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A stimuli-responsive polymer modified nanopore
for measuring p-amyloid peptide and zinc ions in
brains of live mice with Alzheimer's disease+
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B-Amyloid peptide (AB) monomers and zinc ions (Zn®*) are closely related with Alzheimer's disease (AD).
Sensitive and selective monitoring of AB monomers and Zn®* in the cerebral nervous system can provide
important insights into the pathological process of AD. Herein, we report the development of a single glass
nanopore product based on a novel four-component stimuli-responsive copolymer for the recognition of
both AB monomers and Zn?*. Introduction of AB monomers appeared to have induced a change in the
conformation of the copolymer, with this change leading to a significant regulation of the ion flux within
the nanopore channel. Benefiting from its capacity to form multiple hydrogen-bonding interactions, the
developed nanopore product displayed good sensitivity and selectivity for AR monomers. In addition,
carboxamidoquinoline with an alkoxyethylamino chain (AQZ) was incorporated into the copolymer chains
for the detection of Zn®* through coordination bonds. This method was found to be ultra-sensitive for AB
monomers and Zn®", with detection limits down to 0.1 pM and 0.1 nM. As a result, when combined with
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in vivo microdialysis, this remarkably performing glass nanopore was successfully utilized for evaluating Ap

rsc.li/sensors monomer and Zn?* levels in the cerebrospinal fluid (CSF) of live mice.
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1. Introduction

As a neurodegenerative disorder, Alzheimer's disease (AD) is
the most common type of dementia. The diagnosis and
treatment of AD is challenging due to the complexity of the
mechanism of its pathology."* pB-Amyloid peptide (Ap)
monomers cleaved from the amyloid precursor protein have
been observed in cerebrospinal fluid (CSF). They tend to
aggregate into toxic fibrils during the progression of AD.
Therefore, the quantity of AR monomers (especially for AB;_40
and AB;_4,) in CSF has been considered to be a key predictor
of AD.*” On the other hand, metal ions such as the zinc ion
(zn**) have been proposed to be closely implicated in the
pathogenesis of AD. Zn*" is capable of directly binding to AR
and contributes to the assembly of fibrils.®® Therefore, it
would appear to be highly important to monitor the levels of
both AR monomers and Zn*", in particular for advancing our
understanding of the pathogenesis of AD.
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Recently, considerable efforts have been devoted to
developing methods for detecting AR monomers or Zn>".”"?
The use of glass-capillary-based nanopores has become a
powerful analytical technique with high sensitivity.'*"®
Long et al. reported the use of a glass nanopore to monitor
the dynamic aggregation of AP, 4, peptide, but this sensor
mostly relied on the resistance-pulse technique (i.e., i-t
trace), which presented a great challenge for the analysis in
complex conditions because the tiny pore was easily
blocked." More importantly, there have been hardly any
reports on the use of a single biosensor to detect both AB
monomers and Zn*".

In the current work, we developed a glass nanopore
product for the detection of AB monomers and Zn>" with
high sensitivity and selectivity. Here, a four-component
copolymer was integrated into the inner surface of a glass
nanopore (Scheme 1). Inspired by a role of sialic acid (SA)
on cell membranes in living systems—specifically the
presentation of SA as clusters on cell membranes being able
to promote the deposition of AP with multivalent
interactions®*>>—SA in our current work was covalently
grafted onto the polymer chains of the four-component
copolymer for highly sensitive detection of Af monomers.
The polymers provided abundant recognition sites, which
promoted the binding of targets. Through synergetic
hydrogen-bonding interactions, a swelling-producing change
in conformation occurred in the presence of Ap monomers,
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Scheme 1 Schematic of the process involving the use of the copolymer-modified glass nanopore combined with microdialysis for assaying

cerebral A monomers and Zn?*.

leading to a decrease of the nanochannel diameter and
blockage of ion flux. Taking advantage of the
programmability of stimuli-responsive polymers,
carboxamidoquinoline with an alkoxyethylamino chain
(AQZ) was incorporated into the polymer chains. The
stretching of the copolymers benefited the access and
enrichment of Zn®>', and AQZ could bind Zn*" using
coordination bonds. The specific interaction between Zn>*
and copolymer not only altered surface charges and
triggered an ionic current response but also enhanced the
fluorescence of the copolymers in the glass nanopore
product. The nanopore platform with dual signals provides
additional corrections to the results of methods using only a
single signal, leading to an improvement in the accuracy of
the analytical method. These significant properties enabled
the glass nanopore product to be used, together with
microdialysis, to evaluate AR monomers and Zn** in live
mice displaying AD. To the best of our knowledge, this is
the first report of a development of stimuli-responsive
copolymer-modified glass nanopore for monitoring the
changes of both AP monomer and Zn>" levels associated
with AD.

2. Results and discussion
2.1 Characterization of PNI-TP-SA-AQZ

As a starting point for this work, a SA derivative and
quinoline  derivative = (AQZ) were synthesized and
characterized (ESL} Fig. S1-S6). On the basis of the
“recognition-mediating-function” (RMF) design concept, a
novel stimuli-responsive polymer with four components (PNI-
TP-SA-AQZ) was synthesized by carrying out reversible
addition-fragmentation chain transfer (RAFT) (Fig. S77).
Fourier-transform infrared spectroscopy (FT-IR) and nuclear
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magnetic resonance (*H NMR) were employed to
characterize the composition of PNI-TP-SA-AQZ. As shown
in Fig. S8,f the typical absorption of the C=0 of the acetyl
group of the SA unit was observed at 1731 cm ™, while the
signals for the C=S and C-F vibrations in the TP unit
appeared at 1135 and 1279 c¢cm ™. And the signal for the
stretching vibration of the secondary amine (N-H) in the
AQZ unit was observed at 3335 cm . Signals also appeared
at 2935 and 2974 cm ', and were attributed to the
stretching vibration of -CHj; in the PNI unit. Moreover, the
signal observed for the monomer reactants at 1731 cm '
was not observed for the product, and instead there was an
enhancement of the signal at 3335 cm™, demonstrating the
deprotection of acetyl groups and the introduction of
hydroxyl groups. These results demonstrated the successful
polymerization of the four monomers, which was further
confirmed using "H NMR (Fig. S97).

2.2 Characterization of copolymer-functionalized glass
nanopores

The glass nanopore was firstly fabricated (Fig. 1A). An SEM
image of the nanopore showed a 70 nm diameter for its tip
(Fig. S10t). Then, gold film was coated on the inner surface
of the nanochannel by following a facile photochemical
route. As shown in Fig. S11Ajf the gold film uniformly
covered the tip of the nanopore. When under electron beam
irradiation, the middle of the nanopore showed at times
relatively transparent bubbles due to irradiation-induced
melting of the ultrathin gold film. Meanwhile, distinct peaks
corresponding to Au were clearly seen in the EDX spectrum
acquired from the modified nanopore (Fig. S11Bt). The Au
coating yielded an increased ionic current at -1 V (I_; oy), due
to strong adsorption of CI” onto the Au surface.”® Finally, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Process used for fabricating the copolymer-modified glass nanopore. (B) I-V curves of the bare, Au-modified and copolymer-modified
glass nanopore. (C) XPS spectra of the bare glass slide and copolymer-modified glass slide.

copolymer PNI-TP-SA-AQZ was grafted onto the inner surface
of the glass nanopore based on the formation of Au-S bonds;
this process resulted in a decrease of I_; oy (Fig. 1B). An X-ray
photoelectron spectrometry (XPS) analysis showed an
appearance of F 1s (688.2 eV) and N 1s (399.1 eV) peaks upon
the modification with the copolymer (Fig. 1C). These results
validated the successful fabrication of copolymer-modified
glass nanopore.

2.3 Electrochemical response of copolymer-modified glass
nanopores

We next investigated the response of the synthesized
copolymer-modified glass nanopore to A monomers. As
shown in Fig. 24, the I,y gradually declined in response
to increasing concentrations of AR monomers. The relative
current change (|(I - Ip)/Ip)|, where I, represents the ionic
current without AB treatment) at —-1.0 V showed a good
linearity with the logarithm of the concentration of Ap
monomers for concentrations between 10** M and 107° M
[y = 1.8894 + 0.1343logx (R®* = 0.9964)] (Fig. 2B). The
detection limit was lower than 107" M, better than those
of other reported methods (Table S1f). As a stimuli-
responsive polymer, the phase transition can be easily
adjusted due to the PNIPAAm chains having variable
hydrogen-bonding environments.**>® As shown in Fig. 2C,
the copolymer showed a film thickness of ~12 nm. After
being treated with the AB monomer solution, the film

© 2023 The Author(s). Published by the Royal Society of Chemistry

swelled, with an increase of its thickness to ~25 nm
(Fig. 2D).

In view of the above results, we derived an explanation for
the decrease in the ionic current of the copolymer upon its
exposure to Afp monomers. According to this proposal, in the
presence of Af monomers, the SA unit interacted with AB
monomers through multiple hydrogen bonds,*>*’*' which
can be further enhanced by the TP unit. Hence, the
intramolecular hydrogen bonds within the copolymer chains
were broken. As a result, the copolymer film became
stretched and the effective radius of the nanopore decreased,
which hindered the ion transport in the nanochannel.*?

Although the presence of AR monomers triggered a change
in the wettability of the polymeric film (Fig. S12+), the change
in the conformation of the polymer chains was the
predominant factor that caused the decrease of the ionic
current. The effects of the concentration of copolymer and
UV light irradiation time on the ionic current were
investigated (Fig. S13f). In addition, the ionic current
responses of six different nanopores to Ap monomer solution
(10° M) showed a relative standard deviation of only 2.2%
(Fig. S14t), revealing a good reproducibility of the fabrication
and properties of the copolymer-modified glass nanopore.

Subsequently, the glass nanopores exposed to Af
monomers were utilized for detecting Zn**. Previous reports
have shown that AQZ binds Zn®" with coordination bonds
(Fig. 3A),>® and that upon treatment of AQZ with Zn*", the
intramolecular hydrogen bond in AQZ becomes broken,

Sens. Diagn., 2023, 2, 851-857 | 853
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Fig. 2 (A) I-V curves of copolymer-modified glass nanopores treated with AB monomers of different concentrations (107 M, 102 M, 107! M,
1071 M, 107° M). (B) Calibration curve for relative current change vs. the logarithm of the concentration of Ap monomers. (C and D) AFM images of
the copolymer decorated on the Au surface (C) before and (D) after the Au surface was treated with a solution of AR monomers, and

corresponding cross-section analyses along the green lines in the images.

which can stop intramolecular electron transfer, leading to
enhancement of fluorescence emission.***> Therefore, we
next investigated the fluorescence response of the
copolymer to Zn>". As shown in Fig. 3B, the nanopore tip
showed a blue-green fluorescence emission upon its
exposure to Zn>". More interestingly, the I, gradually
decreased with an increase in Zn>" concentration (Fig. 3C);
this decrease in current was attributed to a decrease in
the number of negative surface charges. Fig. 3D displays a
plot of the relative change in current versus the logarithm
of concentration of Zn** [y = 1.8026 + 0.16121logx (R*> =
0.9991)]. The detection limit for Zn>" was as low as 107*°
M. These results indicated that the platform could realize
dual-signal detection of Zn**, which can provide an
additional correction to the results from using a single
signal, hence improving the accuracy of the analytical
method. In addition, the ability of the Ap-monomer-
exposed copolymers to recognize Zn>" may be attributed
to an AB-monomer-induced swelling—producing

854 | Sens. Diagn., 2023, 2, 851-857

conformational transition of the copolymer chains having
promoted the access and enrichment of Zn>'. This is, to
the best of our knowledge, the first report of a single
glass nanopore being applied for the recognition of both
AP monomers and Zn*".

Since selectivity is of great importance for detecting
biomolecules in brain systems, we set out to investigate
any interference in our developed detection system from
coexisting biomolecules, including some proteins, amino
acids, metal ions and other biological species. As shown
in Fig. S15,f there were low responses from other proteins
except for AP oligomer, while AB monomer displayed a
significant response. Note that the issue of AB oligomer
can be addressed by using microdialysis and a probe with
an appropriate molecular weight cut-off to remove AR
oligomer from biological samples. Meanwhile, negligible
signals were obtained for amino acids, metal ions and
other biological species. Selectivity for Zn** was also

investigated. Other metal ions showed no obvious

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 |-V curves obtained at the (A) copolymer-modified glass nanopore for determination of the concentration of Ap monomers and (B) Ap-
copolymer-modified glass nanopore for determination of the concentrations of Zn?* in CSFs of normal (a) and AD mice (b).

responses. Moreover, proteins, amino acids and other
biological species demonstrated little interference with the
detection of Zn**. In competition tests, the electrochemical
responses to AR monomers and Zn** were hardly affected
by the addition of the above biomolecules. All these
results demonstrated high selectivity of the developed
glass nanopore for the recognition of Af monomers and
Zn*",

2.4 Monitoring Ap monomers and Zn”>* in mouse
cerebrospinal fluid

We took advantage of the high sensitivity and selectivity of
the glass nanopore product by applying it to further monitor
AB monomer and Zn>" levels in cerebrospinal fluid (CSF).
Fig. 4A shows electrochemical responses to AR monomers in
normal (curve a) and AD (curve b) mice. The I,y for the

Table 1 Concentrations of A3 monomer and Zn?* in the CSFs of normal and AD mice determined using the present method

2+
Disease AB monomer Zn
status Mouse 1 Mouse 2 Mouse 3 Mean + SD Mouse 1 Mouse 2 Mouse 3 Mean + SD
Normal 3.83 nM 3.93 nM 4.08 nM 3.95 £ 0.13 nM 6.43 nM 6.57 nM 6.28 nM 6.43 + 0.15 nM
AD 1.07 nM 1.08 nM 1.12 nM 1.09 £ 0.03 nM 0.35 pM 0.31 pM 0.43 uM 0.36 = 0.06 UM

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mouse brain with AD was higher than that in the normal
brain. According to the microdialysis recovery (6%) and
calibration curve, the concentrations of Af monomers in
the CSFs of the normal and AD mice were estimated to be
3.95 £ 0.13 nM and 1.09 + 0.03 nM, respectively. As shown
in Fig. 4B, the concentrations of Zn>" in the CSFs of the
normal and AD mice were calculated to be 6.43 + 0.15 nM
and 0.36 + 0.06 pM, respectively. That is, in comparison to
their levels in the brains of normal mice, the level of AB
monomers was ~3.6-fold lower and that of Zn** ~ 56-fold
higher in the brains of mice with AD (Table 1). These
results were consistent with the ability of synaptic vesicles
to release large amounts of Zn>* during AD pathogenesis, a
feature contributing to AB deposition.**?”

3. Conclusions

In summary, we developed a glass nanopore product based
on a novel four-component stimuli-responsive copolymer
for detecting both AB monomers and Zn>" with high
sensitivity and selectivity. The remarkable analytical
performance of this glass nanopore enabled it to be used
to investigate the physiological/pathological changes in
neurodegenerative diseases. By combining use of the
nanopore with microdialysis, this study has shown the
ability to monitor changes in the levels of AR monomers
and Zn*" in the brains of living mice with or without AD,
and hence has contributed to the development of a deep
understanding of the mechanism of the AD pathology. By
easily changing the copolymer structure using the “RMF”
design principle, this work has also proposed a
methodology for designing stimuli-responsive polymer-
based glass nanopores for monitoring other biomolecules
related to brain disease.
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