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The pursuit of specific and stable electrochemical sensing techniques is vital for probing physiological and
pathological processes in the living brain. Although the widespread adoption of natural enzymes is the
cornerstone of current neurochemical recognition strategies, their sensing capabilities are susceptible to
failure in complex biological environments. Herein, we have synthesized an ascorbate (AA) oxidase
mimic, specifically a copper metal-organic framework functionalized with histidine and tryptophan
(CuMOEF-HT), using a chelation-assisted selective etching method. The simulant exhibits ultrafast AA
sensing properties, with a response time of 0.1 seconds, along with exceptional selectivity and reliability.
This is attributed to its robust Cu catalytic centers, specific amino acid recognition sites, and water-
stable MOF architectures. Furthermore, the enzyme-like CuMOF-HT is integrated onto the tip of
a minimally invasive acupuncture needle, forming a microelectrode that demonstrates superior electron

transfer rates, enzymatic reactivity, and monitoring stability, making it ideal for subsequent in vivo AA
Received 2nd May 2025 ) A d trati th . K \v track fluctuati in AA trati )
Accepted 12th October 2025 sensing. As a demonstration, the microsensor can keenly track fluctuations in concentrations in
mouse brain models such as epileptic seizures and cytotoxic edema. More importantly, the specific

DOI: 10.1039/d55c03207¢ recognition strategy, which mimics the function of natural enzymes, holds broad applicability for
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Introduction

In brain science and brain-like research, probing neurochem-
ical substances represents a pivotal technique for compre-
hending brain function and disease mechanisms."” These
substances, functioning as chemical signaling molecules that
convey information between neurons, directly impact cognitive
and behavioral functions such as learning, memory, and
emotional regulation.®* Consequently, precise monitoring of the
dynamic changes in these neurochemical substances is crucial
for elucidating human cognitive brain functions, preserving
brain health, and simulating brain operations. However, given
the complex and transient nature of neurochemical substances
within the brain, achieving rapid, sensitive, specific, and stable
monitoring of neurochemical biomarkers, particularly biomol-
ecules, poses a formidable challenge. So far, pathbreaking
achievements have been reported in the development of
electrochemical and biochemical sensors that utilize carbon
fibers,** molecular probes,®” aptamers,® and natural enzymes®*’
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analyzing a wide range of analytes in the field of brain science.

for conducting in vivo analysis in the brain. Nonetheless, carbon
fibers relying on potential control face challenges in achieving
absolute selective detection, while molecular probes and
aptamers require sufficient response time. Although natural
enzymes exhibit excellent specificity and response speed, their
sensing performance is unstable and highly susceptible to
failure in vivo. Therefore, there is an urgent need to develop in
vivo microsensors capable of achieving specific, real-time, and
stable monitoring of neurochemical biomolecules.
Metal-organic framework (MOF)-based nanoenzymes,*"** as
an innovative class of nanomaterials exhibiting enzyme-like
properties, have recently attracted great attention in the fields
of materials science, biochemistry, and medicine. Their
distinctive structure imparts MOF-based nanoenzymes with
a high specific surface area, abundant porosity, and uniform
active sites, all of which contribute to their ultrafast speed and
superior sensitivity during catalytic reactions.’*'* Pioneering
scientists have designed several enzyme-mimicking materials
with superior electrocatalytic sites (peroxidase, oxidase, and
catalase-mimics),*>*¢ achieved through the precise regulation of
metal nodes and organic ligands within MOFs. However, unlike
natural enzymes, MOF-based nanoenzymes do not contain
recognition sites for specific biomolecule binding,"”** leading to
indiscriminate adsorption and catalysis of complex biomole-
cules in the brain. As a result, their casual catalytic behaviors
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Scheme 1 Customizing CuMOF-based enzymes inspired by AAO for AA sensing in vivo. (A) Layer-by-layer modification of a microsensor. From
inside to outside: raw stainless steel acupuncture needle (1), fluoride etching (ll), electro-deposition of gold (Ill), and dip-coating with CUMOF-HT
(IV). (B) Schematic diagram of the CUMOF-HT microsensor for highly targeted, stable, and sensitive response of AA levels in mouse brain models
of epileptic seizures and cytotoxic edema. (C) The principle of specific recognition and electrochemical catalysis processes of AA by an enzyme-

like CUMOF-HT.

and lack of substrate specificity make it impossible to achieve
highly specific identification of neurochemical biomole-
cules.”?® Furthermore, the poor water stability of MOF-based
nanoenzymes results in a gradual degradation of their electro-
catalytic performance.”** To enhance their stability, encapsu-
lation with carbon layers*?** or polymers*?® is frequently
employed, yet these approaches can unfortunately occlude
active sites. Hence, personalizing MOF-based nanoenzymes and
achieving specific recognition and stable catalysis of neuro-
chemical biomolecules in vivo pose a significant challenge.
Herein, inspired by ascorbate oxidase (AAO), we introduce
a copper metal-organic framework (CuMOF-HT) functionalized
with two amino acids (histidine and tryptophan). This CuMOF-

© 2025 The Author(s). Published by the Royal Society of Chemistry

HT is synthesized using a chelation-assisted selective etching
strategy, with the ultimate goal of achieving ultrafast, highly
specific, and stable neurosensing in vivo. Furthermore, CuMOF-
HT, which resembles the structure of AAO, can be conveniently
modified onto a minimally invasive acupuncture needle via dip-
coating (Scheme 1A), thereby creating a specific microsensor for
rapid and stable recognition of ascorbate (AA). The microsensor
boasts several impressive features: an ultrafast response time of
0.1 s, a remarkably low detection limit of 1.46 pM, and excep-
tional stability, allowing it to be stored at room temperature for
over 6 months. The systematic analysis of enzymatic kinetic
data, coupled with theoretical calculations, elucidates that
CuMOF-HT mimics the specific catalytic mechanism of AAO. In
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this mechanism, amino acids play a crucial role by facilitating
the specific capture and recognition of AA, which then accel-
erates its electrochemical oxidation at the copper sites. Finally,
the CuMOF-HT-based microsensor has been successfully
utilized to monitor AA levels in mouse brains exhibiting
different pathological states, such as epileptic seizures and
cytotoxic edema (Scheme 1B). More importantly, our findings
reveal a positive correlation between the release of AA and the
increased presence of agents, specifically N-methyl-p-aspartic
acid (NMDA), that induce cytotoxic edema. In addition, inhib-
iting cytotoxic edema with 4,4’-diisothiocyanatostilbene-2,2’-
disulfonic acid (DIDS) leads to the cessation of AA release,
further supporting the notion that AA efflux is dependent on the
occurrence of cytotoxic edema. This work not only uncovers the
ultrafast catalytic properties of MOF-based nanoenzymes but
also lays the foundation for achieving specific and stable in vivo
neurosensing.

Results and discussion
Characterization of enzyme-like CuMOF materials

AA is a key neurochemical biomolecule that plays indispensable
roles in a wide array of physiological and pathological processes
within the brain.”” It exhibits several beneficial properties,
including combating scurvy, providing neuroprotection in cases
of brain injuries, modulating neurological functions, and
facilitating stem cell differentiation.?® Therefore, the achieve-
ment of ultrafast, specific, and stable in vivo sensing of AA is
crucial for accurately assessing and mitigating the risks asso-
ciated with these diseases. As illustrated in Scheme 1C, AAO
possesses the capability to specifically recognize and oxidize AA,
leveraging a pocket structured with histidine (His) and trypto-
phan (Trp) residues, along with copper sites.> Essentially, the
specific binding affinity of AAO arises from the strong interac-
tion between His/Trp and AA, while its oxidation relies on
copper's redox properties. Based on this, CuMOF,** which
exhibits remarkable hydrolytic stability, has been chosen to
mimic natural AAO. This choice is attributed to CuMOEF's
kagome-like topology, centered around Cu paddle-wheel clus-
ters, which potentially displays electro-oxidative behavior
towards AA under an electrical field. However, pristine CUMOF
lacks a selective recognition site for AA. Hence, we tried to
induce capture behavior of CUMOF towards AA by incorporating
His/Trp into the Cu paddle-wheel cluster through a chelation-
assisted selective etching strategy (Fig. S1), aiming to create
its specificity.

At first, Cu(CH3;COO),-H,O0 is chosen to induce the forma-
tion of CuMOF due to its similar crystal axes (Fig. S2). As
depicted in Fig. 1A, the X-ray diffraction (XRD) patterns confirm
that CuMOF can be successfully prepared using Cu(CHj;-
COO0),-H,0 as the copper precursor. It is noteworthy that
CuMOF-HT displays no new XRD peaks, suggesting that the
crystal structures of CuMOF largely remain intact after His/Trp
etching at suitable concentrations, without any ligand exchange
reaction taking place. Besides, digital camera images revealed
a fine and smooth powder of CUMOF, in contrast to the random
and shaggy appearance of CuMOF-HT (Fig. S3). Field emission
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scanning electron microscopy (FESEM) and transmission elec-
tron microscopy (TEM) images show the hexagonal prism
structure of CuMOF, characterized by its smooth surface and
well-defined layered stacking, as illustrated in Fig. 1B, S4A and
C. Although some irregular small pores are distinctly visible on
the surface of CuMOF-HT, the hexagonal prism structure
remains (Fig. 1C, S4B and D). The pore size relies on the
concentration of His and Trp, and a higher concentration will
result in serious damage to the CuMOF structure (Fig. S5).
Furthermore, high-resolution transmission electron micros-
copy (HRTEM) reveals smooth and even internal exfoliation
layer within CuMOF-HT (Fig. S4E). The electron diffraction
pattern from a selected area of these inner stripped layers
(Fig. S4F) indicates an ordered (270) lattice, confirming its
single-crystal structure.>® Noteworthily, the defects present in
the crystals arise due to the etching effect of Lewis acids, as
evidenced by the HRTEM image, which further shows that the
etching of His and Trp is confined to the crystal surface. The
intact crystal structure of CUMOF-HT suggests that amino acid
absorption primarily occurs on the CuMOF surface, with
minimal penetration of His or Trp into the micropores.
Elemental mapping analysis validates the successful incorpo-
ration of amino acids onto the surface of CUMOF-HT crystals
(Fig. 1D and S6).

Attenuated total reflectance infrared (ATR-IR) spectroscopy
was also utilized to analyze both CuMOF and CuMOF-HT.
Fig. 1E illustrates that the peaks located at 3390 and
3340 cm ! signify N-H scissoring vibrations, while the peak at
3269 cm ' represents NH stretching vibrations. Other notable
peaks include those at 2910, 1220, 854, and 580 cm™ ', which are
associated with O-H stretching in COOH, C-NH- stretching, in-
plane rocking of N-H, and out-of-plane deformation of O-H in
Trp, respectively. Additionally, the peaks at 1130 and 820 cm ™"
correspond to C=N-C stretching and in-plane rocking vibra-
tions of N-H in His, respectively. Notably, CuMOF-HT exhibits
a distinct peak at 694 cm ', attributed to N-Cu- stretching
vibrations, indicative of Cu-N bonding. Furthermore, there is
an increase in Cu-O stretching from 494 to 496 cm ™', which is
attributed to the coordination of NH, to the Cu paddle wheel
structure. These ATR-IR findings suggest that His and Trp bind
to the Cu paddle wheel on CuMOF-HT, confirming this struc-
ture as the binding site for these amino acids.?* In addition, the
calculation of the His/Trp ratio yields a value of 2.01 through
normalization based on a shared peak (O-H out-of-plane
bending) found in both His and Trp (Fig. S7). Consequently,
the initial amino acid ratio utilized for treatment was setat 2 : 1.
Based on above ATR-IR findings, ~-HN-Cu forms through two
mechanisms. Firstly, it arises from direct axial coordination
with amino acids. Secondly, amino acids connect to ligands via
surface disruptions on the Cu paddle wheel, facilitated by the
activation of carbonyl carbon due to the Lewis acid property of
Cu.* Thus, six potential spatial structures of His and Trp on the
Cu paddle wheel are identified, as depicted in Fig. S8. Given the
His/Trp ratio of 2:1 on the CuMOF-HT surface, the most
plausible structure involves one His axially coordinated to Cu,
with two Trp ligands bound to Cu on either side. This
arrangement allows for the central amino acid to be shared,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (A) XRD patterns of Cu({CH3zCQOO),-H,0, CuMOF and CuMOF-HT.

FESEM images of (B) CuMOF and (C) CUMOF-HT. (D) FESEM images of

cubic defects on CuMOF-HT and corresponding overlap elemental mapping. Corresponding elemental C, O, N, and Cu mapping images of
CUMOEF-HT. (E) ATR-IR spectra of CUMOF and CuMOF-HT. (F) XPS results for CUMOF and CuMOF-HT. (G) Cu 2p for CuMOF and CuMOF-HT. N,
adsorption—desorption isotherms and pore-size distributions of (H) CuMOF and (I) CUMOF-HT.

enhancing the combined effect of His and Trp. These His/Trp
configurations on the Cu paddle wheel are predominant on
the CuMOF surface and are crucial for AA selectivity.

X-ray photoelectron spectroscopy (XPS) was performed to
analyze the elemental compositions and valence states of both
CuMOF and CuMOF-HT materials (Fig. 1F, G and S9). The total
survey spectrum clearly shows peaks corresponding to Cu 2p, C
1s, O 1s, and N 1s. Notably, the distinct N peak (~5.5%, Table
S1) confirms successful amino acid functionalization on the
CuMOF surface. Additionally, the valence state distribution
reveals a 0.5 eV binding energy shift for Cu 2p in CuMOF-HT,
and electron paramagnetic resonance (EPR) further detects an
additional Cu®** resonance signal in CuMOF-HT (Fig. S10).
These findings suggest a different surface Cu coordination
structure in CUMOF-HT compared to CuMOF, confirming the
coordination interactions between His and Trp with Cu.

The N, adsorption-desorption isotherms were employed to
assess the specific surface areas and pore size distributions of
CuMOF and CuMOF-HT (Fig. 1H and I). Brunauer-Emmett-
Teller (BET) analysis revealed that CuMOF-HT exhibited
a significantly higher specific surface area (7.59 m?> g ')
compared to CuMOF (3.32 m” g™ !). This enhancement in BET
value for CuMOF-HT can be attributed to the His and Trp
chelation-assisted selective etching effect. The pore size

© 2025 The Author(s). Published by the Royal Society of Chemistry

distribution curves (insets in Fig. 1H and I) indicate that
CuMOF and CuMOF-HT exhibit pores primarily centered at
3.78 nm and 22.97 nm, respectively, implying an abundant
mesoporous structure. In addition, their average pore sizes,
calculated as 25.89 nm for CuMOF and 46.64 nm for CUMOF-
HT, confirm that amino acid treatment enhances larger pores
within the MOF structure. In a word, CuMOF-HT possesses
a large surface area and abundant porosity, enhancing active
site exposure and promoting interfacial mass diffusion and
electron transfer.

Michaelis-Menten kinetics of enzyme-like CuMOF materials

Given the striking similarity in the local structure between
CuMOF-HT and natural AAO,** both of which possess a Cu
catalytic center along with two amino acid recognition sites, we
hypothesize that CuMOF-HT demonstrates potential AAO-
mimetic characteristics. Thereafter, we evaluated the catalytic
activity of CUMOF-HT as an AAO mimic, employing AA as the
substrate, at a simulated human body temperature of 37 °C
(Fig. 2A), and contrasted its performance against the control
group. As shown in Fig. 2B, the absorbance at Ay, = 265 nm
was measured for various AA concentrations using a standard
solution. A standard curve was plotted (Fig. 2C), revealing

Chem. Sci., 2025, 16, 22046-22057 | 22049
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Fig. 2

(A) Reaction showing oxidation of AA by CuMOF-HT. (B) UV absorption curves of AA oxidation. (C) The plot of absorbance versus AA

concentration. (D) Absorbance spectra of AA in the presence of CUMOF-HT over time. (E) CuMOF-HT sample AA oxidase activity of steady-state
kinetics. (F) Lineweaver—Burk curve of AA oxidase-like activity of CUMOF-HT. Error bar represents the relative standard deviation of three
measurements (n = 3). (G) The AA electrooxidation pathway is depicted using a ball-and-stick model, in which the blue, red, brown, and gray

spheres correspond to Cu, O, C, and H atoms, respectively.

a direct proportionality between AA concentration and absor-
bance. Subsequently, both the CUMOF-HT and control samples
were fully suspended in a 0.1 M PBS buffer (pH = 7.4), and the
AA substrate was added to the mixture to achieve a final
concentration of 100 uM. We monitored the consumption of AA
using a UV spectrometer (A,.x = 265 nm) to measure the cata-
lytic process and assess various sample performances. As
illustrated in Fig. 2D, as the catalytic reaction of CUuMOF-HT
progressed, the concentration of AA decreased, resulting in
a corresponding decrease in absorbance.

To identify the optimal design for enzyme-mimicking
CuMOF-HT, a series of samples were synthesized via an
amino acid-selective etching method, with variations in His/Trp
ratios, concentrations, and etching durations. Afterwards, their
catalytic performances were compared under identical reaction
conditions (Fig. S11). The results indicated that the CUMOF-HT
prepared with a His/Trp ratio of 1:2, His concentration of

22050 | Chem. Sci., 2025, 16, 22046-22057

5 mM, Trp concentration of 10 mM, and etched for 12 h,
exhibited the most favorable catalytic performance. In addition,
to confirm that the selective oxidation of AA stems from
CuMOF-HT, we designed both experimental and control
groups, using the chemical formula of CUMOF-HT as a basis
and incorporating specific masses as detailed below: blank (0
mg), His (0.39 mg), Trp (0.15 mg), 5-ethoxyisophthalic acid (1.29
mg), Cu(CH3COO),-H,0 (0.60 mg), CuMOF (1.50 mg), and
CuMOF-HT (1.50 mg). As depicted in Fig. S12, the enzyme-
mimicking CuMOF-HT exhibited the highest level of catalytic
activity for the oxidation of AA. As expected, the CuMOF
suspension demonstrated restricted catalytic activity, indi-
cating an initial oxidation rate towards AA that was approxi-
mately half of that observed for CUMOF-HT. On the other hand,
the blank or solutions containing only the Cu®*, ligand, or
amino acid, show a further weakened capability of oxidizing AA.
Therefore, the CuMOF-HT structure played a crucial role in its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalytic behavior. Specifically, coordination of one His and two
Trp on the copper paddlewheel formed pocket-like structures.
These pockets, with their appropriate geometry, effectively
bound ascorbate through m-m stacking and hydrogen bonds,*
creating a staggered system involving ascorbate's lactone ring
and the side chains of Trp and His. For AAO, the skeleton
comprising copper and His/Trp served as both the active cata-
lytic center and recognition site. A very similar structure reoc-
curred, functioning in the oxidation of AA, both at the surface
and interior of CUMOF-HT.

The steady-state behavior of these catalytic reactions can be
analyzed using the Michaelis-Menten kinetics (Fig. 2E and
S13A) and Lineweaver-Burk plot (Fig. 2F and S13B). Both plots
are derived from experimental data, where the concentration of
AA was varied from 25 to 150 uM, while the amounts of CUMOF
or CUMOF-HT remained constant at 1.5 mg. The linear regres-
sion analysis conducted on the Lineweaver-Burk plots reveals
that the oxidation of AA facilitated by CuMOF and CuMOF-HT
adheres to kinetics that mimic those of enzymes. The
maximal initial rates (Vpax) for CUMOF and CuMOF-HT, derived
from their respective plots, were 3.21 uM s~ * and 0.052 pM s %,
with corresponding Michaelis constants (K;,) of 0.038 mM and
0.56 mM, respectively. Comparative analysis with natural AAO
and other documented nanoenzymes (Table S2) reveals that
enzyme-mimicking CuMOF-HT demonstrates a significantly
higher V;,,.x value, while retaining a K,,, value comparable to that
of AAO. Besides, high-resolution mass spectrometry (HRMS)
characterization identified 2,3-diketo-i-gulonic acid as the
primary oxidative derivative of AA following treatment with
CuMOF-HT (Fig. S14). The AA oxidation mechanism, as illus-
trated in Fig. 2G, initiates with the binding of AA to Trp/His
residues on the Cu paddle wheel structure. The highly oxida-
tive Cu center facilitates rapid dehydrogenation of the bound
substrate, resulting in the formation of dehydroascorbic acid.
Subsequent oxidative ring cleavage converts this intermediate
into 2,3-diketo-L-gulonic acid. Following the completion of the
oxidation cycle, the product dissociates from the Trp/His coor-
dination sites, thereby regenerating the catalytic center for
subsequent substrate molecules.

Electrochemical properties of enzyme-like CuMOF materials

Following a comprehensive characterization of the physical
properties and enzyme-like activity of the CUMOF-HT material,
which demonstrates AA oxidase-like behavior, we employed
CuMOF-HT as the AA recognition and sensing element to
develop a highly sensitive, selective, and stable microelectrode.
The successful preparation of NEG-CuMOF-HT was confirmed
through meticulous characterization of each stage of the
process using FESEM, as illustrated in Fig. S15. First, the
electrochemical characteristics of as-proposed N, NE, NEG,
NEG-CuMOF, and NEG-CuMOF-HT electrode materials were
evaluated using cyclic voltammetry (CV) with a redox probe (Ks/
K,[Fe(CN)g]). As shown in Fig. 3A, the peak currents of NEG and
NEG-CuMOF exhibit a significant increase compared to those
of N and NE, demonstrating that the incorporation of gold and
CuMOF effectively enhances the number of electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

active sites and accelerates electron-transfer rates. Furthermore,
the NEG-CuMOF-HT composites reveal the smallest anodic-
cathodic peak potential separation (AE,) and the highest
oxidation peak current values (Ip,), reflecting their exceptional
electron-transfer capability. Subsequently, electrochemical
impedance spectroscopy (EIS) of K3/K,[Fe(CN)s] on various
electrode materials was performed to investigate electrode
kinetics. As illustrated in Fig. 3B, the semicircle diameter
corresponds to the charge transfer resistance (R.), with smaller
R, values indicating faster electron transfer rates.***” Using the
Randles equivalent circuits shown in the inset of Fig. 3B, the
fitted R.; values for N, NE, NEG, NEG-CuMOF, and NEG-CuMOF-
HT are 16490.08, 13953.24, 2.62, 1.89, and 0.92 KQ, respectively.
Notably, the NEG-CuMOF-HT composites exhibit significantly
enhanced charge-transfer capabilities, consistent with the CV
results presented in Fig. 3A.

The electrochemical performance of NEG-CuMOF-HT was
further evaluated using chronoamperometry (i-t) with succes-
sive additions of AA in 0.1 M PBS. As indicated in Fig. 3C, the
steady-state current response of NEG-CuMOF-HT to AA is
approximately 2040 and 3 times greater than that of NEG and
NEG-CuMOF, respectively, demonstrating its superior electro-
chemical activity for AA sensing, which is attributed to the
copper catalytic centers and amino acid recognition sites.
Meanwhile, we validated our hypothesis that CuMOF-HT
exhibits the most significant change in current response (Al)
only when His and Trp simultaneously chelate the CuMOF
(Fig. S16). Additionally, we investigated the effects of CuMOF-
HT loading concentration, electrodeposition duration of gold
nanoparticles, and applied potential (Fig. S17). Based on
a comprehensive consideration of efficiency and energy
consumption, the optimal working conditions are as follows:
a CuMOF-HT concentration of 2 mg mL ™, a gold electrodepo-
sition duration of 90 s, and a working potential of - 0.2 V.

To further validate the superior electrochemical reactivity of
the NEG-CuMOF-HT composites, the electrochemical surface
area (ECSA) of each electrode material was evaluated. Fig. S18
shows a series of CV tests performed in KCl within the non-
faradaic potential range (0.15-0.25 V) at varying scan rates (25-
200 mV s~ ). As shown in Fig. 3D, the current density at 0.20 V
(AJo.20 v) increases significantly with higher scan rates. From the
slope (k), the double-layer capacitance (Cq; = k/2) was calculated
to be 0.00041, 0.0012, 0.0054, 0.007, and 0.0094 uF cm ™2 for N,
NE, NEG, NEG-CuMOF, and NEG-CuMOF-HT, respectively.
Given that the ECSA is directly proportional to Cq;,*® these
results confirm that the NEG-CuMOF-HT composites possess
a greater number of active sites and improved electrochemical
reactivity. To assess the electrical conductance (G) of the elec-
trode materials,* I-V curves were recorded for CuMOF and
CuMOF-HT. A scanning potential ranging from —1.0 to + 1.0 V
was applied in 0.1 M PBS at 0.10 V increments (Fig. 3E). Analysis
of the I-V curves revealed the G values for the two materials.
Notably, CuMOF-HT demonstrated significantly enhanced
electron conduction capacity (14.3 x 10~° S cm™ ') compared to
CuMOF (9.2 x 107° S em™ "), consistent with the CV, EIS, i-t,
and ECSA results presented earlier (Fig. S19).
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Fig. 3 (A) CVs of 5 mM Kz/K4[Fe(CN)gl in 0.1 M KClon N (a), NE (b), NEG (c), NEG-CuMOF (d), and NEG-CuMOF-HT (e). Scan rate: 50 mV s (B)
Nyquist plots of 5 mM Kz/K4[Fe(CN)gl in 0.1 M KCl on these electrodes (frequency, 0.1 Hz to 100 kHz; amplitude, 5 mV). (C) Chronoamperometry
(i—t) curves of these electrodes at 0 V for 200 uM AA in 0.1 M PBS (pH = 7.4). (D) Capacitive current as a function of the scan rate for these
electrodes at 0.20 V. (E) I-V curves of 0.1 M PBS (pH = 7.4) on these electrodes. Step voltage: 0.10 V. (F) DOS for CuMOF and CuMOF-HT. (G)
Optimized structural models illustrating the adsorption sites for AA on NEG-CuMOF-HT. (H) Corresponding binding energy of AA on NEG, NEG-
CuMOF, and NEG-CuMOEF-HT. (I) Gibbs free energy diagrams of the AA oxidation on NEG, NEG-CuMOF, and NEG-CuMOF-HT.

To gain a deeper understanding of the exceptional electro-
catalytic activity exhibited by CuMOF-HT towards AA oxidation,
density functional theory (DFT) calculations were conducted.
Initially, the Mulliken populations of both CuMOF and CuMOF-
HT were computed to analyze their electronic structures. As
illustrated in Fig. S20, the two Cu atoms in CuMOF-HT possess
lower Mulliken charges compared to those in CuMOF, which
aligns well with the previous Cu 2p XPS results (Fig. 1G). This
observation suggests the presence of strong electronic interac-
tions between His and Trp residues with CuMOF. Furthermore,
Fig. 3F depicts the density of states (DOS) for both CuMOF and
CuMOF-HT. Notably, due to orbital coupling among the N, C, O,
H, and Cu atoms, the peaks near the Fermi energy in CuMOF-
HT are more pronounced compared to those in CuMOF. This
indicates that CuMOF-HT possesses a higher reactivity than
CuMOF, potentially facilitating the kinetics of AA oxidation.

In the realm of heterogeneous catalysis, the adsorption of
reactants holds paramount importance. Therefore, we further
conducted an in-depth investigation into the binding energies of
AA on NEG, NEG-CuMOF, and NEG-CuMOF-HT. The respective
models, both before and after AA adsorption, are depicted in
Fig. S21 and 3G. Herein, the identified active sites include the
CuMOF surface and the amino acid pocket. In addition, the
calculated binding energies of AA with these sensing interfaces
are - 0.86, - 0.91, and - 1.2 eV, respectively (Fig. 3H). A significant
enhancement in the binding energy of AA is observed on the

22052 | Chem. Sci., 2025, 16, 22046-22057

CuMOF-HT surface, which facilitates the interaction between the
amino acid active site and AA, thereby substantially improving
the electrochemical sensing performance for AA.

Subsequently, we also studied the entire reaction pathways
for catalyzing AA oxidation by NEG, NEG-CuMOF, and NEG-
CuMOF-HT (Fig. 3I). In the case of NEG-CuMOF-HT, the
formation steps of dehydroascorbate and 2,3-diketo-L-gluta-
mate, as well as the desorption step of 2,3-diketo-L-glutamate,*
are endothermic, with energy barriers of 0.75, 0.64, and 0.12 eV,
respectively. Obviously, the rate-determining step (RDS) for
NEG-CuMOF-HT is the formation of dehydroascorbate. Both
NEG and NEG-CuMOF exhibit the same RDS, with energy
barriers of 1.06 and 0.97 eV, respectively. The notably lower RDS
energy barrier (0.75 eV) of NEG-CuMOF-HT contributes to its
exceptional electrocatalytic activity for AA. Thus, the combined
experimental findings and theoretical calculations suggest that
NEG-CuMOF-HT operates through a mechanism analogous to
natural enzymes. Specifically, the amino acid facilitates the
specific capture and recognition of AA, followed by its rapid
oxidation on the Cu catalytic site.

Analytical performance of the NEG-CuMOF-HT-Zw-based
electrochemical microsensor for in vitro detection of AA

Zwitterionic polymers,** characterized by their high biocom-
patibility, ultra-low immunogenicity, antigenicity, and excep-
tional hydrophilicity, have attracted substantial attention in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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area of antifouling for in vivo detection. These polymers
demonstrate a remarkable capacity to emulate cell membranes,
which consist of proteins and phospholipids, thereby effectively
reducing nonspecific protein adsorption and cell attachment.
Herein, a zwitterionic sulfobetaine-3,4-ethylenedioxythiophene
(SBEDOT) monomer was in situ electropolymerized onto an
NEG-CuMOF-HT electrode to form a densely packed film,
designated as NEG-CuMOF-HT-Zw. The electrocatalytic efficacy
of the NEG-CuUMOF-HT-Zw interface towards 200 uM AA was
evaluated using i~¢ curves in 0.1 M PBS. Compared to the pristine
NEG-CuMOF-HT composites, the electrodeposition of Zw onto
the NEG-CuMOF-HT surfaces resulted in a slight decrease
(<4.6%) in the current response during AA electrochemical
sensing (Fig. S22). This decrease can be ascribed to the height-
ened interface transfer resistance induced by the electrode-
coupled semiconductor polymer film. Nevertheless, the inter-
face retained a commendable sensing signal for AA. Additionally,
we investigated the analytical capabilities of the Zw-decorated
NEG-CuMOF-HT microelectrode for the in vitro quantification
of AA. As shown in Fig. 4A, S23A and D, the three types of
microelectrodes (NEG-CuMOF-HT-Zw, NEG-AAO-Zw, and NEG-
CuMOF-Zw) demonstrate admirable reproducibility, with
respective RSDs of their current response signals being 1.7%,
3.3%, and 2.7%. The electrode modification strategies, specifi-
cally dip-coating and electropolymerization, did not significantly
affect reproducibility across different electrode batches. Hence-
forth, the sensitivity of the NEG-CuMOF-HT-Zw towards AA was
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further evaluated through a series of amperometric response
signals (Fig. 4B). These results revealed a linear relationship with
corresponding AA concentrations ranging from 5 pM to 1.0 mM,
exhibiting a sensitivity of 4.18 nA mm > uM ™", and a detection
limit of 1.46 uM (S/N = 3). When compared with the recently
reported electrochemical AA sensors, the NEG-CuMOF-HT-Zw
microsensor exhibits notably superior sensing performance, as
evidenced in Table S3. In addition, the sensitivities of NEG-AAO-
Zw and NEG-CuMOF-Zw for AA were also assessed (Fig. S23B, C, E
and F). However, their sensing performances, encompassing
linear range, sensitivity, and detection limit, were all inferior to
those of NEG-CuMOF-HT-Zw.

The 1-hour amperometric stability test (Fig. 4C) revealed
stark contrasts in performance: NEG-CuMOF-HT-Zw exhibited
minimal current decay (3.96%), while NEG-CuMOF-Zw and
NEG-AAO-Zw suffered significant losses of 22.87% and 92.37%,
respectively. The catastrophic failure of NEG-AAO-Zw (>90%
signal loss) directly correlates with the rapid deactivation of
natural AAO enzymes under operational stress, underscoring
their intrinsic instability. To further validate stability, the NEG-
CuMOF-HT-Zw microelectrode was subjected to continuous 200
uM AA additions in PBS over 1 hour (Fig. S24), demonstrating
negligible signal variation (RSD < 1.2%), consistent with its low
decay rate (3.96%). Long-term hydrolytic stability was also
confirmed through XRD and electrochemical analyses after six
months of water immersion. As shown in Fig. S25A, CUMOF-HT
retained its crystallinity and structural integrity, with no
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(A) Reproducibility of five different NEG-CuMOF-HT-Zw microelectrodes for 200 uM AA. (B) Amperometric responses of various AA
-CuMOF-HT-Zw. The error bars indicate RSD derived from triplicate

measurements. (C) Comparison of amperometric response stability for AA among NEG-CuMOF-HT-Zw (a), NEG-AAO-Zw (b), and NEG-
CuUMOF-Zw (c), evaluated through a 1-hour in vitro test. (D) Selectivity evaluation of these microelectrodes (a—c) upon successive addition of AA
and interfering substances. (E) Radar chart of normalized current responses of these microelectrodes (a—c) for AA and interfering substances. (F)
Illustration of specific capture of AA by His/Trp residues on CuMOF-HT. (G) Optimized geometric structure for dopamine and ascorbate

adsorption. (H) Confocal fluorescence imaging of HUVEC cultured on
propidium iodide (for dead cells). Scale bar: 50 um.
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CuMOEF-HT for 48 h, costained with calcein-AM (for live cells) and
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detectable phase degradation. Concurrently, aged samples
exhibited stable i-t responses (RSD < 2.3%, Fig. S25B), indi-
cating its robustness under prolonged aqueous exposure.

The specificity of NEG-CuMOF-HT-Zw microsensors is critical
for the accurate monitoring of AA in the brain, given the abun-
dance of electroactive interferents such as neurotransmitters
(DA, NE, and 5-HT), ions (Ca”*, Mg>", Zn>", and Fe**), and amino
acids (Leu, His, Thr, and Cys). As shown in Fig. 4D, NEG-CuMOF-
HT-Zw exhibited a pronounced current increase upon exposure
to 200 uM AA, while showing negligible responses to other
interfering substances, confirming its exceptional selectivity for
AA. Control experiments with NEG-CuMOF-Zw (lacking recogni-
tion sites) and NEG-AAO-Zw (natural AAO-based) revealed key
limitations: the former displayed poor selectivity due to the
absence of recognition sites, while the latter, despite good
selectivity and moderate sensitivity, suffered rapid inactivation
(>90% signal loss in stability tests), severely compromising reli-
ability. The radar chart (Fig. 4E) further highlights the AA-
specificity of NEG-CuMOF-HT-Zw, which stems from its engi-
neered His and Trp pocket structure (Fig. 4F and S26). This
architecture enables synergistic AA recognition through
hydrogen bonding and w7 stacking interactions, while steric
exclusion of non-target biomolecules ensures robust and selec-
tive detection in complex physiological environments.

To elucidate the specific roles of Trp/His in the enzyme-
mimetic behavior of CuMOF-HT, we performed DFT calcula-
tions to investigate their interactions with AA and DA, the latter
being a major endogenous interferent in cerebral monitoring,
as indicated in Fig. 4G. After geometric optimization, the
structure revealed that one His and two Trp residues coordinate
with the copper paddle-wheel unit, forming two distinct pocket-
like configurations. In the case of AA binding, the lactone ring
and multiple hydroxyl groups of AA are effectively immobilized
within the Trp/His pocket through a combination of m-7
stacking and hydrogen bonding, leading to a staggered
arrangement involving the AA lactone ring and the side chains
of Trp and His. In contrast, DA interacts with the same binding
pocket through only one hydrogen bond. The calculated
adsorption energy for AA was —1.995 eV, more negative than
that for DA, indicating a thermodynamically more favorable
binding of AA. This result reasonably explains the experimen-
tally observed selectivity of the sensor toward AA.

Given the direct contact of NEG-CuMOF-HT-Zw with living
brain tissue, we evaluated its biocompatibility through cyto-
toxicity studies** using human umbilical vein endothelial cells
(HUVECGs). Confocal fluorescence imaging (Fig. 4H and S27)
revealed a HUVEC survival rate more than 99% after 48-hour
exposure, confirming exceptional biosafety. These results,
combined with the enzyme-like material's high sensitivity,
selectivity, repeatability, and operational stability, demonstrate
its suitability for in vivo electrochemical monitoring of AA in the
brain. The biocompatibility of the intracortically implanted
sensors was evaluated by H&E staining of the brain tissue
surrounding the implantation site (Fig. S28). Histopathological
analysis revealed no significant inflammatory cell infiltration,
tissue damage, or fibrosis at any observed time point (days 14
and 28), with tissue conditions comparable to the baseline (day
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0) control. Furthermore, all biochemical and routine blood
parameters across all mouse groups remained within normal
ranges (Fig. S29). These collective findings confirm the favour-
able biocompatibility and support the safety of our sensors for
long-term intracerebral implantation.

Feasibility of the NEG-CuMOF-HT-Zw-based sensing system
for in vivo analysis

Ascorbate, also known as vitamin C, stands out as one of the most
prevalent antioxidants in the mammalian central nervous system
(CNS).® 1t plays a pivotal role in neuromodulation, neuro-
protection, and maintaining redox homeostasis. In addition to its
crucial involvement in the synthesis and metabolism of neuro-
transmitters, AA actively scavenges free radicals, thereby safe-
guarding neurons from oxidative stress-induced damage. Recent
evidence has shown that abnormal levels of AA are closely asso-
ciated with a variety of neurological disorders, including epilepsy,
cerebral edema, Parkinson's disease, and cerebral ischemia-
reperfusion injury.** Therefore, it is imperative to conduct real-
time, rapid, and specific monitoring of dynamic fluctuations of
AA in the brain, in order to elucidate its physiological functions
and decipher the pathological mechanisms underlying these CNS-
related conditions. Building upon this foundation, we have
designed a highly sensitive, selective, and stable electrochemical
microsensor (NEG-CuMOF-HT-Zw), which serves as a reliable
platform for monitoring cerebral AA levels. This microsensor
enables real-time tracking of AA dynamics within the complex
brain environment. Previous research has established abnormal
AA fluctuations as a pathological hallmark of epileptic seizures
and cytotoxic edema. To further investigate this, we successfully
established models of epileptogenesis** and excitotoxic neuronal
injury* through exogenous administration of kainic acid (KA) and
N-methyl-p-aspartatic acid (NMDA), respectively. As illustrated in
Fig. 5A, hematoxylin-eosin (H&E) staining revealed significant
neuropathological alterations in C57 mouse models when
compared to the control group. These alterations included
a disorganized arrangement of pyramidal cells in the hippo-
campal CA1 region, disrupted annular structures of olfactory bulb
glomeruli, and a notable decrease in cell density within the frontal
cortex. Collectively, these histopathological features confirm the
successful induction of KA-mediated epileptic models.

Research shows that the activation of NMDA glutamate
receptors leads to significant increases in Na' and Cl~
concentrations within neurons and astrocytes, ultimately
causing osmotic cellular swelling and cytotoxic edema.*” To
verify this hypothesis, we first established an Evans blue (EB)
standard curve by measuring the absorbance (OD) of EB stan-
dard samples at different concentrations (Fig. S30A). Subse-
quently, we used a spectrophotometer to measure the OD values
of brain homogenate supernatants from both the control group
(exposed to artificial cerebrospinal fluid, aCSF) and the experi-
mental group (exposed to NMDA) at a wavelength of 620 nm. By
referring to the EB standard curve (Fig. S30B), we determined
the EB content in both groups, as shown in Fig. 5B and S31.
Notably, the EB dye leakage in the NMDA group was approxi-
mately three times that of the control group. This is attributed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the binding of EB to serum proteins (such as albumin),*
which do not cross the blood-brain barrier under normal
physiological conditions, indicating the successful establish-
ment of a mouse model of cerebral edema. To further validate
this, we measured the brain water content (BWC) of C57 mice
using the dry-wet weighing method (Fig. 5C). The BWC in the
experimental group (exposed to NMDA) was significantly higher
than that in the control group (exposed to aCSF), also indicating
successful induction of cerebral edema by NMDA. Additionally,
photographs of mouse brain tissue before and after the dry-wet
processing more intuitively demonstrate the morphological
changes associated with cerebral edema (inset in Fig. 5C).

For the in vivo analysis, C57 mice were securely placed on
a scaffold and anesthetized with isoflurane (1.5%). Using a brain
locator, the precise detection regions of the hippocampus and
cerebral cortex were identified (Fig. 5D, E and S32). Given the
potential reduction in sensor sensitivity during in vivo testing due
to coating by proteins from the surrounding environment, the
microsensor's surface was coated with zwitterionic materials to
enhance its antifouling capabilities. In this experiment, AA
release was monitored in real time in the brains of mice following

© 2025 The Author(s). Published by the Royal Society of Chemistry

NMDA-induced cerebral edema. The results demonstrated that
the NEG-CuMOF-HT-Zw sensor exhibited a superior current
response compared to the other sensors (Fig. S33). Consequently,
the NEG-CuMOF-HT-Zw microelectrode was selected for the
subsequent investigation of in vivo stability. As depicted in
Fig. S34, no significant alterations were observed in the current
response during the initial hour after the microsensor was
inserted into the hippocampal region of the C57 mouse brain.
This suggests that this microsensor demonstrated excellent
stability for in vivo monitoring of AA. Furthermore, as illustrated
in Fig. S35, the prompt and reliable current response observed
following local administration of AA within the mouse brain
demonstrates the sensitivity and specificity of this system in
monitoring AA in vivo. Taking the epilepsy model as an example,
upon local injection of exogenous KA into the hippocampus of
C57 mice, there was an elevation in the extracellular AA concen-
tration.* Notably, KA itself does not generate a current response
(Fig. S36A). Our newly developed microsensor immediately
detected a significant response signal within 90 s after the local
microinfusion of KA (Fig. 5F), further demonstrating its feasibility
for in vivo real-time monitoring of dynamic changes in AA levels.
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Furthermore, we confirmed whether the AA release was indeed
triggered by cytotoxic edema and delved into the impact of NMDA
concentration on AA efflux in vivo. Similarly to KA, NMDA does
not elicit a current response on its own (Fig. S36B). Specifically, we
administered 100, 200, 500, and 1000 uM NMDA into the cortex of
C57 mice, employing a NEG-CuMOF-HT-Zw-based microsensor to
monitor AA release at a constant infusion rate of 1 pL min~* for
60 s. Fig. 5G illustrates that, in contrast to aCSF injection (0 uM
NMDA), minimal amperometric response was observed with 100
UM NMDA infusion, whereas treatments with higher NMDA
concentrations elicited substantial current responses. Notably,
extracellular AA levels increased by distinct fold (1.5-fold for 200
uM, 2.0-fold for 500 puM, and 2.6-fold for 1000 UM NMDA,
respectively, as detailed in Fig. S37), indicating a clear NMDA
concentration-dependent AA response. These findings affirm that
the AA response of brain tissue to cytotoxic edema follows
a defined sequence, underscoring AA's significant potential as
a biomarker for indicating cytotoxic edema.

Building upon existing insights into cytotoxic edema mech-
anisms, we systematically investigated AA release pathways.
Critical evidence shows that 4,4’-diisothiocyanatostilbene-2,2'-
disulfonic acid (DIDS), a chloride channel blocker, potently
suppresses cytotoxic edema by inhibiting cellular swelling-
associated Cl~ transport,*” positioning it as a key pharmaco-
logical tool for probing edema-related AA dynamics. Our
experimental data demonstrate that 500 pM NMDA adminis-
tration in C57 mouse brains induces marked extracellular AA
accumulation (Fig. 5H).

Strikingly, co-injection of 5 mM DIDS completely abrogates
this AA surge while preventing edema development, establish-
ing a direct correlation between cellular swelling inhibition and
AA release suppression. This parallel blockade strongly impli-
cates volume-sensitive organic anion channels (VSOACs) as
principal mediators of AA efflux (Fig. $38). While prior studies
emphasize NMDA-induced AA release through excitotoxicity®
and glutamate uptake-driven swelling mechanisms,** our find-
ings reveal cytotoxic edema itself as an essential regulatory
component. The complete abolition of AA release via chloride
channel blockade indicates that VSOAC activation constitutes
a fundamental step rather than a secondary epiphenomenon.
Although alternative pathways like glutamate-AA exchange® or
vesicular exocytosis®® remain theoretically possible, our
controlled co-application paradigm confirms edema-dependent
VSOAC activation as a predominant mechanism under these
experimental conditions. This edema-AA coupling provides
critical mechanistic resolution for understanding neuro-
inflammatory cascades and excitotoxic injury progression.

Conclusions

In summary, we have developed an innovative CUuMOF-HT-based
microsensor via a chelation-assisted selective etching strategy,
which mimics AAO functionality for specific and reliable in vivo
neurosensing of AA. The His- and Trp-functionalized CuMOF
exhibits exceptional AA specificity through hydrogen bonding and
T—T stacking interactions. This microsensor demonstrates ultra-
fast response speed (0.1 s), a low detection limit (1.46 uM), and
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outstanding stability, enabling precise monitoring of AA
dynamics in mouse brains under pathological conditions such as
epileptic seizures and cytotoxic edema. Our findings reveal
a direct correlation between AA release and cytotoxic edema,
supporting the hypothesis that AA efflux depends on edema
occurrence. This work highlights the potential of MOF-based
nanoenzymes in neurosensing and establishes a platform for
real-time, specific, and stable in vivo tracking of neurochemicals,
advancing brain science and disease research.
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