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ABSTRACT: Apolipoprotein Al (Apo-Al) is a well-recognized ~._ o
biomarker in tissues, closely associated with cardiovascular diseases !"’* j mmunization o Lymphocytes o“’;a? mRNA S N
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such as atherosclerosis, coronary artery disease, and heart failure. PR/ o '

However, existing methods for Apo-Al determination are limited
by costly equipment and intricate operational procedures. Given
the distinct advantages of electrochemical immunosensors,
including affordability and high sensitivity, along with the unique
attributes of nanobodies (Nbs), such as enhanced specificity and
better tissue permeability, we developed an electrochemical
immunosensor for Apo-Al detection utilizing Nb technology. In
our study, Ce-MOF@AuNPs nanocomposites were synthesized by
using ultrasonic methods and applied to modify a glassy carbon
electrode. The Nb6, screened from an Apo-Al immunized phage
library, was immobilized onto the nanocomposite material, establishing a robust binding interaction with Apo-Al. The recorded
peak current values demonstrated a logarithmic increase corresponding to Apo-Al concentrations ranging from 1 to 100,000 pg/mL,
with a detection limit of 36 fg/mL. Additionally, the developed immunosensors demonstrated high selectivity, good stability, and
reproducibility. Our methodology was also effectively utilized for serum sample analysis, showing good performance in clinical
assessments. This electrochemical immunosensor represents a promising tool for Apo-Al detection, with significant potential for
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advancing cardiovascular disease diagnostics.
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B INTRODUCTION

Apolipoprotein Al (Apo-Al) functions as a pivotal protein in
high-density lipoprotein (HDL) and is essential for the
antiatherosclerotic activity of HDL." Elevated levels of Apo-
Al are commonly observed in tissues and exhibit an inverse
correlation with the occurrence of atherosclerosis and coronary
heart disease.”” It facilitates the early identification of coronary
heart disease risk and serves as a biomarker for monitoring
lipid-modifying drug therapy.® Previous studies have demon-
strated that reduced Apo-Al levels are associated with left
ventricular dysfunction, with further evidence indicating a
strong correlation between lower Apo-Al concentrations and
adverse prognoses in individuals with nonischemic heart
failure.”® Current quantification techniques for Apo-Al, such
as enzyme-linked immunosorbent assays (ELISA),””” immu-
noturbidimetric analysis,lo’” and LC—MS/MS,'>"* often
suffer from limitations, including complex sample preparation
or intricate operational procedures. In contrast, electro-
chemical methods have gained popularity in immunosensor
detection due to their enhanced sensitivity, superior accuracy,
and cost-effectiveness.'*™'® These sensors enable rapid and
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precise detection of Apo-Al and other cardiovascular disease
markers, including proteins, DNA, and enzymes, in blood
samples. Unlike ELISA, which has a sensitivity threshold at the
nanogram per milliliter level,'” electrochemical sensors
demonstrate greater sensitivity. Additionally, label-free electro-
chemical sensors, detecting antigens without markers, are
frequently used in sensor development due to their simplified
measurement techniques and procedures.

Metal—organic frameworks (MOFs), belonging to a novel
category of porous materials consisting of metal ions and
organic ligands, are extensively applied in sensor fabrication
due to their adjustable pore size, robust adsorption capacity,
and commendable biocompatibility.”> More importantly,
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MOFs are commonly used for the immobilization of functional
molecules due to their excellent adsorption and adhesion
properties. Previous studies have indicated that Ce-MOF holds
significant potential in bioanalysis,21 with its large specific
surface area and outstanding optical, electrochemical, and
catalytic properties. These attributes make Ce-MOFs ideal
materials for electrode modification. Additionally, the synthesis
of Ce-MOFs using benzenetricarboxylic acid as the organic
framework is also efficient and straightforward, further
improving the feasibility of sensor construction.”’ Moreover,
gold nanoparticles (AuNPs) enhance the electrical conductiv-
ity of the electrodes, increase the specific surface area of the
materials, and exhibit excellent biocompatibility.”> AuNPs can
covalently bond with antibodies, thereby improving their
immobilization. Integrating Ce-MOFs with AuNPs enables the
comprehensive utilization of the electrochemical catalytic
activity inherent to AuNPs, while leveraging the selective
adsorption properties of Ce-MOF materials.”>*" In this study,
AuNPs were deposited on the surface of Ce-MOFs to form a
layered structure, which heightened the sensitivity and
selectiveness for Apo-Al detection. We combined Ce-
MOF@Au nanomaterials with high-specificity and high-affinity
nanobodies (Nbs) to target the novel biomarker Apo-Al. By
monitoring changes in electrochemical signals, our study
successfully achieved rapid and precise detection of both the
presence and concentration of Apo-Al.

In clinical analysis, mAbs are regarded as the gold standard
for immunoassays. However, issues such as batch-to-batch
variability, high production costs, and the large molecular
weight of mAbs, limiting their sensitivity in impedance assays,
highlight the need to explore alternative bioreceptors.”> Nbs,
also known as the variable domain of the heavy-chain antibody
(VHH, ~2.5 X 3 X 4 nm),”*” are the smallest antibody
fragments proficient in antigen binding, with a molecular
weight of approximately 15 kDa.”**’ Compared to mAbs, Nbs
possess unique properties, including elevated selectivity,””*"
higher aﬂ-inity,31 superior thermal stability,‘%2 and the singular
attribute of a single structural domain.” As a structural domain
with a single intrachain disulfide bond, Nbs exhibit remarkable
structural stability and can tolerate extreme conditions such as
high temperatures and acidic and alkaline environments. For
example, they retain high antigen-binding activity even after
storage at 37 °C for several weeks and can endure
temperatures ranging from 60 to 80 °C.>* Due to its small
size, Nbs can be immobilized at a higher density on the
immunosensor compared to conventional antibodies, improv-
ing the signal-to-noise ratio.”> This enhancement lowers the
limit of detection (LOD) and facilitates sensitive antigen
analysis, making Nbs a promising alternative to traditional
antibodies in electrochemical point-of-care technologies.*® Nbs
are now widely utilized in diagnostic kits and procedures for
detecting pathogens, cancer, and other biomarkers.>”*

In this study, we successfully screened Nbs specific to Apo-
Al, confirming their high affinity. Ce-MOF@Au nano-
composites, which attract negatively charged AuNPs, leverage
the excellent electrical conductivity of AuNPs to enhance the
electron transport across the electrodes. Additionally, using a
label-free approach simplifies both the measurement process
and the procedure. We present, for the first time, the
application of Ce-MOF@Au for Apo-Al detection. This
study also represents the first integration of Ce-MOF@Au
with Nbs in an electrochemical sensing platform. A
comprehensive performance evaluation confirmed the sensor’s

reliability and effectiveness. Compared with conventional
immunosensors, our approach offers a substantial reduction
in cost while maintaining comparable detection limits, thus
enhancing economic feasibility. In conclusion, the label-free
electrochemical immunosensor utilizing Ce-MOF@Au multi-
layer nanocomposites offers a robust and cost-effective
analytical technique for Apo-Al detection.

B EXPERIMENTAL SECTION

Materials and Reagents. Cerium(III)nitrate hexahydrate,
trimesic acid, terephthalic acid, hydrogen tetrachloroaurate(III)-
trihydrate, albumin, and sodium citrate were supplied by damas-
beta; potassium ferricyanide, potassium ferrocyanide trihydrate, uric
acid, cholesterol, bilirubin, sodium borohydride solution, creatinine,
urea, and potassium chloride were all purchased from Aladdin
(Shanghai, China, www.aladdin-e.com), Human Apo-Al ELISA Kit
was purchased from EIAab (Wuhan, China).

Immunization and Library Construction. A juvenile and robust
Bactrian camel underwent initial immunization with Apo-Al, in
conjunction with an equivalent volume of Freund’s complete adjuvant
(Sigma-Aldrich, St. Louis, MO, USA). Subsequently, the camel
received regular weekly immunizations employing Freund’s incom-
plete adjuvant (Sigma-Aldrich).

After the seventh immunization, peripheral blood lymphocytes
were extracted from 100 mL of camel blood utilizing Ficoll-Paque
PLUS (GE Healthcare, Pittsburgh, PA, USA). Subsequently, a phage
display library containing genes encoding Nbs was constructed using
established methodologies.””** The library’s capacity and the ratio of
correct insertions were assessed to determine the colony-forming
units (CFUs). All experimental procedures were conducted in strict
adherence to the guidelines set forth by the National Institutes of
Health for the ethical care and utilization of laboratory animals.

Screening of Apo-A1l-specific Nbs by Phage Display
Technology. Nbs specific to human Apo-Al were screened using a
combination of phage display and Periplasmic Extract ELISA (PE-
ELISA), following established procedures as previously docu-
mented.*"** After the sequencing of the selected clones, which
were chosen as representatives of distinct families of Apo-Al-specific
Nbs, the selection criteria were based on their possession of diverse
amino acid sequences within complementarity-determining region 3
(CDR3). Anti-Apo-Al Nbs were primarily expressed in Escherichia
coli and subsequently purified using protein A affinity chromatography
(Qiagen, Germany). The purity of the Nbs was evaluated through
SDS—PAGE analysis.

Affinity Determination. The kinetics of Nbs anti-Apo-Al antigen
were examined through biolayer interferometry (BLI) using a
Fortebio’s Octet RED96 instrument (ForteBio, Menlo Park, CA,
USA). Briefly, Nbs (10 ug/mL) were diluted and immobilized on
protein A biosensors followed by incubation with serially diluted Apo-
Al. The subsequent dissociation phase was carried out in PBST. The
obtained binding curves were fitted using the 1:1 binding model with
Octet Data Analysis software, version 9.0. Tracking of the association
and dissociation rates enabled the determination of the equilibrium
dissociation constant (Kp,). This comprehensive approach allowed for
a detailed investigation of the dynamic binding interactions between
Nbs and the Apo-Al antigen.

Synthesis of Ce-MOF. Initially, 266.64 uM trimesic acid was
dissolved in 30 mL of ethanol, and concurrently, 266.68 uM
Ce(NO,;)6H,0 was dissolved in 30 mL of Milli-Q water. The
solution containing trimesic acid was then introduced into the
Ce(NO;)6H,0 solution, followed by stirring for 30 min. The
resulting white mixture underwent ultrasonication for an additional 30
min and underwent three successive washes with Milli-Q water and
ethanol. The resultant material was subsequently dried at 70 °C to
obtain the Ce-MOF.

Synthesis of Ce-MOF@Au. The synthesis of AuNPs commenced
with the preparation of a 1% trisodium citrate solution. This was
achieved by dissolving 200 mg of trisodium citrate in 20 mL of Milli-
Q water. Subsequently, 457.05 uM HAuCl, was measured and added
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Figure 1. Construction of anti-Apo-Al Nbs phage-displayed library. (A) The segments harboring VHH gene fragments underwent amplification
through an initial PCR followed by a nested PCR. (B) The library capacity was assessed by counting the clones on plates after gradient dilution.
(C) The accurate insertion rate of the library was determined by conducting PCR on a randomly selected set of 24 colonies.

to 200 mL of boiling water. Following this, 15 mL of a 1% trisodium
citrate solution was introduced into the HAuCl, solution.
Concurrently, a 1 mg/mL solution of Ce-MOF was prepared and
dissolved in Milli-Q water. The resulting solution was stirred for 4 h,
subjected to centrifugation, and subsequently washed three times.”"

Preparation of Electrochemical Immunosensor. The glassy
carbon electrode (GCE) was initially polished using 0.3 and 0.05 ym
alumina powder, followed by sonication in absolute Milli-Q water,
ethanol, and Milli-Q water to achieve a smooth interface. After air-
drying at room temperature, GCE underwent modification with the
Ce-MOF@Au nanocomposites. Subsequently, 10 yL of anti-Apo-Al
Nb solution (10 ug/mL) was carefully deposited onto the surface of
the modified electrode and allowed to incubate for 12 h at 4 °C to
facilitate the immobilization of Nbs. Any unbound Nbs were
thoroughly washed away using a 0.01 M PBS. Following this, 5 uL
of 1% BSA solution was applied onto the modified electrode and
allowed to incubate for 30 min to block nonspecific binding sites.
Subsequently, any unbound BSA was thoroughly washed away using
0.01 M PBS. Finally, the modified electrode was subjected to
incubation in various antigen concentrations for 40 min at 37 °C,
facilitating the establishment of a label-free electrochemical
immunosensor.

Morphology Characterization of Materials. The morphologies
were examined using a scanning electron microscope (SEM, Hi High-
Technologies, Regulus 8100) operating at an accelerating voltage of
10 kV. Additionally, a transmission electron microscope (TEM, JEM-
F200) was employed with an acceleration voltage of 200 kV. For
TEM analysis, the materials were ultrasonically dispersed in an
aqueous solution, drop-coated onto an ultrathin carbon film, dried,
and subsequently analyzed using a JEM-2100F instrument. For SEM
analysis, the material was ultrasonically dispersed in an aqueous
solution, coated onto a silicon wafer, dried, gold-sputtered for 30 s,
and then characterized by using SEM on a Regulus 8100 instrument.

Electrochemical Measurements with Ce-MOF@Au/GCEs.
The electrochemical investigations were conducted employing a
conventional three-electrode system comprising a GCE as the
working electrode, a Ag/AgCl electrode as the reference electrode,
and a platinum wire as the counter electrode. Electrochemical
analyses, encompassing differential pulse voltammetry (DPV), cyclic
voltammetry (CV), and electrochemical impedance spectroscopy
(EIS), were conducted by utilizing a CHI760E electrochemical
workstation. The current and potential characteristics of Ce-MOF@
Au were measured using DPV. Within a 0.2 M PBS solution (pH 7.3),
the scan potential spanned from —1 to 1V, with a scan rate of 0.1 V/
s. The pulse width and period were set at 0.0167 and 0.5 s,
respectively.”> The CV experiments were conducted with potentials
ranging from —1 to +1 V at a scan rate of 100 mV/s. The EIS

measurements were performed across a frequency range of 107" to
10° Hz. Both determinations were evaluated in a solution containing 5
mmol/L [Fe(CN)¢]™~* and 0.1 mol/L KCL

Human serum samples were diluted 50,000 times with 0.01 M PBS,
and quantified using a conventional human Apo-Al ELISA kit.
Subsequently, the serum was diluted 50,000 times with 0.01 M PBS
and directly analyzed using Ce-MOF@Au sensors. The procedures
were conducted in accordance with the principles outlined in the
Declaration of Helsinki regarding biomedical research involving
human subjects.

B RESULTS AND DISCUSSION

Anti-Apo-A1 Nb Phage Display Library Construction.
To establish the anti-Apo-Al Nb phage display library, we
initially immunized a young and healthy camel with Apo-Al.
Subsequently, VHH genes were amplified from ¢cDNA, which
was reverse transcribed from lymphocyte RNA after 7 times of
immunization. The initial PCR yielded distinct bands at
approximately 700 bp, as depicted in Figure 1A first PCR. The
VHH-only fragments were obtained by amplifying from the
700 bp fragments as templates, resulting in a final band size of
approximately 400 bp, as illustrated in Figure 1A second PCR.
The recombinant pMECS-VHH vector was electro-trans-
formed into TGI cells, and both the inset ratio and library
capacity were accessed. The library size was determined to be §
X 10° CFU through gradient dilutions (Figure 1B), with a
correct insertion ratio of 91.6% (Figure 1C). The substantial
library capacity supports the efficient isolation of specific Nbs
against Apo-Al. In summary, we successfully established a
phage-displayed immune VHH library in preparation for the
subsequent selection of anti-Apo-Al Nbs.

Apo-A1l-specific Nbs was Screened through Phage
Display Technology and Affinity Analysis. In this study,
we employed phage display technology to screen specific anti-
Apo-Al Nbs. The quantification of phage particle enrichment
was assessed by comparing the elution from Apo-Al-coated
wells to that from uncoated wells. The enrichment increased to
24.4-fold by the third round of biopanning (Figure 2A),
indicating a promising likelihood of isolating high specificity
anti-Apo-Al Nbs. Moreover, PE-ELISA analysis identified 23
positive clones with a binding ratio exceeding 3 from 96
randomly selected clones (Figure 2B). DNA sequencing
determined six Nbs with distinct amino acid sequences in
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Figure 2. Apo-Al-specific Nbs were selected from phage display library and affinity determination. (A) The enrichment of phage particles was
assessed following each round of panning. (B) The PE-ELISA was conducted for the identification of positive clones. (C) Analysis of six purified
soluble anti-Apo-Al Nbs by SDS—PAGE. (D) The affinity value of six Nbs toward Apo-Al.
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Figure 4. (A) Illustrated herein is a schematic depiction outlining the assembly procedure of the electrochemical biosensor. (B) The DPV in 0.2 M
PBS (pH 7.3). (C) The CV in 0.1 mol/L KCl and $ mmol/L [Fe(CN)s]™>~* (D) The EIS in 0.1 mol/L KCI and 5 mmol/L [Fe(CN),]™>/~*

the CDR3 region. These six Nbs were purified using Ni-NTA
affinity columns, as confirmed by SDS-PAGE analysis (Figure
2C), showing molecular weights of approximately 15 kDa. The
high purity of these Nbs was suitable for further research. The
KD values of these Nbs for Apo-Al are depicted in Figure 2D
after affinity measurement. Affinity measurement showed that
Nb6 had the highest affinity for Apo-Al, with a KD value of
2.85 x 107" M (Figure 2D), suggesting its potential for
application in biosensors and diagnostic tools. Consequently,
Nb6 was selected for further investigation.

Synthesis and Characterization of Ce-MOF@Au. SEM
was employed to investigate the morphological attributes of
the nanomaterials. The SEM images revealed spherical
morphology characteristic of AuNPs, as depicted in Figure
3A." Furthermore, SEM analysis elucidated that the Ce-MOF
exhibits an elongated rod-like configuration measuring 4 to S
pum in length and 300 to 400 nm in width, as illustrated in
Figure 3B. Additionally, AuNPs were effectively synthesized on
certain rod-like Ce-MOF structures (Figure 3C), confirming
the successful fabrication of Ce-MOF@Au composite. The
large surface area of Ce-MOF provides an extensive platform
for immobilizing Nbs, thereby improving the antigen capture
efficiency. Additionally, the integration of AuNPs improves the
electron transfer, resulting in amplified electrochemical signals.

Collectively, these factors contribute to the increased
sensitivity and detection capabilities of the sensor.

TEM was used to conduct a detailed examination of the
composition of Ce-MOF@Au. The results unveiled the
successful synthesis of Ce-MOF (Figure 3D), showing a
clear surface coating of AuNPs in different fields of view
(Figure 3E,F). In summary, Ce-MOF@Au displayed a
characteristic elongated rod morphology with prominent
edge thickening and a rugged surface, accompanied by the
deposition of numerous AuNPs on its surface.

The elemental composition of the Ce-MOF@Au composite
was verified through elemental mapping, as illustrated in Figure
3G—J. The detection and distribution of elements, including
Au and Ce, confirmed the successful synthesis of the Ce-
MOF@Au composite.

The zeta potential study was conducted to characterize the
surface charge of the MOF before and after functionalization.
The zeta potential of AuNPs was approximately —26.4 mV,
while the zeta potentials for Ce-MOF and Ce-MOF@Au were
1.42 and —5.57 mV (Figure 3K), respectively. The change in
the zeta potential of Ce-MOF@Au compared to that of Ce-
MOF and AuNPs suggests an interaction between these
components, further indicating the successful formation of the
composite.
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Figure S. (A) Electrochemical response of the immunosensor with 1, 10, 100, 1000, 10,000, 100,000 pg/mL Apo-Al under optimal conditions. (B)
Calibration curve of the electrochemical immunosensor. (C) Specificity of the immunosensor investigated with 10 ng/mL urea, 10 ng/mL uric
acid, 10 ng/mL creatinine, 10 ng/mL bilirubin, 10 ng/mL cholesterol, 1 ng/mLApo-Al. (D) Specificity of the immunosensor investigated with 10

ng/mL NT-Pro-BNP, 10 ng/mL myoglobin, 10 ng/mL c¢Tnl, 10 ng/mL H-FABP, 1 ng/mL Apo-Al. (E) Reproducibility of different electrodes
modified with 10 ng/mL of Apo-Al. (F) Stability of the sensor for different days.

Electrochemical Behavior. This study presents a label-
free electrochemical immunoassay utilizing a Ce-MOF@Au
multilayer nanocomposites for Apo-Al detection (Figure 4A).
DPV was employed to investigate the principles and
characteristics of the electrochemical immunosensor in 0.2 M
PBS solution at pH 7.3. A prominent electrical pulse at +0.8 V
was observed following the introduction of Ce-MOF@Au

multilayer nanocomposites (Figure 4B). Additionally, a
marked reduction in this electrochemical signal occurred
after immobilization of the antibody and antigen (Figure 4B).
Consequently, the concentration of the Apo-Al antigen can be
quantified based on the variations at +0.8 V.

CV was employed to evaluate the electrochemical behavior,
thereby assessing the preparation of the sensors. The CV
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analysis was conducted in a solution comprising 0.1 mol/L
KCl and 5 mmol/L [Fe(CN)¢]™~* (Figure 4C). The charge
transfer resistance gradually decreased upon modification of
electrodes with Ce-MOF@Au nanomaterials, attributed to the
superior electrical conductivity of the nanocomposites.
However, with the successive modification of Nb6, BSA, and
Apo-Al onto the electrodes, the electrochemical resistance
increased during electron transfer, likely due to the repulsive
effect exerted by self-adsorbed proteins. This observation
suggests successful immobilization of Nb6, BSA, and Apo-Al
onto the electrode surface. Subsequently, following Nbs and
Apo-Al immobilization, the peak current intensity gradually
diminished, indicative of the insulating properties inherent in
biomolecules.

As depicted in Figure 4D, EIS was employed to assess the
surface properties of the Ce-MOF@Au sensor and the
assembly of Nb6 coupled to anti-Apo-Al. The EIS data was
analyzed using a circuit model that included electron solution
resistance (R,), electron transfer resistance of the electrodes
(Rey), double layer capacitance (Cg), and Warburg impedance
(W). As Ce-MOF@Au multilaminate nanocomposites were
applied to the GCE surface, the resistance decreased
significantly, demonstrating that the multilayer nanocompo-
sites was secured to the electrodes. Due to the blocking effect
of idioelectric proteins during electronic transfer, the electro-
chemical resistance increased as Nb6, BSA, and Apo-Al were
gradually changed onto the electrodes. This suggests that the
electrodes had been successfully integrated with Nb6, BSA,
and Apo-Al. Consistent results from both EIS and CV analyses
confirm the successful establishment of the electrochemical
immunosensor.

Optimization of Experimental Conditions. To enhance
the analytical performance of the immunosensor, it was
necessary to optimize the reaction parameters, including the
concentration of Ce-MOF@Au, the concentration of Nb6
absorbed on Ce-MOF@Au, the incubation time for the
antigen, and the pH.

First, the concentration of Ce-MOF@Au significantly
affected the immunosensor’s performance. As shown in Figure
S1A, the peak current increased proportionally with the Ce-
MOF@Au concentration from 0.2 to 1.0 mg/mL, reaching a
maximum at 1.0 mg/mL, after which it gradually decreased.
This decline was due to the saturation of Ce-MOF@Au
adsorption on the GCE, indicating that an excessive amount of
Ce-MOF@Au hindered the electron transfer rate at the
electrode interface. Therefore, the optimal concentration of
Ce-MOF@Au was determined to be 1.0 mg/mL.

In addition to Ce-MOF@Au concentration, the effect of
Nbs concentration on the sensor’s detection efficiency was also
investigated. As shown in Figure S1B, the signal intensities
were lowest at 10 pg/mL, likely due to increased electron
transfer impedance caused by higher Nbs concentrations on
the substrate. However, lower concentrations are more prone
to operational errors. Therefore, 10 yg/mL was determined to
be the optimal Nbs concentration.

Furthermore, the effect of the incubation time on sensor
performance was examined. As the incubation period increased
from 10 to 40 min, the peak current initially decreased.
However, beyond this saturation point, extending the
incubation time further may result in the dissociation of
some complexes, leading to an increase in peak current when
the incubation time was prolonged to 60 min (Figure S1C).**
The decrease in peak current within the 10 to 40 min range

suggests that saturated binding between Apo-Al and anti-Apo-
Al Nbs occurred, indicating the formation of the maximum
number of antibody—antigen immune complexes on the
electrode surface. Consequently, the optimal incubation time
for the experiment was determined to be 40 min.

Lastly, the pH significantly impacted the performance of the
immunosensor. As shown in Figure S1D, acidic or alkaline PBS
resulted in a reduction in the electrical signal. This effect is
primarily attributed to the pH’s impact on the activity of
antigen and antibody, as well as their binding interactions.
However, neutral conditions were found to be more favorable
for the redox reactions of Ce-MOF@Au. Based on the
optimization of conditions, the optimal pH for the experiment
was determined to be 7.3.

Performance Evaluation of the Electrochemical
Immunosensor. The immunosensor was assessed with
varying concentrations of Apo-Al standard solutions under
the optimized conditions. DPV analysis showed a decrease in
current response as Apo-Al concentration increased (Figure
SA), attributed to the formation of immune complexes
between Apo-Al and Nb6. Furthermore, a well-defined linear
relationship was established between the change in DPV
current response (AI) and the logarithm of Apo-Al
concentration in the range of 1 to 100,000 pg/mL. The
standard curve was defined as I = 65.799 log C — 214.53, with
a coefficient of determination (R*) of 0.9897 (Figure SB). The
LOD was calculated to be 36 fg/mL from the calibration curve
as LOD = 3s/b, where s is the standard deviation of the
intercept and b is the slope of the calibration curve.” These
findings suggest that the proposed immunosensor exhibits an
excellent performance for the quantitative detection of Apo-
Al.

Selectivity, Reproducibility, and Stability of the
Proposed Immunosensor. To assess the selectivity of the
sensor, a range of common interfering antigens in blood,
including urea, uric acid, creatinine, bilirubin, and cholesterol,
were evaluated. The results showed a significant difference in
the electrochemical signals between the interfering antigens
(10 ng/mL) and the target antigen (1 ng/mL) (Figure SC).
Additionally, other cardiovascular disease markers, including
NT-Pro-BNP, myoglobin, ¢Tnl, and H-FABP, were also
evaluated. The results indicated a significant difference in
electrochemical signals between the interfering antigens (10
ng/mL) and the target antigen (1 ng/mL; Figure SD). These
findings demonstrated that the immunosensor exhibits
enhanced selectivity.

To evaluate the reproducibility of the sensors, five
electrochemical immunosensors were fabricated for the
detection of Apo-Al (10 ng/mL). The results revealed
consistent electrical signal values across the five sensors upon
repeated measurements, suggesting the robust reproducibility
of the constructed electrochemical sensors (Figure SE).

A series of electrodes was prepared and stored at 4 °C to
evaluate the sensor’s stability. After 7 days, the electrochemical
signals generated by Ce-MOF@Au in the immunosensor
decreased by less than 5% (Figure SF). This minimal reduction
in signal demonstrates the excellent stability of the electro-
chemical immunosensor over time.

A comparison with previous studies, as summarized in Table
1, highlights the advantages of our developed sensor. In
contrast to the Ag-nHAP SPCE immunoassay, MoS,/GOD/
GCE immunoassay, and the MoS,/ZrO,/Naf-based ECL
aptasensor targeting Apo-Al, our sensor constructed with a

https://doi.org/10.1021/acsami.4c14027
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c14027/suppl_file/am4c14027_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c14027/suppl_file/am4c14027_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c14027/suppl_file/am4c14027_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c14027/suppl_file/am4c14027_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c14027/suppl_file/am4c14027_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c14027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Table 1. Comparison of the Performances of Different Apo-
Al Detection Methods

detection methods linear range LOD reference
EC 0.1-50,000 pg/mL 0.02 pg/mL 46
EC 1.0-1,000,000 pg/mL 0.3 pg/mL 48
ECL 0.1-1000 pg/mL 53 fg/mL 47
ECL 100—10,000 pg/mL 50 pg/mL 49
ECL 1.0-1000 pg/mL 0.33 pg/mL 50
fluorescence 0.5—3.0 mg/mL 7.7 ng/mL 51
spectroscopy
eELISA 1-100,000 pM 1.00 pM s3
colorimetric 50—-100,000 pg/mL 20 pg/mL 52
immunosensor
EC 0.1-1000 pg/mL 0.04 pg/mL 54
EC 1-100,000 pg/mL 36 fg/mL  this

work

simpler direct binding approach using Nbs and antigens, along
with more cost-effective Ce-MOF@Au materials, achieved
comparable or superior detection ranges and limits than those
in other studies.**™** Additionally, it outperformed these
previous methods in terms of specificity and stability. Notably,
the proposed immunosensor exhibited higher sensitivity and a
broader linear range compared to previous works.*”” ™ This
improvement may be due to the use of Ce-MOFs, which
possess good adsorption and adhesion properties, and are able
to adsorb more AuNPs and provide more binding sites for Nbs
immobilizations. As a result, the Nbs loading was greatly
increased, allowing for the capture of more antigens and
creating an optimal 3D environment for the construction of
electrochemical immunosensors. Ce-MOF@Au improved both
the electrical conductivity and Nbs loading capacity of the
entire system, thereby significantly improving the sensitivity.
Consequently, the developed electrochemical immunosensor
demonstrated an excellent analytical performance for the
detection of Apo-Al.

Application of the Immunosensor in Analyzing
Clinical Samples. To validate the efficacy and precision of
the immunosensor for real sample analysis, we assessed the
recovery rates across varying concentrations of Apo-Al. As
shown in Table 2, varied concentrations of Apo-Al were

Table 2. Recovery Experiment of the Electrochemical
Sensor

blank sample add total found recovery  RSD
concentration (pg/mL)  (pg/mL) (pg/mL) (%) (%)
200 10 219 106.67 2.23

229

224
100 331 107.11 3.50

324

309
500 708 101.9 1.30

708

724

introduced into serum samples (200 pg/mL), ranging from 10
to 500 pg/mL. The observed recoveries ranged from 101.9% to
107.11%, with relative standard deviations (RSD) between
1.30% and 3.50%.

Furthermore, Apo-Al concentrations in human serum were
evaluated using the developed immunosensor. To assess the

method’s accuracy, the relative error was calculated, demon-
strating high concordance with the standard ELISA method
(Table 3). The relative error for both methods ranged from
0.80% to 14.69%, indicating that the immunosensor is highly
reliable and suitable for analyzing real human serum samples.

Table 3. Comparison of Apo-Al Detection in Human Serum
Samples Using Two Methods

serum ELISA kit (ng/mL) present sensor (ng/mL) relative

sample (1/50,000 diluted) (1/50,000 diluted) error (%)
1 24.57 26.98 9.80
2 8.17 9.37 14.69
3 5.01 4.97 —0.80
4 22.17 23.65 6.68
N 15.01 14.64 —-2.47
6 17.62 16.34 —7.26

B CONCLUSIONS

This investigation described a label-free electrochemical
immunoassay utilizing Nbs and Ce-MOF@Au multilayer
nanocomposites for the detection of Apo-Al. Due to their
intrachain disulfide bonds, Nbs exhibit greater stability than
mADbs, enabling them to withstand extreme pH conditions and
elevated temperatures. The elongated and exposed convex
complementary sites within the CDR3 region further enhance
their binding affinity for target antigens. Additionally, the
variable domain of Nbs significantly improves their solubility
and diffusion in various matrices, while their small size reduces
steric hindrance, promoting more efficient antigen binding and
facilitating Nbs-antigen interactions. These distinctive features
make Nbs a highly effective and versatile option for developing
biosensors across a range of applications. In comparison to
conventional MOF, Ce-MOF exhibit superior adsorption
capacity and biocompatibility, making them ideal materials
for electrode modification. Moreover, the synthesis of Ce-
MOF using 1,3,5-benzenetricarboxylic acid as the organic
framework is both efficient and straightforward, enhancing the
feasibility of sensor construction. The porous rod-like
architecture of Ce-MOF facilitates the adsorption of AuNDPs,
thereby increasing their conductivity and generating electrical
signals. This Ce-MOF@Au electrochemical immunosensor
exhibited a wide linear range, low LOD, and excellent stability,
reproducibility, and selectivity. Additionally, the approach
demonstrated in our study is applicable to various biosensors
for detecting multiple disease biomarkers, pathogens, and
toxins. The sensor’s low cost, ease of fabrication, broad
detection range, and high sensitivity highlight its significant
potential for clinical applications. Leveraging the versatility of
Nbs, we can tailor this platform for the detection of additional
cardiovascular disease biomarkers. By incorporating specific
Nbs targeting other biomarkers such as Apo-B or additional
disease-related biomarkers, a multiplex diagnostic system can
be established for the simultaneous assessment of multiple
diseases and comorbidities. Through optimization of the
electrochemical sensor’s interface structure and refinement of
detection methods, the platform can maintain high sensitivity
while achieving the specificity required for multiplexed assays.
This would significantly enhance diagnostic efficiency,
providing a more comprehensive lipid profile and athero-
sclerosis risk assessment and thereby offering improved
support for clinical diagnosis and personalized treatment.
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Overall, engineered Nbs and Ce-MOF-based platforms exhibit
potential for developing durable, cost-effective, and miniatur-
izable devices for detecting cardiovascular diseases biomarkers.
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