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Abstract

The development of disease detection by biosensors represents one of the key components of medical science. However,
millions of people are still misdiagnosed each year due to the poor efficacy and thermal instability of biosensors. Using
horseradish peroxidase (HRP) as a paradigm, we offer a rational design strategy to optimize the thermostability and activity
of biosensors by biomimetic mineralization. To overcome the weak thermostability of the biosensor, the mineralization of
Fe-MOF forms an armor on HRP that protects against high temperature. Additionally, the biomimetic mineralization HRP@
Fe-MOF can double-catalyze the TMB/H,0O, chromogenic system for color development. The biosensor can also be recycled
through simple heat treatment due to the thermally stable aptamer and biomimetic mineralization HRP@Fe-MOF. The opti-
cal biosensor based on this sensitive spectral transformation was successfully developed for the measurement of ABO with
an outstanding linear range (0.0001-10 nM) and a low limit of detection (LOD) of 0.03 pM. This promising platform will
open up new avenues for the detection of APO in the early diagnosis of Alzheimer’s disease (AD).

Keywords Biomimetic mineralization - Strand displacement assay - Optical sensors - Signal amplification - Alzheimer’s
disease

Introduction enzyme-linked immunosorbent assay (ELISA) [5], Raman

spectroscopy [6], electrochemical sensors [7], and electro-

Alzheimer's disease (AD), an emerging affliction of the
aging population, is a type of chronic neurodegenerative
disease that over time causes debilitating problems with
thinking, memory, and behavior [1]. Evidence demon-
strates that amyloid-beta oligomers (ABO) play an important
role in AD [2]. Accurate identification of APO levels can
improve the accuracy of early diagnosis of AD and the tim-
ing of treatment [3]. Many different types of biosensors have
recently been developed for the detection of APO that can
be used for this purpose, including fluorescence sensors [4],
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chemiluminescence sensors [8]. A number of different detec-
tion assays are available for research; however, the instability
and low efficacy of biosensor products lead to a rapid loss of
potency during delivery and storage, severely restricting the
scope of existing biosensor programs [9].

To address these concerns, a biomimetic mineralization
of HRP@Fe-MOF nanoparticles that is resistant to ambient
temperature may act synergistically as a catalyst by Fenton
reaction. Iron(Il) salts are the most commonly used Fenton
reagent because Fe(Il) is oxidized by hydrogen peroxide
(H,0,) to the form Fe(III) [10]. As a result, disproportiona-
tion of H,0, in the form of a hydroxyl radical (OH) is pro-
duced, which promotes color reaction [11]. Metal-organic
frameworks (MOFs) are ordered porous materials that are
created by combining organic ligands with metal ions to
form a desired structure [12—14]. Because of the low toxic-
ity of the Fe-MOF, it has been utilized in a wide variety of
research [14]. In the biosensor area, MOFs are generally
used as a carrier to combine signal substances, aptamer,
or antibody [15-17]. Aptamers, which are single-stranded
DNA or RNA oligonucleotides that bind to their targets with
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Scheme 1 (A) Preparation of
the biomimetic mineralization
HRP@Fe-MOF and (B) the
process for monitoring of ABO
and optical biosensor
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high affinity and specificity, have several advantages over
their antibody counterparts, including long-term stability,
the ability to be modified, higher binding affinity, pH stabil-
ity, and limited immunogenicity.

Here, a straightforward one-pot method for the prepara-
tion of biomimetic mineralization HRP@Fe-MOF is pre-
sented. We protected the horseradish peroxidase (HRP) with
an armor shell-like exterior [18], which is self-assembled
under mild sonication due to the engineered Fe(II)-based
MOF biomineralization catalase. The biomimetic miner-
alization of Fe(II)-MOF around catalase (HRP @Fe-MOF)
forms a strong exoskeletal cage, increasing the encapsulated
catalase to improve thermostability.

The development of a biosensor based on biomimetic
mineralization HRP@Fe-MOF for ApO detection that is sta-
ble, selective, and specific is necessary to effectively detect
APO (Scheme 1). This strategy is developed to increase the
sensitivity of detection by using Fe(II)-based MOF armored
catalase (HRP @Fe-MOF) as a double-signal amplification tag
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conjugated capture probe (APO aptamer-Fe;0,). During the
process of probe generation, the aptamer chain of the capture
probe connects to the Fe-MOF on the signaling probe by elec-
trostatic, m-stacking, and/or hydrogen-bonding interactions.
When AO is present in the blood sample, which can be spe-
cifically recognized using this optical biosensor, biomimetic
mineralization HRP@Me-MOF is released into the solution
using the target-induced strand displacement assay [19]. This
occurs primarily because the binding ability of the target to
the aptamer is greater than that of the aptamer and MOF. The
biomimetic mineralization HRP@Fe-MOF that is released can
double-amplify the chromogenic signal of TMB/H,0,. Also,
at room temperature, the aptamer in the capture probe, which
is reconstituted from the ABO/Apt-Fe;O complex through heat
treatment, can bind to HRP@Fe-MOF again by coordinate
bonding. The biomineralized engineered biosensor is a novel
candidate for the detection of APO and is worth promotion and
reference. Additionally, the cost-effectiveness of this biosensor
is appropriate for practical applications.
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Experimental
Materials and reagents

2-Aminoterephthalic acid, ferric sulfate, and HRP were
obtained from Alfa Aesar (Tewksbury, MA, USA). The
aptamer sequence of APO (5'-COOH-GCCTGTGGTGTT
GGGGCGGGTGCG) [19] was synthesized by Sangon Bio-
tech (Shanghai, China, https://www.sangon.com/). Immuno-
globulin G (IgG), IgA, oleic acid, AP protein fragment 1-42
and lipid were purchased from Sigma-Aldrich (St. Louis,
MO, USA). A human APO ELISA kit was obtained from
VWR International (Radnor, PA, USA). All chemicals were
of analytical reagent grade.

Synthesis of Apt-Fe;0, complex

The synthesis of colloidal Fe;O, nanoparticles (NPs) was
carried out in accordance with a prior publication [20]. First,
iron oleate complex (2 mmol) and NaOH (2.5 mmol) were
added to 10 mL of ethanol at room temperature to obtain a
homogeneous solution. The mixed solution was then trans-
ferred into a 100 mL autoclave and heated at 180 °C for
10 hours, after which the system was cooled to room tem-
perature. The oleic acid-coated Fe;O, NPs were obtained
by washing three times with hexane. The ligand (amino
functionalization) exchange approach used was described
previously and is a typical surface modification method for
Fe;O, NPs [21].

Conjugation of Apt-Fe;0, (capture probes) was per-
formed by carbodiimide cross-linking [22]. The obtained
capture probes were washed four times, and the free-form
aptamer was removed via magnet. Finally, the apt-Fe;0,
complex was stored at 4 °C before use.

Preparation of signal probe

Biomimetic mineralization HRP@Fe-MOF NPs were syn-
thesized by an ultrasonic synthesis method [18]. The HRP@
Fe-MOF NPs were made by dispersing 1.0 mmol of 2-ami-
noterephthalic acid, 10 M HRP, and 1.0 mmol of FeSO, in
50 mL of double-distilled (DI) water in a 50 mL Eppendorf
tube. The mixture was reacted for 1 hour under 25 °C via
sonication. The resulting HRP @Fe-MOF was washed three
times with double-distilled water.

To determine the protein loading content (LC) and load-
ing efficiency (LE) in the HRP@Fe-MOF, weighed test
samples were dissolved in ethylenediaminetetraacetic acid
(EDTA, 0.1 M) and then shaken at room temperature for 3
h in order to release their encapsulated HRP. The amount of
released HRP was determined using a Pierce BCA Protein

Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).
This information was then utilized to compute the LE and
LC of HRP in the HRP@Fe-MOF by employing the formu-
lae provided below.

weight of HRP in HRP@Fe—MOF
total amount of HRP added x 100%

LE% =

ight of HRP in HRP@Fe—MOF
LC = it x 100%
weight of HRP@Fe—MOF ¢

Preparation of optical biosensor for ABO detection

The optical biosensor was prepared by combining the reac-
tion products of the capture probe Apt-Fe;0, (10 mg/mL)
and signal probe HRP@Fe-MOF (10 mg/mL) overnight. To
detect APO, various concentrations of the ApO sample were
added to the optical biosensor solution at 25 °C. After 30
min of processing, magnetic separation was used to obtain
the supernatant. After adding 100 L of 1 mM TMB and 1
mM H,0, to the supernatant (100 pL), the color develop-
ment in the supernatant was visible to the naked eye. Finally,
quantitative data at 650 nm was determined using an ultra-
violet—visible (UV—-Vis) spectrometer.

Blood sample test and reusability of the biosensor

The serum sample used for method development was
obtained from leftover specimens in the Department of Lab-
oratory Medicine, Ningbo No. 7 Hospital. The collection of
samples was approved by the Ethics Committee of Ningbo
No. 7 Hospital. In order to detect ABO, varied amounts of
APO or blood sample were each introduced into an optical
biosensor in a volume of 100 pL and allowed to incubate for
30 min at room temperature. Magnetic separation was then
utilized to obtain the supernatant. Next, 50 L of superna-
tant was dosed with 0.01% TMB and 0.015% H,O, so that
a color change could be observed with the naked eye. At
the completion of the process, the solution was vigorously
shaken to encourage color development, and the absorbance
was measured using a UV—Vis spectrometer at 650 nm for
quantitative analysis.

When the ABO was present in the serum sample, the ABO
aptamer in the capture probes could specifically distinguish
the APO. Meanwhile, the signal probe was released into the
supernatant for color development. To evaluate the reus-
ability of the biosensor, the materials (HRP@Fe-MOF and
(APO/Apt-Fe;0, complex) were directly collected after test-
ing of the biosensor. The aptamer was then reconstituted
from the conjugated APO of Apt-Fe;,O, by heating at 90
°C for 1 min. The pure nucleic acid aptamers were then
obtained by magnetic separation of the multiple products,
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and the reconstituted aptamer in Fe;O, NPs once again
bound to HRP@Fe-MOF with overnight reaction [23].

Results and discussion

Characterization of biomimetic mineralization
HRP@Fe-MOF and capture probe

The biomimetic mineralization HRP @Fe-MOF and Apt-
Fe;O, complex nanoparticles exhibit an elongated mor-
phology, as detected using transmission electron micros-
copy (TEM, Fig. 1a). Dynamic light scattering (DLS, n =6
batches) analysis of the biomimetic mineralization HRP@
Fe-MOF depicts an elongated shape, with an average diame-
ter of 22.7 + 1.8 nm (see Electronic Supplementary Material
Fig. S1) and zeta potential of 19.6 + 3.8 mV (see Electronic
Supplementary Material Fig. S2). Powder X-ray diffraction
(XRD) data (see Electronic Supplementary Material Fig. S3)
confirm the mineralization of Fe-MOFs around the HRP
(HRP@Fe-MOF) successfully formed exoskeletal cage, and
the structure of the Fe-MOFs is similar to that reported for
the MIL-53(Fe) phase [24]. Analysis of the energy-disper-
sive X-ray spectroscopy (EDS) line scanning profile reveals

elemental composition of HRP@Fe-MOF that confirms the
successful encapsulation of HRP in the HRP@Fe-MOF
(Fig. 1b). After the addition of DI water of HRP @Fe-MOF,
the nanoparticles are triggered to a transparent solution (see
the Tyndall effect in HRP @Fe-MOF nanoparticle solutions
[1] and DI water [2] in Fig. 1c) [25]. The UV—Vis absorption
spectra of HRP@Fe-MOF (pink curve), HRP (blue curve),
aminated terephthalic acid (red curve), and ferrous sulfate
solution (black curve) are revealed in Fig. 1d. The blue curve
illustrates that the maximum absorption peak is at 406 nm
(the typical peak of HRP) [25]. Moreover, the maximum
absorption wavelength of HRP@Fe-MOF NPs is redshifted
from 406 nm (the characteristic peak of HRP) to 408 nm for
the interaction between HRP @Fe-MOF NPs [26]. The Fou-
rier transform infrared (FT-IR) spectra further reveal that the
Fe-MOF-armored HRP did not modify its structural proper-
ties from those detected in the original HRP (bands in the
ranges of 1640—1660 and 1510-1560 cm™! were amide I and
II bands, respectively) (see Electronic Supplementary Mate-
rial Fig. S4). Figure 1e and f shows TEM images of the cap-
ture probe nanostructures and aptasensor. The diameters of
the particle are about 100 nm (see Electronic Supplementary
Material Fig. S5) and 130 nm (see Electronic Supplementary
Material Fig. S6), respectively. Figure 1f clearly illustrates
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Fig.1 (a) TEM micrograph of HRP@Fe-MOF, (b) elemental line
scan of HRP@Fe-MOF. (c) Photo displays the Tyndall effect in solu-
tions with HRP@Fe-MOF nanoparticle solution (1) and (2) DI water.
(d) UV-Vis spectra of HRP (black curve), MOF (blue curve), ami-
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nated terephthalic acid (red curve), and HRP@Fe-MOF (pink curve)
obtained through the related solution. TEM micrograph of aptamer-
Fe;0, (e) and biosensor (f)
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that the surface of the capture probe was conjugated with a
layer of HRP@Fe-MOF. Overall, the nanoscale biosensor is
successfully synthesized.

To maximize the amount of the protein (HRP) that could
be loaded on the Fe-MOF by biomimetic mineralization,
the formulation of the HRP@Fe-MOF was improved by
regulating the feeding concentration ratio of the HRP to
the Fe-MOF. As demonstrated in Table S1, as this feed-
ing ratio increased, the protein loading content (LC) in the
HRP@Fe-MOF increased and its protein loading efficiency
(LE) decreased. However, when the HRP-to-Fe-MOF ratio
was increased to 1:1, the protein loading content was great-
est. Therefore, the HRP@Fe-MOF that was synthesized
at an HRP-to-Fe-MOF ratio of 1:1, which had an LC of
48.3+1.5% and an LE of 93.6+4.2% (n=06 batches), was
employed in the following tests.

The sensor signal amplification strategy
and reusability studies

To further confirm the feasibility of the biosensor, the
UV-Vis spectrum of the TMB-H,0, solution was detected
under various conditions (Fig. 2). The mechanism of TMB
with H,O, color development under HRP@Fe-MOF as a
signal probe is presented in Fig. 2a. The colorless TMB
that was used as the starting substrate with the H,0, was
transformed into its blue oxidation state as a result of the
catalyst (Fig. 2b). It can be clearly seen that the TMB-H,0,
solution (black curve) yielded no color change, while the
characteristic peak was observed under Fe-MOFs (100 pg/
mL) as signal probe in the biosensor and the TMB-H,0,
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Fig.2 (a) Mechanism tested with the optical biosensor; (b) UV-Vis
spectra of TMB solution with different signal probes (absence of sig-
nal probe, black curve, Fe-MOFs (red curve) and HRP@Fe-MOF

solution (red curve) at 650 nm. Subsequently, the TMB-
H,0, solution produced a dramatic color change at 650 nm
when HRP@Fe-MOF (100 pg/mL) was used as signal probe
in the biosensor (blue curve). As a result, one may conclude
that HRP@Fe-MOF enables an oxidation reaction to occur
during double signal amplification.

In nature, biomineral coatings are frequently utilized as
a method for protecting soft tissue from the environment in
which it is located. Based on this information, we decided
to investigate whether MOF coatings may create a compara-
ble barrier that would enable implanted biomacromolecules
to endure harsh conditions (such as high temperature) that
would ordinarily lead to their breakdown. To verify whether
the mineralized Fe-MOFs could maintain the activity of
the catalytic enzyme (HRP) at 37 °C for long periods, a
TMB/H,0, chromogenic system was applied for enzymatic
activity [27]. Figure 2c plots the stability of free-form HRP
and Fe-MOFs-armored HRP that had been stored in NaCl
(pH=7.0) at 37 °C for 4 weeks. The free-form HRP showed
that almost all HRP activity was inactivated within 3 days
at 37 °C. However, the Fe-MOF-armored-HRP maintained
approximately 90% of its activity after 4 weeks.

Typically, exposing enzymes to elevated temperatures
results in an irreversible loss of bioactivity due to the dis-
ruption of non-covalent interactions. Thus, we assessed
whether an HRP Fe-MOF coating could enhance their sta-
bility against extreme conditions. As shown in Electronic
Supplementary Material Fig. S7, HRP was protected at
100 °C by the mineralization MOF layer, whereas the free
enzyme completely lost activity. These experiments confirm
that the MOF coating functions as a protective covering for
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(blue curve); (¢) enzymatic activity of free-form HRP and Fe-MOF-
armored HRP after storage in NaCl (pH=7.0) at 37 °C for predeter-
mined intervals
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the enzyme at high temperature, while the encapsulated
enzymes are still able to communicate with their surround-
ing environment despite the presence of this protective cov-
ering. This is because the pore structure of the Fe-MOF is
unchanged before or after the encapsulation of the HRP (see
Electronic Supplementary Material Fig. S8). The porous
features of Fe-MOF before and after encapsulation of HRP
were analyzed using the Brunauer—-Emmett—Teller (BET)
method. pH stability is a pivotal property of MOFs for their
widespread use in solution. Therefore, the stability of Fe-
MOF @HRP under the exposure of different pH values was
evaluated by DLS (see Electronic Supplementary Material
Fig. S9). The results indicate that the material was stable
under pH 2-7. This finding suggests that the mineralized
Fe-MOF armored enzyme has the benefit of maintaining
high activity, which hopefully solves the problem of thermal
instability in biosensors.

When ABO encountered the biosensor, the aptamer in the
capture probe was able to specifically identify the APO, after
which HRP@Fe-MOF NPs were released into the solution
based on displacement strategies (Fig. 3a) [28]. In order to
effectively illustrate the probe reproducibility, we conducted
a leaching study of HRP@Fe-MOF. As shown in Electronic
Supplementary Material Fig. S10, the activity of the HRP
protein was not affected by the number of leaching stud-
ies. As shown in Fig. 3b, the proposed biosensor was sub-
sequently able to be recycled 10 times with no significant
difference in the monitoring signal via heating of the ABO/
Apt-Fe;O, NP complex at 90 °C.

Selectivity of the optical biosensor

To assess the selectivity of the optical biosensor, we applied
the main components of blood (Nat, K*, IgA, BSA, glu-
cose, lipids, and IgG) [29], which were added separately and
independently to the physiological saline, meant to simulate
blood concentration. As demonstrated in Fig. 4, there is no
remarkable difference in the interference introduced with or

Fig.4 The selectivity of the proposed optical biosensor

without the addition of these interference substances. Addi-
tionally, there is no UV—-Vis absorption signal with only
interfering substances in solution, demonstrating that the
optical biosensor can successful distinguish ABO. In addi-
tion, the principal components do not show any substantial
cross-reactivity in the blood samples.

Properties of the optical biosensor

The quantitative detection of APO is accomplished using an
optical biosensor based on absorbance at 650 nm. As dem-
onstrated in Fig. 5a, the absorption peak at 650 nm gradually
increases with the increase in target (ABO) concentration
(0.0001-10 nM). The correlation coefficient, calculated as
y=0.0797 In(x) + 0.8898, is 0.9936 (Fig. 5b). The limit of
detection is evaluated to be 0.03 pM under a signal-to-noise
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Fig.5 (a) UV-Vis spectra of the developed optical biosensor with
various concentrations of ABO. (b) The standard curve of the absorb-
ance peak with various concentrations of APO in 650 nm. (c¢) The

Table 1 The current detection methods for ABO, the linear range, and
limit of detection (LOD)

Methods Linear range LOD Storage Reference
tempera-
ture
Fluorescence 20 nM-10 pM 125nM - [30]
Fluorescence  0.025 pM-25nM 10 fM 4°C [19]
Immunoassay 0.02 nM-25nM 50 pM 4°C [31]
SERS 100 pM-740 pM 70 pM - [32]
Electrochemi- 0.1 pM-10 pM 71 tM 4°C [33]
lumines-
cence
This method 0.1 pM-10 nM 0.03pM 37°C This work

The symbol ‘-’ indicates that the storage temperature could not be
determined for the corresponding assay. SERS surface-enhanced
Raman spectroscopy

(S/N) ratio of 3. The reproducibility of the optical biosensor is
measured by the repeated detection of 10 nM APO five times.
The results of the analysis demonstrate an excellent relative
standard deviation (RSD) of 2.95%. As displayed in Fig. 5c,
the color development under different concentrations of ApO
normal saline solution can be distinguished with the naked eye.

The concentration of AB oligomers (nM)

color optical map with various concentrations of ABO. The numbers
1 to 7 represent the different concentrations of ABO (0, 0.001, 0.01,
0.1, 0.5, 1, and 10 nM, respectively)

This method is compared with other assay methods
for ABO detection in Table 1. The results show that the
optical biosensor can be applied for the measurement
of APO in practical samples over a wide range of con-
centrations. Another advantage of the optical biosensor
is that it can be stored at high temperature (37 °C) with
high activity (Table 1 and Fig. 2c). Therefore, the heat
instability of biosensors will be resolved by the develop-
ment of optical biosensors.

Analytical application

To establish the reliability and feasibility of this method
for clinical application, the ABO in blood samples was
measured. The accuracy of APO detection in serum sam-
ples was also estimated by monitoring the recovery of
ABO using the standard addition method. The measure-
ment results for APO in blood serum obtained using the
developed method were compared with a commercial
ELISA kit. As shown in Table 2, the optical biosensor
demonstrated good accuracy for the proposed method for
detection of APO. Additionally, the results for the optical
biosensor were coherent with the results of the ELISA kit.

Table 2 Recovery results for

. . Sample Background Added concen-  ELISA Developed assay (nM) Recovery (%)
APO obtained via the developed (nM) tration (nM) (nM)
assay and commercial ELISA
kit (xzs, n=6) 1 0 0.010 0.010£0.011  0.009+0.001 90.0
2 0 0.100 0.096+0.021 0.095+0.018 95.0
3 0 0.500 0.48+0.05 0.490+0.101 98.00
4 0 1.000 0.98+0.05 1.01+0.050 101.00
5 0 5.000 4.99+0.250 4.98+0.150 99.60
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Conclusion

A novel and thermostable biosensor was developed through
the application of biomimetic mineralization HRP @Fe-
MOF as signal probe. Compared with existing assays for
measuring APO, the new approach offers superior stabil-
ity, sensitivity, specificity, and long-term maintenance of
high activity at 37 °C. Meanwhile, the Fe(II)-based MOF-
armored HRP hopefully solves the thermal instability of the
biosensor. Moreover, this approach was successful applied
for APO measurement in blood serum samples. The results
suggest that this biosensor has great promise for improv-
ing the detection of APO to enable the early diagnosis and
appropriate therapeutic options for patients with AD.
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