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ABSTRACT: With the introduction of gas-based contactless electrochemical biosensors lies
the prospects of separating the sensing interface from the bioassembly platform, enhancing
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stability, and exploring signal transduction mechanism, all intimately linking to development 4§ NHy8H; @
of immunoassay. Herein, we report on a H,-based electrochemical biosensor whose signals H,0
derived from the chemical signal transduction between a H, and Pd nanowires@ZIF-67 °
(ZIF: Zeolitic Imidazolate Frameworks) bilayered sensing interface for immunoassay. p :’ o ®

Dendritic Pt nanoparticles (DPNs) conjugated on the detection antibody were introduced

on the interface of a magnetic microsphere according to an immune sandwich assembly

between the antigen and antibody. H, as a bridge originates from DPNs catalyzing NH;BH; and links biological signals to
electrical signals by reacting with Pd nanowires. Nevertheless, the response of Pd nanowires being extremely effected by O, in
air due to the competitive adsorption on the surface of Pd nanostructures as well as the reaction between chemisorbed O (Pd—
O) and adsorbed dihydrogen lead to a decrease in H absorption into PdH, and poor sensing responses under low target
concentration. Porous ZIF-67 (window aperture 0.331 nm) as a molecular sieve self-assembling on the surface of the Pd
nanowires film could easily permeate H, (kinetic diameter of 0.289 nm), while interferential O, (kinetic diameter of 0.346 nm)
has difficultly passing through the ZIF-67 layer to contact Pd nanowires and achieves a response of a lower concentration target
as well as faster response rate. Under optimal conditions, H,-based electrochemical biosensors exhibit great response toward
target alpha-fetoprotein (AFP) within a dynamic working range of 0.1—50 ng mL™" at a detection limit of 0.04 ng mL™". Our
strategy provides a reusable sensing interface, high specificity, and acceptable accuracy for the immunoassay. In addition, it also
expands a promising platform for application as a molecular sieve in electrochemical biosensors.

Gas—based contactless electrochemical biosensors, com-
pared with traditional electrochemical biosensors, can
separate the sensing interface from the bioassembly platform,
get rid of the tedious reconstruction process, accomplish a
reusable sensing interface, and enhance the precision, stability,
and reproducibility of the detection results. Signal transduction
in gas-based electrochemical biosensors explored in the past
years can be divided into physical and chemical signal
transduction according to the different mechanism of electrical
signal generation. Specifically, the biological signals generated
by the biorecognition present in the form of a quantified gas,
indirectly converting into an electrical signal according to
physical and chemical response between the gas and electrode
interface materials. Physical signal transduction is generally
accompanied by the deformation of flexible electrode material
or changes in electrode contact areas due to the increased
pressure of the detection system with the generated gas,
resulting in the generation of electrical signals."”” On the other
hand, the chemical signal transduction mechanism in the
developed gas-based electrochemical biosensor usually origi-
nates from the redox reactions between gas and interface
materials (e.g., metal-oxide semiconductor) on the electrodes.
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The increase or decrease in an electrical signal depends on the
redox properties of the as-produced gas (oxidizing gas,
reducing gas, etc.) and the difference in electron and hole
density of various semiconductors.””°

Hydrogen (H,) as a reducing gas can react with oxygen ions
(O,7) on the surface of metal-oxide semiconductors leading to
changes in the conductivity; however, the high sensing
temperature required for the chemical reaction restrains the
applications for the electrochemical biosensors.” Specially, H,
sensors based on Pd nanostructures have been heavily studied
by many researchers for their advantages of simplicity and low
power consumption. H, can dissociate from molecular
hydrogen by absorbing and dissolve into palladium (Pd) to
form PdH,, causing an increase in the resistance of Pd at room
temperature.” Therefore, Pd nanostructures exhibiting prom-
inent advantages of low detection temperature, regulated
conductivity, and low cost are employed in H,-based
electrochemical biosensors.” However, inherent limitations
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Scheme 1. Illustration of H,-Based Electrochemical Biosensor with Pd Nanowires@ZIF-67 Molecular Sieve Bilayered Sensing
interfaces: (A) Interaction between Pd Nanowires and H, under O, Interference. (B) Self-Assembly ZIF-67 on Surface of Pd

Nanowires Films as Molecular Sieve Excluding O, Interference
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appear when interferential oxygen exists in the biosensing
detection system. The inextricable oxygen adsorbed on the
surface of Pd nanostructures can occupy the adsorption site of
hydrogen; futhermore, the chemisorbed O (Pd—O) combines
with adsorbed dihydrogen dissociating from hydrogen to
generate water, leading to less PdH, and poor sensing
responses under low hydrogen concentration.” Therefore,
constructing a sensing platform to block oxygen and only make
hydrogen contact with Pd nanostructures are necessary.

ZIFs (Zeolitic Imidazolate Frameworks) are ascribed to a
subfamily of a metal—organic framework (MOF) with strong
coordination between imidazolate and metal ions encouraging
the structural integrity to be fairly stable even in water.'’ The
excellent chemical stability and famed crystalline pore
structures as well as high surface areas of ZIFs are widely
explored in the fields of sensors, catalysis, and gas
separation.'' ~'* Highly porous structures of ZIFs enhancing
gas preconcentration and achieving gas selectivity by adjusting
pore aperture diameter are good candidates for gas separation
as molecular sieves."*”"” The ideal MOF molecular sieve films
with appropriate window apertures on the surface of sensing
interfaces in H,-based electrochemical biosensors can easily
permeate H,, while the interference gases are excluded. ZIF-67
([Co-(MeIm),],) (Melm = methylimidazole) possessing an
isostructural SOD zeolitic topology with a window aperture of
0.331 nm has been applied for gas separation.®'? In the
process of hydrogen separation, ZIF-67 allows H, (kinetic
diameter of 0.289 nm) to penetrate, whereas larger gas
molecules (>0.33 nm) cannot. Compared with the most
attractive ZIF-8, they are isostructural,”® but the aperture of
ZIF-67 (3.31 A) is smaller than ZIF-8 (3.42 A). The tighter
structure as well as narrower aperture makes for a better
hydrogen separation effect.”’ Hence, ZIF-67 as a molecular
sieve to exclude interference gas such as O, (kinetic diameter
of 0.346 nm) in H,-based electrochemical biosensors with Pd
nanostructures is promising.

In our strategy, H,-based electrochemical biosensors
through chemical signal transduction between H, and Pd
nanowires, assisted by ZIF-67 ([Co(Melm),],) molecular
sieve films, are constructed by nonenzymatic assembly of
immunoreagents for cancer biomarker detection. Alpha-
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fetoprotein (AFP, as the model analyte in this work) is one
of the most extensively explored tumor-associated glycopro-
teins, closely related to clinical hepatocellular cancer (HCC),
yolk sac tumor, and other diseases.””>* The significance of
AFP testing lies in early diagnosis for timely treatment as well
as judgment of postoperative recovery. As shown in Scheme 1,
the immunochemical identification of AFP at the interface of
magnetic beads modified with streptavidin introduces dendritic
Pt nanoparticles (DPNs) that catalyze dehydrogenation of
NH;BH, to produce H,” into the airtight detection system
according to Ab,@DPNs assembly and antigen—antibody
recognition. As for the sensing interface, ZIF-67 (micropores
size 0.331 nm) self-assembled on the surface of the Pd
nanowires film is selected as the molecular sieve to exclude O,
(kinetic diameter of 0.346 nm), permeate H, (kinetic diameter
of 0.289 nm), and guarantee as much PdH, generation as
possible. Due to the interception of ZIF-67, O, neither
adsorbed on the Pd nanowires to occupy H, adsorption sites
nor formed chemisorbed O to react with adsorbed dihydrogen
(Pd—O + 3/2H (ads) — Pd—H + H,0 (ads); H,0 (ads) —
H,O (gas),””° leading to an increase in H absorption into
PdH,, achieving a response of lower concentration AFP, faster
response speed, and better selectivity.

B EXPERIMENTAL SECTION

Material and Reagent. Hexachloroplatinic (IV) acid
hexahydrate (H,PtCly;:6H,0), L-ascorbic acid (AA), sodium
carbonate (Na,CO;), disodium hydrogen phosphate dodeca-
hydrate (Na,HPO,-12H,0), potassium phosphate monobasic
(KH,PO,), sodium chloride (NaCl), bovine serum albumin
(BSA), sodium azide (NaNj;), sodium hydroxide (NaOH),
sodium iodide (Nal), palladium chloride (PdCl,), polyvinyl-
pyrrolidone (K30), and streptavidin-functionalized magnetic
beads (MBs) were acquired from Aladdin (Shanghai, China).
Streptavidin magnesphere paramagnetic particles (PMPs), a-
fetoprotein (AFP), and monoclonal biotin-anti-AFP antibody
(Ab,) were purchased from Cellwaylab (Henan, China).
Polyclonal anti-AFP antibody (Ab,) was aquired from
BiosPacific, Inc. (CA, USA). A human AFP enzyme-linked
immunosorbent assay (ELISA) kit was purchased from Biocell
Biotechnol,, Inc. (Zhengzhou, China). Ultrapure water derived
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Figure 1. (a) TEM and (b) HRTEM images of Pd nanowires (insert: selected-area-electron diffraction patterns of individual nanowires). SEM
images of (c) pristine Pd nanowires and (d) self-assembly ZIF-67 on the surface of Pd nanowires. (e) Full XPS spectrum of ZIF-67; high-resolution
XPS spectrum of (f) Co 2p. (g) Surface micrographs of Au interdigital electrode, Au interdigital electrode coated with Pd nanowires, and Au
interdigital electrode coated with Pd nanowires@ZIF-67 (from left to right). (h) XRD patterns of (h1) ZIF-67, (h2) Pd nanowires, and (h3) Pd

nanowires@ZIF-67.

from a Millipore water purification system (18.2 MQ cm, Milli-
Q, Millipore) was used throughout all experiments.

Construction of Pd Nanowires@ZIF-67 Sensing Inter-
face. Prior to constructing a sensing platform, Pd nanowires
were prepared by one-pot synthesis according to a previous
method with minor modification.”” PdCl, (17.7 mg) and Nal
(300 mg) were dissolved into 24 mL of an aqueous solution
containing 800 mg of PVP (MW = 30,000). The mixture was
continuously stirred until the solution turned a homogeneous
dark red. Then, the dark red solution was transferred into a 20
mL Teflon-lined stainless-steel autoclave and heated at 200 °C
for 4 h. After the temperature cooled to room temperature, the
products were obtained by precipitation with isopropanol and
centrifugation at 7180g. The products were washed twice with
an ethanol—isopropanol mixture and purified by water three
times.

Then, the Pd nanowires thin-film which coated the
interdigital electrode was fabricated by dipping technology.
The gold-plated interdigital electrodes, which consisted of 37
pole-pairs, with lengths of 2 cm and widths of 1 cm (thickness:
0.5 mm), were cleaned with water and acetone in turn. The dry
electrodes were immersed into the Pd nanowires solution (10
mL, 0.5 mg mL™') and upward vertically lifted from the
solution at a speed of 500 nm s™' at room temperature (RT).

Finally, the Pd nanowires@ZIF-67 sensing interfaces were
fabricated by ZIF-67 self-assembly on the surface of Pd
nanowires thin films on gold-plated interdigital electrodes. The
as-prepared electrodes were infiltrated into 30 mL of the
precursor solution containing 297 mg of Co(NO;),-6H,0 and
328.5 mg of 2-methylimidazole for growth of ZIF-67.”° The
various self-assembly times (1—6 h) formed different
thicknesses of Pd nanowires@ZIF-67 films. Then, the
electrodes were taken out from the reaction solution, washed

with water to remove excess ligand and ions, and dried at RT
for future use.

Preparation of Dendritic Pt Nanoparticles (DPNs) and
Ab,@DPNs Assembly. Dendritic Pt nanoparticles (DPNs)
were synthesized by a rapid and one-step method according to
a previous report with minor modification.”” In a typical
synthesis, 35.2 mg of ascorbic acid was dissolved into 19.22 mL
of H,0; then, 980 yL of H,PtCl, (2%) and 30 uL of NaOH (5
M) were dropped into the solution in turn. The mixture was
heated in a water bath at 60 °C for different times (3, S, 7, 10
min). Finally, brown monodisperse DPNs were obtained.

The anti-human AFP detection antibody (anti-AFP DAb)
conjugated DPNs (Ab,@DPNs) were prepared on the basis of
our previously reported method.*® Initially, the pH of DPNs
(3.0 mL) was adjusted to 9.0 by a Na,CO; (0.1 M) aqueous
solution. Following that, 15 uL of Ab, (5 mg mL™") was
dropped into the DPNs solution, and the mixture was shaken
for 0.5 h at RT. Then, the mixture was incubated at 4 °C in a
refrigerator overnight. Finally, 300 L of blocking solution (5%
BSA) was added into the above solution. After 40 min of
incubation, the final Ab,@DPNs were collected by centrifu-
gation (13,000g, 4 °C, 15 min), washed with PBS (pH 7.4),
and redispersed in 1.0 mL of PBS solution (0.05% NaNj, 0.5%
Tween 20, 1.0% BSA, pH 7.4) for future use.

Construction of H,-Based Electrochemical Biosensor.
First, the antibody-conjugated magnesphere paramagnetic
particles (PMPs) were prepared according to streptavidin—
biotin combination. The purchased streptavidin-modified
PMPs (1.0 mg mL™") were washed by a PBS buffer (1.0
mM, 0.05% Tween-20, pH 7.4) and then dispersed in a 1.0
mM PBS solution. The biotin-AFP monoclonal antibodies (5.0
mg mL™') were mixed with PMPs with slight shaking for 60
min at RT. Due to the specific identification between biotin
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Figure 2. (a—e) TEM images of DPNs at different reaction times: (a) 3 min, (b) S min, (c) 7 min, (and d, e) 10 min, respectively. (g)
Corresponding SAED pattern of (d) single DPN. (f) Schematic of DPNs catalyzing NH;BH; to produce H,. Photographs of characteristics of H,
gas bubbles from NH;BH; aqueous solution before (h) and after (i) the addition of DPNs. (j) Photographs of sensing device. Responses of (k, 1)
Pd nanowires @ZIF-67 and (m, n) Pd nanowires at the AFP concentrations of (k, m) 2.0 ng mL™" and (I, n) 50 ng mL™", respectively.

and streptavidin, antibody-conjugated PMPs were obtained.
After magnetic separation, the results were resuspended into
0.5 mL of PBS (pH 7.4) containing 1.0 wt % BSA and stored at
4 °C for further use.

The immunoassay was carried out in 0.5 mL centrifuge
tubes by addition of 50 uL of AFP standards or samples with
various concentrations and 50 uL of the prepared antibody-
conjugated PMPs suspension. After incubation for 1 h at 37
°C, the obtained immune mixture was washed with PBS by
magnetic separation, followed by the addition of 100 uL of the
prepared Ab,@DPNs and incubated for an additional 50 min
under the same condition. The formed immunocomplex was
purified by magnetic separation again and washed as before.
Subsequently, the immunocomplex was transferred into the
detection cell to catalyze dehydrogenation of ammonia borane
(0.5 mg mL™"). Meanwhile, at the top of the airtight detection
cell, the prepared gold interdigital electrode coated on the Pd
nanowires@ZIF-67 thin film was connected with a CHI8S0D
electrochemical workstation to record the changes in current
under different target concentrations. The electrochemical
biosensor response (R) was defined as R = (I, — Ig)/IO (%) (I,
stands for the steady-state baseline current, and I, is on behalf
of the current at different concentrations of the target).
Response time was the time required for the 0.9AR, .
response after interacting with H,, and the recovery time was
defined as the time for 0.1AR,,,, after exposure to the air.

B RESULTS AND DISCUSSION

Characterization of Pd Nanowires@ZIF-67. The
representative transmission electron microscopy (TEM)
images of the as-prepared Pd nanowires are shown in Figure
la. The nanowires with dominant form had a uniform diameter
around 15 nm along their total length, which could be up to
the range of 1.0—1.5 pm. Including all of the Pd nanowires,
two kinds of lattice fringes with 0.228 and 0.194 nm
interplanar spacings, attributed to {111} and {200} planes of
fcc Pd, were presented in a characteristic high resolution TEM
(HRTEM) image (Figure 1b). The electron diffraction
patterns inserted in Figure 1b indicated the single crystal
state of palladium nanowires. The morphology features of the
Pd nanowires (Figure 1c) as well as the self-assembly surface
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architecture of ZIF-67 on the surface of the nanowires were
investigated by scanning electron microscopy (SEM). It could
be clearly observed that ZIF-67 films completely covered the
Pd nanowires films (Figure 1d) on silicon wafers after self-
assembly. The major elements were further confirmed by X-ray
photoelectron spectroscopy (XPS). The peaks at 334.2 and
339.4 eV were attributed to Pd 3ds,, and 3d;,,, respectively
according to the high-resolution XPS spectrum of Pd 3d,
indicating Pd® (Figure S1). Figure le reveals the full survey
spectrum of the ZIF-67 films on the surface of the Pd
nanowires with elements of Co, N, and C. For the high-
resolution spectrum of Co 2p (Figure 1f), two main peaks
located at 797.1 and 781.5 eV were assigned to Co 2p,, and
Co 2p;,, respectively.’’ The corresponding satellite binding
energies of the Co 2p;,, main peak were at about 786.2 and
790.4 eV. Therefore, Co(II) was the main form existing in the
self-assembly ZIF-67 film. Moreover, the Pd nanowires @ZIF-
67 architecture structure was further demonstrated by X-ray
diffraction (XRD) in the 20 range from 5° to 70° at a scanning
rate of 15° min~". As depicted in Figure 1h, the diffraction
peaks of Pd nanowires alone (curve h2) were in accordance
with standard Pd (JCPDS No. 16-0334), and the overall
structure remained unchanged after the ZIF-67 films were
coated on the surface of it. On the other hand, the XRD
patterns of Pd nanowires@ZIF-67 (curve h3) matched well
with the simulated ZIF-67°7 demonstrating the ZIF-67
architecture structure. Finally, micrographs of the gold
interdigital electrode before and after coating the Pd nanowires
film as well as Pd nanowires@ZIF-67 film are shown in Figure
lg. The color of the Pd nanowires-coated gold interdigital
electrode changed from blank to blue after ZIF-67 self-
assembly.

Feasibility of H,-Based Electrochemical Biosensor for
AFP Detection. In our strategy, the electrochemical signals
were originated from the reaction of Pd nanowires@ZIF-67
films and H, catalyzed by the dehydrogenation of ammonia
borane by platinum nanoparticles. Therefore, the successful
preparation of platinum nanoparticles with high catalytic
efficiency was significant. The assembly processes and
morphology of dendritic Pt nanoparticles (DPNs) for different
reaction time intervals were characterized by TEM. The one-
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step produced DPNs followed an overgrowth mode. At the
initial stage of the assembly process (3 min), the primary Pt
NPs with an average dimension of 3 nm in diameter were
formed according to reducing the precursor (Figure 2a). Then,
primary Pt NPs step-by-step (S, 7 min) formed combined Pt
NPs (Figure 2b, c), and further assemble (10 min) (Figure 2d,
e) achieved dendritic platinum nanoparticles (DPNs), which
were further validated by the corresponding selected-area
electron diffraction (SAED) pattern (Figure 2g). Obviously,
the coexistence of diffraction spots and diffraction rings for
single DPN indicated that DPN was in a polycrystalline state.
Moreover, DPN-catalyzing dehydrogenation of NH;BHj; to
produce H, formed many bubbles (Figure 2i), while the
NH;BHj, aqueous solution in the absence of DPNs (Figure 2h)
did not form any bubbles. The specific process of DPNs
catalyzing NH;BH; to produce H, is shown in Figure 2f.
Furthermore, DPNs labeled on the detection antibody were
characterized by dynamic light scattering (DLS). The
hydration diameter of Ab,@DPNs (58 nm) was larger than
those of pure DPNs (52 nm), indicating that DPNs were
labeled on the detection antibody (Figure S2). DPNs
containing a mass of Pt NPs from the overgrowth mode
could catalyze the production of more hydrogen, resulting in a
higher electrochemical response (Figure S3), demonstrating
that DPNs still played the role of signal amplification
compared with primary Pt NPs.

To explore the different response characteristics between Pd
nanowires@ZIF-67 and a Pd nanowires sensing interface, low
and high AFP concentrations were chosen for verification,
respectively. As shown in Figure 2n, when the AFP
concentration was at a relatively high concentration (50 ng
mL™"), correspondingly a high concentration of H, was
produced by DPNs, and the response of the Pd nanowires
sensing interface enhanced with increasing reaction time,
gradually reaching a plateau. The response time of Pd
nanowires was the time that the response increased up to
0.9R,.. (R = AI/I, (%)) and was sustained for 542 s. Once the
Pd nanowires sensing interface was removed from the
monitoring system and exposed to the air, the response
returned to the initial state. Compared with Pd nanowires@
ZIF-67 (16.99%) (Figure 21), Pd nanowires (Figure 2n) had a
higher response (18.40%) at the same reaction time (420 s).
Nevertheless, Pd nanowires@ZIF-67 had superiority of a faster
response time (134 s) to reach the plateau. Under a low AFP
concentration condition (2.0 ng mL™'), the produced low
concentration H, reacting with Pd nanowires in the airtight
detection device could extremely be affected by oxygen which
occupied the majority of the adsorption site of hydrogen.
Moreover, the chemisorbed O (Pd—O) reacted with adsorbed
dihydrogen dissociating from hydrogen to generate water,
causing a decrease in H absorption into PdH, and a rapid
decrease in sensing properties as well as poor responses of the
Pd nanowires sensing interface (Figure 2m), which is as weak
as the blank sample (Figure S3) at 2 ng mL™". On the other
hand, the Pd nanowires@ZIF-67 could surmount the influence
of oxygen owing to the interception of the ZIF-67 molecular
sieve. The architecture networks built on the surface of Pd
nanowires were connected with small apertures (3.31 A) which
could permeate H, (0.289 nm) and block O, (0.346 nm),
leading to more PdH, and a higher response of the Pd
nanowires@ZIF-67 sensing interface (Figure 2k). Therefore,
these results evidenced that H,-based electrochemical
biosensors utilizing Pd nanowires@ZIF-67 sensing interfaces,

compared with Pd nanowires, were overwhelming whether in
aspects of response value or response time for low AFP
concentration detection.

Optimization of Experimental Conditions. The re-
sponse effectiveness of the Pd nanowires@ZIF-67 sensing
interface was further studied in the aspect of different self-
assembly times (Figure 3a). The self-assembly time (1—6 h)
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Figure 3. Effects of (a) ZIF-67 self-assembly time on the surface of Pd
nanowires. (b) AFP and Ab,@DPNs incubation times on H,-based
electrochemical biosensors (5.0 ng mL™" AFP used in these cases).

had a significant influence on the response due to different
coverage levels of ZIF-67 films. The response of the films
assembled for 1 h was lower compared with longer assembly
times because the low coverage of ZIF-67 was not enough for
completely excluding the O, influence. Apparently, the 3 h
assembly reached at the highest response and longer assembly
time (4—6 h) was not favorable for optimum response due to
the reduction of reaction sites of Pd NWs with the overgrowth
of ZIF-67. In conclusion, 3 h of reaction time was chosen for
ZIF-67 assembly to accomplish AFP detection in this strategy.
Moreover, the incubation times for AFP and Ab,@DPNs were
considerable. As indicated in Figure 3b, the response increased
with the increasing incubation time and remained a steady
value after 50 min. A longer incubation time did not enhance
the response of the Pd nanowires@ZIF-67 sensing interface. In
order to save detection time, 50 min was utilized for the
reaction between Ab,@DPNs and target AFP (5.0 ng mL™
AFP used in these cases).

Analytical Performance of H,-Based Electrochemical
Sensing Platform. To investigate the analytical performance
of the developed H,-based electrochemical biosensors, differ-
ent concentrations of AFP standards were determined by Pd
nanowires@ZIF-67 sensing interfaces in our strategy under
optimum conditions. As seen from Figure 4a, the response was
observed to gradually increase with the increasing target AFP
concentration. A great linear relationship (Figure 4b) between
the response and the AFP concentration was acquired within
the dynamic range of 0.1—50 ng mL™". The linear regression
equation was expressed as AI/I(%) = 0.265 Capp + 4.04, (R* =
0.997, n = 7), where AI/I(%) was the response of the H,-
based electrochemical biosensor toward different AFP
concentrations. The limit of detection (LOD) was estimated
to be 0.04 ng mL™" (3S,/K, where S, stands for standard
deviations (n = 11) in the blank sample, and K is the slope of
the linear regression equation). Obviously, the LOD of this
sensing strategy is comparable with those of commercial AFP
ELISA kits from different companies, e.g,, 0.5 ng mL™' AFP
from Abcam (cat# ab108838), 2.0 ng mL ™" AFP from Abcam
(cat# ab108631), 0.0651 ng mL™' AFP from Abcam (cat#
ab193765), and 0.029 ng mL~" AFP from R&D Systems (cat#
MAFPO00). The same comes true for the costs, i.e.,, ~US $1.021
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Figure 4. (a) Response (AI/I,) of H,-based electrochemical biosensor toward different target AFP concentrations. (b) Corresponding linear
relationship. (c) Selectivity of H,-based electrochemical biosensor for 10 ng mL™'AFP detection compared with other interfering proteins
(concentrations of interfering proteins were 100 ng mL™") Note: The mixture contained the above-mentioned target AFP and nontargets. (d)

Comparison of the results for the two methods.

and US $1.087 for a single test performed with a commercial
ELISA test kit and the new strategy, respectively. Notably, this
sensing system is capable of continuously carrying out all steps
within 2 h per sample including the immunoreaction, washing,
and electrochemical measurement, which was less than those
of most existing commercialized AFP ELISA kits (~3.0 h).

The reproducibility of the reusable Pd nanowires@ZIF-67
sensing interface was also evaluated by AFP standards at
different concentrations without repetitive interface assembly
for 2 weeks. The final results (Figure S4) showed that the
response of Pd nanowires@ZIF-67 films toward AFP standards
at 2.0, 10’ and 20 ng mL™! maintained 91.6%—96.0% of their
initial values, indicating acceptable reproducibility.

As for specificity of the H,-based electrochemical biosensor,
the sensing platform was studied by analyzing other possibly
interferential biomarkers in human serum, such as cancer
antigen 15—3 (CA 15—3), carcinoembryonic antigen (CEA),
cancer antigen 125 (CA 125), and prostate specific antigen
(PSA). In this case, we employed the concentration of
interfering proteins at 10 times the concentration of the target
AFP to explore their effects on the detection results. As
displayed in Figure 4c, when the AFP was in the absence of
detection system, the responses of four interferences were
almost at the same level compared with the blank sample. In
contrast, the response value of the mixture (including target
AFP and interferential biomarkers) was approximately the
same as the individual AFP response. Therefore, the H,-based
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electrochemical biosensor had a satisfactory specificity for AFP
detection.

The accuracy of the explored H,-based electrochemical
detection system was evaluated with a commercial AFP ELISA
kit for AFP detection using six human serum specimens
(collected from the local hospital). The final AFP concen-
trations monitored by two methods as well as f,,, values
obtained from the Student’s t-test method are listed in Table 1.
The t,,, values in all cases were less than (teritfo05,4) = 277).
As shown in Figure 4d, the regression equation between the
two methods was calculated with Y = 1.03X — 0.0629 (R* =
0.998, n = 6), where the intercept and slope approached “0”
and “17, respectively. All these results indicated no significant

difference between the two methods. Therefore, the accuracy

Table 1. Comparison of Results Obtained from H,-Based
Electrochemical Immunoassay and Commercial Human
AFP ELISA Kits for Human Serum Specimens

method; conc. [mean + SD (RSD), ng mL™}, n = 3]

sample H,-based immunoassay AFP ELISA kit fhep
1 1.70 + 0.1 (5.88%) 1.63 + 0.15 (9.20%) 0.67
2 0.51 + 0.04 (7.84%) 0.55 + 0.02 (3.64%) 1.55
3 541 + 0.51 (9.43%) 5.59 + 0.53 (9.48%) 0.42
4 10.83 + 0.86 (7.94%) 11.40 + 0.78 (6.84%) 0.85
s 0.92 + 0.06 (6.52%) 0.98 + 0.04 (4.08%) 144
6 29.70 + 0.97 (3.27%) 2831 + 0.92 (3.25%) 1.80
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of the H,-based electrochemical biosensor was acceptable for
AFP detection.

B CONCLUSIONS

In summary, H,-based electrochemical biosensors with ZIF-67
molecular sieve-functionalized Pd nanowires sensing interfaces
are developed for AFP detection. H, as a carrier of biological
signals was produced by DPNs catalyzing dehydrogenation of
NH;BH;. The corresponding electrochemical signals derive
from the chemical signal transduction between the H, and Pd
nanowires reaction. However, the presence of O, in the
detection system restricts further response under low
concentration AFP, which is surmounted by the molecular
sieve function of ZIF-67 on the surface of Pd nanowires.
Importantly, the H,-based electrochemical biosensor achieves
separating the sensing interface from the bioassembly platform.
Compared with other detection schemes by using the
biological assembly,”**™** our strategy could efficiently avoid
the reconstruction process of complex biological assembly on
the sensing interface, thereby ensuring reproducibility and
stability of the analysis results. Furthermore, DPNs assembled
by vast small platinum nanoparticles could catalyze more
dehydrogenation of NH;BHj, playing the role of signal
amplification to achieve sensitive detection. Future work on
MOF as a molecular sieve employed in electrochemical
biosensors for the exploration of cancer biomarker detection
should be focused on the enhancement of the sensitivity.
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