Immunology, Vrije Universiteit Brussel,
Belgium). All reagents were of analytical grade and used as
received unless otherwise specified. Ultrapure water (18.2 MQ
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cm) was used in all experiments from a Smart2 Pure water
purification system (Thermo Fisher).

Preparation of PCN-224 and C¢,@PCN-224. The PCN-
224 was prepared based on the previous report with slight
modification.'* Typically, ZrOCl, (30 mg), H,TCPP (20 mg),
benzoic acid (1080 mg), and PVP (20 mg) in 3.2 mL of DMF
were dissolved in a 10 mL round-bottom flask, followed by
heating at 120 °C for 6 h. After cooling down to room
temperature, the dark purple cubic crystals were collected via
centrifugation and washed with DMF and ethanol. The
precipitated PCN-224 was dried at 60 °C for 12 h in a
vacuum drier.

To obtain the C4y@PCN-224 nanohybrid, Cq, dispersion (1
mg mL~’, in DMF) was dropped gradually into 1 mL of PCN-
224 dispersion (1 mg mL™’, in ethanol) under ultrasonication.
Then, the mixture was stirred (800 rpm) overnight.
Subsequently, the as-obtained C4@PCN-224 was separated
by centrifugation (10000 rpm, 10 min), after washing with
DMEF and ethanol. Finally, the precipitate of Cq,@PCN-224
was redispersed into 1 mL of ethanol and stored under
darkness.

Fabrication of Nanobody-Based Photoelectrochem-
ical Immunosensor. For conjugation with Nb82, 1 mL of
CNQDs was added into 10 uL of 50% GA solution and then
ultrasonicated at room temperature under darkness. After that,
100 uL of Nb82 (100 ug mL™") in PBS was dropped into the
above mixture, and the reaction system was stirred at 4 °C for
12 h. At last, 1% BSA was added and incubated for 1 h to block
the nonspecific sites. The as-obtained Nb82@CNQDs was
kept away from light at 4 °C before use.

Before the surface modification, the ITO electrodes were
gradually washed in acetone, ethanol, and ultrapure water
under ultrasonication for 15 min and dried by blowing with
high-purity nitrogen gas. Then, the prepared 10 uL of Cq,@
PCN-224 solution was dropped onto the ITO electrode
surface and dried in air overnight at room temperature.
Afterward, the Cg@PCN-224 modified ITO electrode (Cq@
PCN-224/ITO) was activated by incubating with 10 uL of
PBS containing EDC (100 mM) and NHS (50 mM) at 37 °C
for 2 h. Subsequently, 10 uL of 10 ug mL™" Nb9 was added
onto the surface of Cyq@PCN-224/ITO and incubated at 4 °C
for another 12 h. After rinsing with PBS, the capture
Nanobody modified electrode (Nb9/Cg@PCN-224/ITO)
was blocked by BSA solution (1% w/v in 10 mM PBS),
keeping at 37 °C for 0.5 h. After washing, the modified ITO
electrode (BSA/Nb9/Cq,@PCN-224/ITO) was incubated
with 10 pL of S100B antigen solution with different
concentrations at 37 °C for 2 h, followed by rinsing with
PBS. Eventually, 10 uL of above-obtained Nb82@CNQDs
dispersion was cast on the modified ITO electrode (S100B/
BSA/Nb9/C¢@PCN-224/ITO) and incubated at 37 °C for 2
h. The Nanobody-based PEC S100B immunosensor (Nb82@
CNQDs/S100B/BSA/Nb9/Cs@PCN-224/ITO) was suc-
cessfully fabricated with rinsing with PBS.

Preparation of Modified Photoelectrodes. In order to
measure the performance of photoelectrochemical activity, the
photoelectrodes were modified with C4, PCN-224, Cy@
PCN-224, C¢-TCPP, and CNQDs. In detail, the ITO
electrodes were cleaned under ultrasonication in acetone,
alcohol, and ultrapure water for 15 min, respectively. After
blow-drying using high-purity nitrogen gas, 10 yL of 1 mg
mL ™! dispersion of Cgg, PCN-224, Coq@PCN-224, C,-TCPP,
and CNQDs were dropped onto the ITO surface (0.25 cm?),
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respectively. Then, the modified photoelectrodes were dried in
air.

Measurement of S100B in Serum Samples. The serum
was diluted 100-fold with 10 mM PBS, which was collected
from healthy person. Then, the targeted S100B antigen was
added into the serum samples to calibrate for 0.5, 1, 5, and 10
ng mL™', respectively. The spiked serum samples were
measured by the above Nanobody-based PEC immunosensor,
and each sample was analyzed with three replicates,
independently. The concentrations of the serum samples
were calculated based on the standard calibration plot.

Apparatus. The photoelectrochemical study was per-
formed on a CHI 600e electrochemical workstation (Shanghai,
China) with a Xe lamp (150 W, Beijing NBeT Co., Ltd.) as the
source of visible light. The three-electrode system includes a
modified ITO electrode with an area of 0.25 cm® as the
working electrode, an Ag/AgCl (KCl-saturated) electrode as
the reference electrode, and a platinum wire as the counter
electrode. The electrolyte of PEC study was 10 mM PBS (pH
= 6) containing an additional 1 mM DA as the sacrificial agent.
The photocurrents were collected at a fixed biased potential
(=02 V). The transmission electron microscopy (TEM)
images were obtained from transmission electron microscopy
(JEM-2100, JEM, Japan) and FEI-TF20 TEM systems at an
accelerating voltage of 200 kV (FEI). The scanning electron
microscopy (SEM) images were measured using a Zeiss Ultra
Plus (Germany). The UV—vis absorption spectra were
collected using a Caryl00 UV-—vis spectrophotometer
(Agilent, Singapore). The photoluminescence (PL) emission
spectra were obtained from a Fluoromax-4 fluorescence
spectrometer (Horiba Jobin Yvon, Japan). The time-resolved
PL spectra were collected using a PluoroLog 3-TCSPC
fluorescence spectrometer (Horiba Jobin Yvon, Japan).
Powder X-ray diffraction (XRD) was measured by an Ultima
IV X-ray diffractometer (Rigaku, Japan). Nitrogen adsorption—
desorption isotherms were collected at 77 K by a
Quantachrome Autosorb iQ one-station adsorption instru-
ment. Samples were degassed for 12 h at 120 °C under
reduced pressure before measurement.

B RESULTS AND DISCUSSION

The general preparation steps for Cg@PCN-224 assembly
were shown in Figure la. Briefly, PCN-224 was first
synthesized by heating ZrOCl, and TCPP in DMF. Then,
Cgo and PCN-224 were facilely coupled in organic solutions,
driven by z—r interaction and physical absorption among
them. The morphology of the as-synthesized PCN-224 and
Coo@PCN-224 was first characterized by SEM. As shown in
Figure 1b, the phase-pure PCN-224 exhibited cubic-shape with
sharp edges. The SEM and TEM images showed that after
coupling to Cg, the cubic-shape of PCN-224 was mostly
preserved, and some nanoclusters were also observed around
the outside surface of the cubes (Figure Ic and 1d)."” The
elemental line scanning analysis of Cg@PCN-224 further
showed that the elemental Zr mainly distributed in the cube,
while the element C was found throughout the whole
nanostructure, indicating that the nanoclusters around the
cube was also Cg, (Figure le).'®

To get more structural insights of Cg@PCN-224, the
porosity and specific surface areas of PCN-224 and C4@PCN-
224 were further measured by N, adsorption—desorption
experiments at 77 K. As shown in Figure 2a, the type-IV
isotherm of PCN-224 and Czx@PCN-224 were distinctly
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Figure 1. (a) Brief procedure for C4(@PCN-224 assembly. SEM
images of (b) PCN-224 and (c) Cg@PCN-224. (d) TEM image of
Cg@PCN-224. (e) Elemental line scanning over a single C4y@PCN-
224 particle indicated by a dashed line in the insert.
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Figure 2. (a) N, adsorption—desorption isotherms curves of Cg@
PCN-224 and PCN-224 (the inset shows the surface area). (b)
Density functional theory (DFT) pore size distribution of PCN-224
and Cg@PCN-224 obtained from the N,-adsorption—desorption
isotherms in part a. (c) XRD spectra of Cg@PCN-224, Cq, and
PCN-224.

different from each other, and the Brunauer—Emmett—Teller
(BET) surface area was calculated to be 1961 m* g~' and 572
m® g~', respectively. The density functional theory (DFT)
analyses for the pore size distribution indicated the existence of
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two types of pores for PCN-224 with sizes of 1.2 nm
(triangular microchannels) and 3.5 nm (square mesochannels),
respectively.'* After the assembly with Cg, the size of both
pores were maintained, while the pore volumes both reduced
approximate 80% (Figure 2b), demonstrating that Cg, was
primarily encapsulated in the pores of PCN-224, thanks to the
m—n noncovalent interactions and appropriate pore size
matching between PCN-224 host and Cg, guest.1 ¢ The X-
ray diffraction (XRD) pattern of Cg@PCN-224 kept the
predominant diffraction peaks from both C4, and PCN-224,
implying that guest uptake did not alter the crystallinity and
also confirming the successful synthesis of Cq@PCN-224
(Figure 2c)."” Therefore, Cgy was successfully assembled not
only on the outer surface of PCN-224, but also encapsulated in
the inner micropores to a large extent; meanwhile, the high
specific area and high porosity, originated from PCN-244, were
fairly retained in the final C4u@PCN-224 nanohybrid.

In the second set of experiments, the photoelectrochemical
property of Cq@PCN-224 was investigated and compared
with each single component. For this, the photoelectrodes
were prepared by drop-casting of the nanohybrid, PCN-224, or
Cgo onto the ITO. The cross-section SEM of the Cq@PCN-
224/ITO electrode showed a uniform film could be deposited
on the ITO (Figure S2a). The photocurrent response that was
measured by a standard photoelectrochemical cell config-
uration was prompt, steady, and reproducible under the
chopped light irradiation (Figure 3a). Nevertheless, it was
noted that the photocurrent of PCN-224/ITO and Cg,/ITO
were only 0.88 and 1.17 uA, respectively. In contrast, Cs,@
PCN-224/ITO exhibited a much higher photocurrent up to
9.17 pA, nearly 10 times and 8 times higher than that of PCN-
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Figure 3. (a) Photocurrent of Co@PCN-224, C4-TCPP, Cg, and
PCN-224 in 10 mM PBS containing 1 mM DA at a biased potential of
—0.2 V. (b) UV—vis spectra of C¢@PCN-224 and PCN-224. (c) PL
spectra and time-resolved PL spectra of Coo@PCN-224 (7, = 1.14 ns,
7, = 8.91 ns) and PCN-224 (7, = 0.98 ns, 7, = 2.72 ns). (d) Proposed
charge transfer mechanism of photocurrent generation of C4@PCN-
224.
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224/ITO and Cg/ITO, respectively, indicative of an efficient
photocurrent generation by the as-constructed D-Asystem (see
more discussion about the effect of exterior and internal Cg, in
Supporting Information). As another control, the photocurrent
of C¢,-TCPP on ITO was also measured to be 1.91 uA, which
was merely moderately higher than that of C4,. This result
showed that the regular porous structure of PCN-224 that led
to a desired long ordering assembly of Cy, played a crucial role
in enhancing the photocurrent.

As the proportion of C4y and PCN-224 in Cy,@PCN-224
was supposed to be an important factor in influencing the
photocurrent generation of Cg@PCN-224, which would
further influence the sensitivity in PEC sensing, the effect of
the mass ratio of C4y and PCN-224 in the nanohybrid on the
photocurrent response of Cg@PCN-224/ITO was further
examined. As shown in Figure S2b, the photocurrent of Cyy@
PCN-224 improved gradually with the increase of the mass
ratio of Cgy and PCN-224 until the ratio reached 1:1. When
further increasing the ratio, the photocurrent started to reduce.
Thus, a ratio of 1:1 for C4;/ PCN-224 was selected for the
preparation of Cq@PCN-224 in the following studies.

To further get an insight into the photoexcitation process of
the Cgq@PCN-224 nanohybrid, UV—vis absorption and
photoluminescence (PL) spectra were analyzed. As shown in
Figure 3b, Cq@PCN-224 and PCN-224 both involved a
strong absorption peak at 428 nm and four weak absorption
peaks in the 500—700 nm region, which could be attributed to
the TCPP Soret band and Q-bands."® These absorption bands
arose from 7—7a* electronic transitions, correspondin% to So—
S, and Sy—S, electronic transitions, respectively.””” More
interestingly, the Q-bands of C4@PCN-224 showed a slight
red shift, revealing the electron transfer between PCN-244 and
Cgo.'® As shown in Figure 3¢, the PL spectrum of PCN-224
showed an emission peak at 686 nm with a shoulder at 718
nm, on account of the typical S;—S, state transition of TCPP.*
Nevertheless, the emission spectrum of Csy@PCN-224 showed
significant quenching of the intensity, demonstrating that the
construction of D—A inhibited the fast recombination of the
photogenerated charge carriers.”" Also, the main peak of Cs,@
PCN-224 (672 nm) showed a blue shift, which suggested the
charge transfer between PCN-224 and Cg,.”* The PL lifetimes
of Ceo@PCN-224 and PCN-224 were further calculated by
fitting the decay spectra (Figure 3c). Obviously, the short (7,)
and long (7,) lifetimes of the charge carriers in C¢@PCN-224
both increased compared to PCN-224. The prolonged PL
lifetime further indicated the inhibition of the fast recombi-
nation of photogenerated charge carriers by the D—A
structure.”’ According to the above results, the long-ordering
D—A between PCN-224 and Cg, can improve the eflicient
separation of the photogenerated charge carriers by accelerat-
ing photoinduced electron transfer and inhibiting the fast
recombination of photogenerated charge carriers." 23 Then
the enhanced photoelectrochemical performance of Cg@
PCN-224 was predominated by forming the long-ordering D—
A system, which facilitated the separation of the photo-
generated charge carriers.

In order to explore the mechanism of the enhanced
photoelectric conversion for the Cg@PCN-224 nanohybrid,
more controls were studied. As shown in Figure S4a, a minor
photocurrent response of Cso@PCN-224 was observed in the
N,-saturated PBS. While a 5-fold increment was observed for
that in the air-saturated PBS, the photocurrent further
increased in the O,-saturated PBS solution, demonstrating
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that oxygen molecules could receive electrons from Cy@PCN-
224 to generate the superoxide radical (0,"7).”*** To verify
this speculation, benzoquinone (BQ) was added to the
solution as an O,°” scavenger. As shown in Figure S4b, the
photocurrent of C4y@PCN-224/ITO in the presence of 1 mM
BQ_exhibited a 4 times higher photocurrent than that in
absence of BQ, which could be attributed to the consumption
of O,*". These results indicated that in the photoexcitation
process, oxygen molecules received electrons from Cg@PCN-
224, generating the superoxide radical (0,*7).*® Furthermore,
the effect of O,°” depletion agents on the photocurrent of
Cgo@PCN-224/ITO was also explored. As shown in Figure S5,
the photocurrent of Cq,@PCN-224/ITO with DA was much
higher than others, demonstrating that DA could be the
efficient depletion agent of O,*” by greatly promoting the
generation of photocurrent. Based on the above results, the
mechanism which explained the enhanced photocurrent of
Cgo@PCN-224/ITO in 10 mM PBS containing additional 1
mM DA was proposed. As shown in Figure 3d, when Cg@
PCN-224 was irradiated, both Cyy and PCN-224 components
absorbed photons. The excited electrons transferred from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), leaving behind the
positive holes in the HOMO."**® Due to the more negative
LUMO of PCN-224, the excited electrons of PCN-224
transferred to Cg,. Then, the electrons in the LUMO of Cq,
moved into the electrolyte, making the O, to produce O,*”,
which was consumed by DA. Meanwhile, the excited holes of
Cgo transferred to PCN-224, and the HOMO of PCN-224
were scavenged by electrons from ITO. In this context, C4y and
PCN-224 could construct a D—A system, which suppressed
the recombination of charge carriers and accelerated the
migration of electron, inducing a high photoelectric conversion
efficiency of the C4,@PCN-224 nanohybrid. Thus, by coupling
to PCN-224, the photoelectrochemical activity of Cq, was
much elevated, which was highly desirable for the construction
of a highly sensitive PEC biosensor.

In this report, by taking S100B as a proof-of-concept analyte,
a PEC immunoassay with Cq@PCN-224 as a probe was
developed. S100B is an acidic calcium-binding protein and is
primarily expressed and secreted by astrocytes. The level of
S100B is normally low in a healthy person and is highly
elevated in the serum of patients with a brain injury.”” For such
a reason, S100B has been recognized as an emerging biomarker
for brain damage and blood-brain barrier function. Up to date,
S100B is generally detected by an enzyme linked immuno-
sorbent assay (ELISA).”® Despite the advantage in wide
application and fast development, the commercial ELISA kits
are cost-prohibitive and time-consuming in practical detec-
tion.”” Therefore, it is of significant importance to develop
lower-cost, more practicable, and highly efficient strategy for
the detection of S100B. Nevertheless, only a limited number of
innovative methods for detection of S100B have been
developed so far, including electrochemical methods (e.g,
Osteryoung square-wave voltammetry and differential pulse
voltammetry) and optical immunoassay,’® whose detection
performances still need a substantial improvements for the
increasing demanding of clinic diagnosis.

Our previous work showed that the direct immunoassay can
be applied for detection of the small molecule by using a
Nanobody with a small molecular weight (12—15 kDa),
avoiding the complicated procedure of the traditional
competitive immunoassay by using conventional monoclonal
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antibody (mAb).*" Compared with traditional antibodies, Nb
has unique physiochemical properties such as high affinity and
specificity, high thermal stability, and acid resistance.”” Thus,
the Nanobody, whose molecular weight was only ~1/10 of
that of mAb, was applied as the recognition unit in the PEC
immunosensor. Two Nanobodies, Nb9 and Nb82, which were
screened out from camel, were used as the capture Nanobody
and label Nanobody, respectively. The construction process of
the proposed PEC immunosensor was shown in Figure 4a and

(@)

! \
y @ A A A\ A |
' b} v
; O s o BSA (™ E
' A A '
]
| CNQDs Nb82@CNQDs !
H '
i () :
I Y '
' \ ]
; ko . \ Nb9 & \ §& E
' Ceo@PCN-224 BSA Y '
' ]
'
' ‘ :
'
' Y A e :
Doz (™ QA_, $1008 | !
2 A !
b5 13 ¢ $ T 4 |
P2 ~PEC_ X Y 2~ & =S ;
s 2 Nb82@CNQDs Y E
\ J
(b) — c.,@PcN-2241TO
[—— NDY/C, ,@PCN-2241TO A, ‘\. ~ i
—— S100B/ND/C,,@PCN-2241TO — Ys X B A% 4
—— Nb82@CNQDS/S100BMbAC, @PCN-2241T0 | L o | ¥ X \:; ‘4 ‘:‘ Y " 4
= s° ¢ ¢ Y
z
R N
3 : | |ea
° = -
o g4
S
4pAlem2| &
0 80 160 240 °
. Nb82@CNQDsS100B Nb82
Time (s)

Figure 4. (a) Construction process of S100B PEC immunosensor. (b)
Photocurrent of the PEC immunosensor at each assembly step during
the fabrication. (c) Photocurrent of the PEC immunosensor in the
presence of S100B, Nb82, and Nb82@CNQDs.

confirmed by photocurrent measurement under chopped light
irradiation using a standard PEC cell configuration. The
photocurrents of all modified electrodes were prompt and
reproducible under repeated on/off light irradiation cycles
(Figure 4b). As expected, the photocurrent response decreased
gradually after incubating C4@PCN-224/ITO with Nb9 and
S100B, which could be attributed to the poor conductivity of
these protein molecules. Notably, a much more obvious
reduction in the photocurrent was observed after the Nb82@
CNQDs was captured, which could be ascribed to the
quenching effect of the Nb82@CNQDs to Cg@PCN-224.

The quenching effect of the Nb82@CNQDs was further
confirmed by the comparative study of photocurrent response
upon the incubating the photoelectrode (Cgz@PCN-224/
Nb9/BSA/S100B/ITO) with Nb82@CNQDs and Nb82. As
shown in Figure 4c, the decrease of the photocurrent upon the
incubation of Nb82@CNQDs (Al = 2.24 uA) was much larger
than that of Nb82 (AI = 0.48 wuA). Thus, the PEC
measurement not only suggested the successful construction
of immunosensor but also proved the feasibility of using
CNQDs as a PEC quencher for C¢,@PCN-224.

In order to explain the quenching effect of CNQDs in the as-
fabricated PEC immunosensor, the UV—vis absorption was
first investigated. As shown in Figure S6b, the CNQDs
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exhibited a superior absorption over the ultraviolet region."

Nevertheless, the UV—vis spectrum of Cs,@PCN-224 showed
a wide absorption from 300 to 800 nm. There was scarcely any
overlap between CNQDs and C4@PCN-224 at the Soret
band and Q-bands of C4@PCN-224, which indicated that the
competitive absorption of light by CNQDs was not the main
factor. To further get an insight into the quenching mechanism
of the CNQDs, the PEC performances of CNQDs were
investigated. As shown in Figure Sa, the photocurrent of

(a) (b)

—— O,-saturated

—— Air-saturated
—— N,-saturated

—DA
—PBS

Photocurrent
Photocurrent

0.1 uA/cm?) 0.05 pA/cm?2

0 80 160

Time (s)

240 0 80 160

Time (s)

240 320

Figure 5. (a) Photocurrent of CNQDs in the air-saturated, N,-
saturated, O,-saturated PBS solution (10 mM). (b) Photocurrent of
CNQDs in the air-saturated 10 mM PBS with and without the
addition of 1 mM DA.

CNQDs increased obviously when the amount of O, in
solution increased, indicating that oxygen molecules could also
receive electrons from CNQDs, generating O,°”. Also shown
in Figure Sb, the photocurrent of CNQDs with DA was much
higher than that in PBS only, demonstrating that DA could
also consume O,°”. Thus, similarly with the photoexcitation
process of the C4q@PCN-224 nanohybrid, the photogenerated
electrons of CNQDs were captured by O, dissolved in the
electrolyte, and the O, could be consumed by the depletion
agent (DA). Therefore, the photogenerated electrons of Cg,@
PCN-224 and CNQDs were competitively captured by O,
dissolved in the electrolyte, and these competitive reactions
resulted in the reduced charge carriers separation efliciency of
Co@PCN-224, causing lower photocurrent in the presence of
CNQDs. Thus, CNQDs, as a competitive-type quencher,
improved the sensitivity of this PEC sensor.

As shown in Figure 4a, the Nb82@CNQDs could be
quantitatively captured via the immunoreaction, and the
photocurrent decrease of C4@PCN-224 would be dependent
on the amount of the captured S100B due to the quenching of
the CNQDs. Thus, the detection of S100B could be quantified
on the difference of the photocurrent decrease after the
conjugation of Nb82@CNQDs. As shown in Figure 6a, the
photocurrent of the immunosensor reduced gradually with the
concentration of target S1I00B elevated. As displayed in Figure
6b, the change of photocurrent response linearly increased
with increasing the logarithm values of S100B concentrations
in the range of 1 pg mL™'—100 ng mL™". The regression
equation was expressed as AI = 0.24 1g C (g mL™") + 4.40 with
a correlation coefficient of 0.9991. The limit of detection
(LOD, 36/S) for S100B concentration was calculated to be
0.41 pg mL™", where S is the slope of the calibration curve and
o is the standard deviation of blank samples signals. Compared
with a few available methods, the proposed PEC immuno-
sensor showed excellent dynamic sensing range, high-quality
correlation coefficient and superior/competitive LOD. In
contrast, despite the significant advances, the previous methods
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Figure 6. (a) Photocurrent and (b) calibration curve of the PEC
immunosensor for detection of the S100B with different concen-
trations. (c) Selectivity of the proposed PEC immunosensor to 1 ng
mL™" $100B by comparing it to the interfering proteins and the mixed
sample. (d) Stability of the proposed PEC immunosensor for
detecting 1 ng mL™"' S100B after 1, 2, 7, 14, and 30 days.

has limitations, either in poor LOD, inadequate correlation
coefficient,”* or using of heavy metal®” which was difficult to
apply in practical clinical diagnosis on account of the high
environmental toxicity and low biocompatibility (see the
detailed comparison in Table 1). Therefore, the C4@PCN-
224 was very promising to be applied for an ultrasensitive PEC
immunoassay.

To validate the specificity of the PEC immunosensor, the
modified photoelectrodes (BSA/Nb9/Cs,@PCN-224/ITO)
were incubated with several typical interfering proteins such
as glial fibrillary acidic protein (GFAP), neuron specific enolase
(NSE), myelin basic protein (MBP), and the mixture. As
shown in Figure 6¢, the photocurrent response to GFAP, NSE,
and MBP were much lower than that to S100B and the
mixture, indicating that these interfering proteins had
inappreciable interference to the signal variation. Hence, the
proposed PEC immunosensor demonstrated a good selectivity.

Moreover, the stability of the developed immunosensor was
evaluated by storing the immunosensor (Nb82@CNQDs/
S100B/BSA/Nb9/Cey@PCN-224/ITO) in PBS at 4 °C under
darkness. As shown in Figure 6d, the constructed immuno-
sensor retained 95.36% of the initial photocurrent response
after 2 weeks. Even after 1 month, 89.82% of the initial signal
was still maintained, suggesting that the developed immuno-
sensor showed satisfactory stability

The reproducibility of the proposed immunosensor was also
evaluated by six parallel experiments in the presence of 1 ng
mL™' S100B. As a result, the proposed biosensors showed
excellent reproducibility with a relative standard deviation
(RSD) of 2.54%. These results revealed that this immuno-
sensor exhibited satisfactory precision and reproducibility. To
validate the reliability of this PEC immunosensor, five spiked
human serum samples containing different concentrations (0,
05, 1, 5§, 10 ng mL™") of S100B were measured. The
concentration of S100B was calculated based on the standard
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Table 1. Comparison of Sensing Performances of a Few Available Methods for S100B Detection

method key feature linear range correlation coefficient LOD refs
ELISA“ human S100B ELISA Kit 15.6—1000 pg/mL N.A. 1 pg/mL 29d
oswv* pentetic acid complex with Cu(II) 20.96—420 ng/mL 0.945 10.92 ng/mL 30a
oswv® dipyrromethene complex with Cu(II) 18.9—420 ng/mL 0.9902 18.9 ng/mL 30b
OIA® silicon wafers coated with Si;N, N.A. 0.8 0.25 ng/mL 30c
DPV? potassium ferricyanide redox probe 1 pg/mL—10 ng/mL 0.997 1 pg/mL 30d
ppv alkaline phosphatase 0.1-100 pg/mL 0.9545 0.1 pg/mL 30e
PEC* CdS quantum dots 0.25—1000 pg/mL 0.9958 0.15 pg/mL 30f
PEC® Ceo@PCN-224 1 pg/mL—100 ng/mL 0.9991 0.41 pg/mL this work

“Enzyme linked immunosorbent assay. bOsteryoung square-wave voltammetry. “Optical immunoassay. “Differential pulse voltammetry.

“Photoelectrochemistry.

calibration plot in Figure 6b, and the results were listed in
Table S1. The recoveries of all the samples were from 99.79%
to 102.41%, with the relative standard deviation (RSD) less
than 3.12%, indicating this immunosensor show good
reliability for detection of S100B in real serum samples.

B CONCLUSION

In summary, C4, was successfully coupled to porphyrin-derived
MOF (PCN-224) with simultaneously improved optoelec-
tronic and interfacial properties. It was found that the carboxyl-
group terminals on PCN-224 provided ample binding sites for
highly efficient conjugation of biomolecules. Moreover, the
ordered pore channel and high surface area of PCN-224
facilitated Cg4, loading, and the 7—z interaction between
porphyrin unit in PCN-224 and Cg, ensured a long D—A
ordering, leading to a tremendously accelerated photoinduced
electron transfer, another critical factor for an improved
biosensing sensitivity. As an example, the PEC immunosensor
by using the proposed Cq@PCN-224 nanohybrids as probes
and Nanobodies as recognition units was demonstrated for the
detection of S100B, exhibiting by far the most promising
sensing performances. This work might open new venues for
unlocking great potential of Cyy-based photoelectrodes with
biofriendly interface and high photoelectric conversion
efficiency in PEC biosensing for early disease diagnosis
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