ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal

EDGE ARTICLE

Hydrogen-bond-assisted meta-nitrogen-doped
graphyne enables real-time electrocatalytic NADH
tracking in single cells

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5sc08242k

All publication charges for this article
have been paid for by the Royal Society

of Chemistry Jiale Wei,+? Jing Jiang,+® Chugi Li,#°> Guo Wang,? Jiayao Wulan,® Huan Yang,?

Fangxu Shen,? Daixin Ye,© Kai Li,*® Xianchan Li*® and Yuging Lin {2 *@

Nicotinamide adenine dinucleotide (NADH), a crucial biomarker for cellular redox homeostasis, is
intrinsically linked to mitochondrial function and neurodegenerative diseases. However, electrochemical
detection of intracellular NADH faces dual challenges: low abundance and biofouling, as well as high
overpotential. Herein, we designed a hydrogen-bond-assisted meta-nitrogen/oxygen co-doped
graphyne (3NGYO) nanoelectrode for high-performance NADH sensing. Precise tri-N doping in
graphyne (3NGY) generates sp?-N atoms associated with hydrogen atoms. Specifically, pyrrolic N—H
forms a 2.502 A N—H---O=P hydrogen bond with NADH's PO, groups, boosting adsorption energy to
—5.48 eV and reducing NADH oxidation potential to O V. This achieves a 59-fold higher catalytic current
response compared to pristine graphyne. Subsequent acid oxidation introduces oxygen-containing
functional groups (e.g., —-COOH, C=0), increasing hydrophilicity (contact angle: 54.0°) and anti-fouling
performance (80% current retention after 2 h BSA exposure). Electrodeposited 3NGYO nanotips attain
a sensitivity of 0.419 pA pM™! and a linear range of 0-20 uM at +0.2 V vs. Ag/AgCL. Real-time
(MPP*)-induced

mitochondrial dysfunction triggers NADH release. In contrast, hydrogen sulfide (H,S) pretreatment

amperometry in SH-SY5Y cells demonstrates that 1-methyl-4-phenylpyridinium
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reduces NADH leakage by 95.4%, correlating with suppressed calcium ion (Ca®*) influx and reactive
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Introduction

NADH, a pivotal coenzyme in cellular redox reactions,"* serves
as a critical biomarker for mitochondrial function and energy
metabolism.>* Its intracellular concentration dynamics are
closely associated with neurodegenerative diseases such as
Parkinson's disease (PD) and Alzheimer's disease (AD),’
cardiovascular disorders,® and metabolic syndromes, where
mitochondrial dysfunction characterized by impaired adeno-
sine triphosphate (ATP) synthesis and excessive ROS production
plays a central pathogenic role.”” For instance, NADH defi-
ciency directly reduces neuronal viability in Parkinson's disease
models, while its release through the mitochondrial perme-
ability transition pore ultimately leads to cell death.*>"
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oxygen species (ROS) generation. This work provides a tool for studying mitochondrial dysfunction and
establishes a new paradigm for in situ electrocatalytic biosensing.

Consequently, real-time monitoring of NADH dynamics in
single living cells is essential for elucidating disease mecha-
nisms and developing therapeutic strategies."” However, the low
intracellular concentration of NADH (sub-micromolar level),
rapid signal transduction,® and complex biochemical milieu of
living cells impose stringent requirements on analytical
tools.***

To date, various methods have been developed for intracel-
lular molecular detection, encompassing immunofluorescence
labelling,'*'” DNA/RNA sequencing,'®'® mass spectrometry,*
electroporation-based surface-enhanced Raman scattering,*
and electrochemical techniques.”*?* Among existing tech-
niques, nano electrochemical methods stand out due to their
minimal invasiveness and high compatibility with single-cell
analysis.”>*® For instance, Ewing’'s group used nanoelectrodes
to develop vesicle impact electrochemical cytometry (VIEC) to
detect neurotransmitters in single-cell vesicles.***' Long's group
developed novel nanosensors for single-cell, single-molecule
protein analysis, revealing the impact of cellular heterogeneity
on protein function.**** Huang's group developed an advanced
electrochemical sensor platform based on core-shell nano-
wires, enabling high-resolution molecular analysis at the single-
cell and subcellular levels.** Notably, the performance of these
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(a) Synthesis of 3NGY via ball milling of 2,4,6-trichloro-1,3,5-triazine and CaC,, followed by oxidation with HNO3 to form 3NGYO. (b)

3NGYO deposition on CFNE enables intracellular NADH detection under MPP* stimulation, with high sensitivity and anti-biofouling

performance.

nanoelectrochemical sensing platforms is highly dependent on
the choice of electrode materials.

Carbon-based nanomaterials, such as graphene and carbon
nanotubes, have been widely explored for NADH detection.?*%”
However, its performance is limited by high overpotential
(>0.5 V),*® causing interference from intracellular coexisting
electroactive substances such as ascorbic acid (AA) and uric acid
(UA),*® while biomacromolecules (e.g., proteins and lipids) in
the complex intracellular environment induce electrode surface
fouling, thereby degrading signal sensitivity.*>*" Although
nitrogen doping has been employed to enhance catalytic activity
and hydrophilicity for example,** pyridinic nitrogen-doped
graphene reduces the overpo-tential for NADH oxidation** and
oxidized graphene improves anti-fouling through oxygen-rich
functional groups current strategies often rely on empirical
doping configurations,*> lacking atomic-level precision in
modulating interactions with NADH. Moreover, integrating
high sensitivity and robust anti-fouling properties into a single
nanoelectrode platform remains challenging, severely
hindering long-term intracellular monitoring.

In this study, we designed a hydrogen-bond-assisted meta-
nitrogen/oxygen co-doped graphyne carbon fibernanoelectrode
(3NGYO/CFNE) for real-time, in situ tracking of NADH dynamics in
single cells (Scheme 1). By introducing three meta-positioned
nitrogen atoms into the graphyne lattice, we created electron-
deficient pockets that form a 2.502 A N-H:--O=P hydrogen
bond with NADH's phosphate groups, boosting the adsorption
energy to —5.48 eV and reducing the oxidation potential to 0 V.
Subsequent acid oxidation introduced oxygen-containing func-
tional groups (e.g., -COOH and C=0), enhancing hydrophilicity
(contact angle: 54.0°) and anti-fouling performance (80% current
retention after 2 h of bovine serum albumin exposure). The
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optimized 3NGYO/CFNE achieved a sensitivity of 0.419 pA uM "
and a linear range of 0-20 uM (at 0.2 V vs. Ag/AgCl), superior to
traditional carbon-based electrodes. Real-time amperometric
measurements in SH-SY5Y cells revealed that MPP'-induced
mitochondrial dysfunction triggers NADH release, while H,S
pretreatment reduces NADH leakage by 95.4%, correlating with
suppressed Ca*>" influx and ROS generation. This work not only
provides a powerful tool for investigating mitochondrial dysfunc-
tion in neurodegenerative diseases but also establishes a new
paradigm for in situ electrocatalytic biosensing through atomically
precise engineering of carbon materials.

Results and discussion
Structural characterization of 3NGY

Graphynes, a novel carbon allotrope, consists of aromatic rings
of sp>hybridized carbon atoms connected by triple bond
linkers of sp-hybridized carbon atoms, forming a one-atom-
thick 2D network structure.** This unique atomic arrange-
ment endows graphynes with fascinating properties superior to
those of conventional carbon materials, including intrinsic
pores, a band gap, high conductivity,*»*® extensive conjugation,
structural flexibility, and interesting chemical reactivity.***
Additional modifications and defect engineering can further
enhance the reactivity of graphynes-based materials.*
Currently, graphynes and its derivatives have been extensively
studied in the field of electrochemical sensing.*>** In our team's
previous work, we utilized the excellent adsorption capacity of
graphdiyne (GDY) for Cu®" to achieve highly selective detection
of Cu®".*> Hu et al. fabricated a high anti-interference electro-
catalytic sensor based on N-doped graphdiyne (N-GDY) for the
detection of dopamine (DA). The highly anti-interference ability

© 2026 The Author(s). Published by the Royal Society of Chemistry
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was endowed by the abundant existing sp-N interactive sites on
synthesized N-GDY surface that not only offered the very high-
efficiency interactions between target DA molecules and devel-
oped interface but also effectively excluded other interferential
component combinations.”® Qi et al. found that graphdiyne
oxide serves as an exceptional substrate for the electroless
deposition of ultrafine Pd clusters which exhibits remarkable
catalytic performance in the reduction of 4-nitrophenol.>*
However, reports on the electrocatalytic sensing of NADH by
graphynes and its derivatives are very limited.

We used CaC, and 2,4,6-trichloro-1,3,5-triazine as the initial
reactants and employed ball milling as a high-energy driving
force for mechanochemical reactions to precisely synthesize
3NGY. Transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and atomic force microscopy (AFM)
are among the most powerful methods for characterizing the
morphology and thickness of carbon-based materials.***® Both
GY and xNGY (x = 1, 2, 3) exhibit lamellar structures (Fig. 1a,
b and S1), with 3NGY nanosheets having a thickness of 3.44 nm
(Fig. 1c). The prepared GYs were examined using X-ray diffrac-
tion (XRD), and broad peaks around 23° were observed for the
1NGY, 2NGY, and 3NGY samples (Fig. 1d and S2). These peaks
are characteristic of the interlayer spacing of typical two-
dimensional carbon materials.*” The elemental configuration
of GYs was determined using X-ray photoelectron spectroscopy
(XPS) (Fig. S3 and S4). GY is composed solely of C and O
elements, with no signals detected for other elements, indi-
cating that GY is an all-carbon material.*® The presence of the O
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1s peak is attributed to the oxygen-containing functional groups
on GY. The total spectra of 1INGY, 2NGY, and 3NGY contain
three main peaks (Fig. 1e and S3), corresponding to the binding
energies of C 1s, N 1s, and O 1s, respectively, which confirm the
presence of C, N and O elements in the material and the
successful doping of N into GY, with N forming multiple cova-
lent bonds with C. The substitution sites of N atoms can be
identified by analyzing the N 1s spectra. For 1NGY, the N 1s
spectrum (Fig. 1g) shows only one peak at approximately
399.8 eV, which can be attributed to pyridinic nitrogen. Since
pyridinic nitrogen is formed by substituting nitrogen atoms for
carbon atoms at planar defect sites or edges, we infer that N
atoms have substituted the carbon atoms on the benzene ring.
The N 1s spectrum of 2NGY (Fig. 1h) also indicates that the
nitrogen exists solely in the form of pyridinic nitrogen
(399.5 €V), suggesting that the doped N atoms are present as
pyridinic nitrogen and that two nitrogen atoms are doped at
opposite positions on a benzene ring. The three peaks in the
total spectrum of 3NGY (Fig. 1e) correspond to the binding
energies of C 1s, N 1s, and O 1s, indicating the successful
doping of nitrogen. The C 1s peak (Fig. 1f) is mainly attributed
to five types of bonds, corresponding to C=C at a binding
energy of 284.6 eV, C=N at 285.5 eV, C-N at 286.2 eV, C-O at
287.1 eV, and C=O0 at 288.9 eV.*® After nitrogen doping, the N 1s
binding energy (Fig. 1i) is distinctly composed of two peaks:
pyridinic nitrogen at 398.4 eV and pyrrolic nitrogen at 400.2 eV.
The presence of C-N bonds may originate from cross-coupling
reactions occurring under ambient N, conditions in the
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(@) TEM, (b) SEM, and (c) AFM images of 3NGY. (d) XRD pattern of 3NGY. (e) XPS survey spectrum of 3NGY. (f) High-resolution XPS C 1s

spectrum of 3NGY. High-resolution XPS N 1s spectra of (g) INGY, (h) 2NGY, and (i) 3NGY.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08242k

Open Access Article. Published on 12 January 2026. Downloaded on 2/25/2026 1:53:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

presence of pyridinic nitrogen. Raman spectroscopy is an
analytical method that uses the scattering spectrum to obtain
information on molecular vibrations and rotations. It can be
used to characterize the defect and bonding states of GYs
materials. The intensity ratios of the D-band to the G-band (Ip/
I;) for GY, INGY, 2NGY, and 3NGY are 0.83, 1.52, 1.36, and 1.73,
respectively, indicating that nitrogen doping introduces more
structural defects (Fig. S5). Structural characterizations reveal
that 3NGY features distinctive pyrrolic nitrogen moieties and
high defect density, which are anticipated to provide abundant
electrocatalytic activity. Subsequent electrochemical measure-
ments systematically evaluate the structure-activity relation-
ship between these structural advantages and the catalytic
performance toward NADH oxidation.

Enhanced electrocatalytic oxidation of NADH at 3NGY-
Modified electrodes

The electrocatalytic oxidation performance of NADH by GY and
xNGY catalysts was evaluated using cyclic voltammetry. Elec-
trodes modified with 3NGY exhibited the highest catalytic
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activity, yielding 16.98 + 0.84 pA at 0 V for 2 mM NADH (Fig. 2a,
b and S6), representing a 59-fold increase compared to pristine
graphyne (GY: 0.29 + 0.10 pA). Furthermore, as shown by the
electrochemically active surface area (ECSA) results in Fig. S7,
3NGY possesses a larger ECSA value compared with GY. While
3NGY does exhibit higher surface area, the 8-fold increase
cannot account for the 59-fold current enhancement. Therefore,
the remaining improvement mainly originate from the
enhanced intrinsic catalytic activity of nitrogen-doped graph-
yne, indicating the doping strategy fundamentally improves the
material's electrocatalytic properties beyond simple surface
area effects.

Subsequently, we evaluated the sensitivity of the 3NGY-
modified electrode and compared it with other traditional
electrodes. The sensor based on 3NGY demonstrated a good
linear relationship in detecting NADH within the range of
0-700 uM (Fig. 2c and d), with a sensitivity of 0.2357 uA pM ™"
ecm™>. The sensitivity and linear range of the 3NGY/GCE are
superior to the values reported by several conventional sensors
(Fig. 2e). Hydrodynamic voltammetry helps distinguish between
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(a) Cyclic voltammograms (CV) of 3NGY-modified glassy carbon electrodes (GCE) in blank PBS and PBS containing 2 mM NADH vs. Ag/

AgCL. (b) Catalytic oxidation currents of 2 mM NADH at 0 V for GY-, INGY-, 2NGY-, and 3NGY-modified GCE (n = 3). (c and d) Amperometric
response and calibration curve of 3NGY/GCE to NADH (0-700 pM) at 0.05 V: / (pA) = 0.0074C (uM) — 0.0686, R? = 0.998. (e) Comparison of
3NGYO/GCE with other conventional electrodes reported for the sensitivity of NADH. Here, electrodes 1-8 are modified with CozO4 nano sheet/
carbon ink, GC/MWCNTs/Flu, GCE/MWCNT/poly-FA, SPCE/MWCNT/AuNP/PNR, SPCE/RA, PCA,4,@MWCNT, PGO/SPE and NPG/Os(bpy),PVI/
DIA, respectively.°-¢ (f) Steady-state voltammograms of 3NGY/GCE in 1 mM NADH (0.05 M PBS, pH 7.4) at varying rotation speeds (scan rate:
50 mVs™Y). (g) K-L plot at 0.5 V derived from (f). (h) Absorbance at 340 nm over time: 0.25 mM NADH electrolyzed at +0.05 V for 60 min (1); after

adding 10 mM glucose and glucose dehydrogenase (2).
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kinetic-limited and mass-transport-limited currents in electro-
chemical reactions.> To investigate the hydrodynamic charac-
teristics of NADH oxidation, linear sweep voltammetry (LSV)
was employed to measure the current response of 3NGY/GCE
in the presence of 1 mM NADH within the potential range of
—0.6 to 0.6 V at a scan rate of 50 mV s~ ' and different rotation
speeds. A steady-state increase in current with rotation speed
was observed (Fig. 2f). Fig. 2g shows the Koutecky-Levich (K-L)
plot at 0.5 V, where the linear correlation between I * and />
can be used to calculate the kinetic parameters according to the
following equation:

1 1 1 1 1

I~ % h. nFAK(E)Co | 0.620FAD 0Py 5C,

1)

Here, n is the number of transferred electrons, C, is the bulk
concentration of NADH, D, is the diffusion coefficient of NADH
(2.4 x 107° em® s 1), v is the kinematic viscosity of the solution
(0.01 cm?® s™ 1), k¢ is the apparent catalytic rate constant, and 4 is
the electrode area (7.065 x 10> cm?). Based on the slope of the
K-L plot, the number of electrons transferred during the entire
electrocatalytic oxidation process of NADH on 3NGY/GCE was
calculated to be 2, indicating that the oxidation product of
NADH catalyzed by 3NGY is NAD".

To further verify that NAD" is the product of NADH oxidation
catalyzed by 3NGY, we employed ultraviolet-visible absorption
spectroscopy (UV-Vis) to measure the absorbance of NADH
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before and after electrolysis, as well as the kinetics at 340 nm
after adding 10 mM glucose and glucose dehydrogenase to the
electrolyzed system. As shown in Fig. 2h, the absorbance at
340 nm of the solution system decreased after electrolyzing
NADH for 60 min at +0.05 V, indicating that NADH had reacted
and its concentration decreased. Subsequently, we added
glucose and glucose dehydrogenase to the system and recorded
the kinetic spectrum, observing that the absorbance at 340 nm
gradually increased over time. This increase is attributed to the
conversion of glucose to gluconolactone by glucose dehydro-
genase, with NAD" acting as the electron acceptor in the reac-
tion. This experiment thus confirms that NADH is oxidized to
NAD" by the electrocatalytic action of 3NGY.

Theoretical calculation: tri-N doping in graphyne drives
energetically favorable NADH adsorption via hydrogen
bonding

We conducted a theoretical analysis of the catalytic activity of
these four materials: GY and NGY (x = 1, 2, 3). We first per-
formed density functional theory (DFT) calculations, in which
the vacuum layer was set to be thicker than 15 A so that possible
interactions between image structures along the third dimen-
sion can be neglected. The PBE density functional and PAW
basis in the VASP program® were used. Weak interactions were
treated through the DFT-D3(BJ]) method. We speculate that -
stacking interactions occurred between the GY and xXNGY
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substrates and NADH molecules, and thus constructed plau-
sible adsorption models (Fig. 3a—e). According to the formula:

Eads = ENADH-substrate — (ENADH + Esubstrate)

Enapn and Egypserate Tepresent the single-molecule energies of
NADH and the bare substrate, respectively, while E,4s denotes
the total energy of the adsorption model. The adsorption
energies of NADH molecules on GY, 1INGY, 2NGY and 3NGY are
0.35 eV, 4.74 eV, 2.33 eV and —5.48 eV (Fig. 3f), respectively.
Only the adsorption on 3NGY is exothermic, which is favorable
for further electrocatalytic reactions. Compared with the other
three materials, precise tri-N doping in graphyne generates sp*-
N atoms that are associated with hydrogen atoms, where
pyrrolic N-H forms a 2.502 A N-H---O=P hydrogen bond with
NADH's PO, groups, enhancing substrate adsorption. The
effective binding of NADH and 3NGY produces a more stable
complex structure, which can effectively exclude the adsorption
of other biomolecules on the surface of the 3NGY substrate,
thereby further enhancing the catalytic performance for the
target NADH. Molecular dynamics simulations® further
confirmed enhanced NADH accumulation on 3NGY surfaces
(Fig. 3g and h), aligning with the observed electrocatalytic
enhancement.

Structural characterization of 3ANGYO

To enhance the anti-fouling properties of the material, we
subjected the relatively high-performance catalytic material
3NGY to acid treatment (Fig. S8a).”° The acid-treated material
(B3NGYO, exists four stable configurations) still exhibited a thin,
flake-like structure (Fig. S8b and c). The XRD pattern of 3NGYO
(Fig. S9a) showed a broad peak at 22°, indicating its containing
amorphous structure. This open nanostructure significantly
increased the material's surface area, facilitating better contact
with the substrate.”” Raman spectroscopy was used to charac-
terize 3NGYO, and the typical D and G bands could be easily
distinguished from the Raman spectrum (Fig. S9b). The D band
at 1340 cm ™' is closely related to disordered carbon atoms and
structural defects such as edges,”” while the G band at
1585 cm ' is associated with the first-order scattering of the Epg
stretching vibration mode of sp> carbon domains in aromatic
rings.” The ratio of the intensities of the Ip/Ig can be used to
assess the defects and disorder in 3NGYO, with an Ip/I value of
1.16 indicating a high degree of structural defects. These
defects, caused by N and O doping, provide a large number of
active sites, which are beneficial for improving the sensing
performance of sensors based on 3NGYO. Additionally, the
molecular structure and atomic valence states of 3NGYO were
investigated using XPS. The XPS survey spectrum of 3NGYO
(Fig. S10a) contains three main peaks at 532 eV, 401 eV, and
285 eV, corresponding to the binding energies of C 1s, N 1s, and
O 1s, respectively, which confirms the presence of C, N, and O
elements in the material. Moreover, by comparing the XPS
spectra with those of 3NGY, it is evident that the relative content
of oxygen in 3NGYO has increased. This is due to the oxidation
of 3NGY by concentrated nitric acid, leading to the formation of
more oxygen-containing functional groups such as -OH, -
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COOH, and C=0. In the C 1s spectrum of 3NGYO (Fig. S10b),
four common sub-peaks are observed at 284.8 eV (C=C),
287.2 eV (C-N), 285.9 eV (C=N), and 289.1 eV (C=0). After O
doping, 3NGYO exhibits a distinct N characteristic peak above
400 eV (Fig. S10c), located at approximately 400.2 eV, which can
be attributed to pyrrolic nitrogen. The Fourier-transform
infrared (FT-IR) spectrum of 3NGYO is recorded in Fig. S11
and the following functional groups were identified for sample
characterization. The IR spectra show a strong peak at
1720 ecm ™" corresponding to the stretching vibration of the
carbonyl C=0 group, a peak at 3475 cm " caused by the -OH
group, and a peak at 1210 cm ™" due to the stretching vibration
of C-OH.””* All these findings indicate the presence of oxygen-
containing functional groups after acid treatment.

3NGYO enables highly sensitive, selective, and anti-fouling
electrochemical detection of NADH

Fig. S12 shows the electrochemical impedance spectra of
different glassy carbon electrodes in a mixed solution of 5 mM
[Fe(CN)]>"/*~ and 0.1 M KCI, with the inset displaying the
corresponding equivalent circuit diagram. The charge transfer
resistance (R value) of 3BNGYO/GCE is lower than that of 3NGY/
GCE and GCE, indicating that the acid-treated carbon material
enhances the electron transfer ability at the electrode surface
and electrolyte interface. The CV responses of 3NGYO/GCE in
PBS solution with and without NADH (Fig. S13a) show that the
oxidation current value at 0 V is 24.21 pA, which is significantly
higher than that of 3NGY/GCE, demonstrating an enhanced
current response of 3NGYO/GCE towards NADH. The CV
responses of 3NGYO towards 1 mM NADH at different scan
rates were investigated. As the scan rate increased, the redox
peak currents also increased, and a linear regression equation
between the scan rate and the anodic peak current was obtained
(Fig. S13b and c), indicating that the oxidation of NADH is an
adsorption-controlled process. Subsequently, we evaluated
other sensing properties of 3NGYO/GCE, such as sensitivity,
stability, selectivity, and anti-fouling ability. Fig. S$13d shows the
electrochemical response of 3NGYO/GCE to different concen-
trations of NADH at a constant range of 0-700 pM, with
a sensitivity of 0.2866 pA pM~ ' cm™? voltage of 0.05 V
(Fig. S13e). A good linear relationship was observed in the
stability of 3NGYO catalyzing NADH oxidation was tested, and
3NGYO/GCE exhibited excellent stability in long-term testing,
with almost no change in current (Fig. S13f). To investigate the
selectivity of 3NGYO towards NADH, a series of common
interfering substances, including hydrogen peroxide (H,O,),
ATP, glucose (Glu), adenosine diphosphate (ADP), glutathione
GSH, UA and nicotinamide adenine nucleotide phosphate
(NADPH), were detected. Compared with NADH, most inter-
fering substances showed negligible changes in current
response, indicating that 3NGYO has excellent selectivity
towards NADH (Fig. S13g and h).

To investigate the performance of the 3NGYO-based sensor
in complex biological fluids, we compared the CV curves of
3NGY/GCE and 3NGYO/GCE before and after soaking in
phosphate-buffered saline (PBS) containing 5 mg per mL bovine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Water contact angles of (j) GCE, (k) 3BNGY/GCE, and (l) 3BNGYO/GCE.

serum albumin (BSA) for 2 hours (Fig. 4a and b). 3NGYO
retained 80% of its initial peak current after 2 hours incubation
in 5 mg per mL BSA solution (Fig. 4e). After soaking in cell
culture medium (RPMI) containing BSA for 2 hours, the current
response of 3NGYO/GCE was still higher than 85% of the initial
response (Fig. 4c-e). In contrast, a larger current response
decrease was observed on 3NGY/GCE (Fig. 4f, black curve). The
antifouling ability of the 3NGYO against non-specific protein
binding was visually examined by the binding of fluorescein
isothiocyanate-tagged BSA (FITC-BSA) on the 3NGYO-coated
carbon fiber microelectrode (CFE). As displayed in Fig. 4g-i,
after immersing the 3NGYO-coated CFE in a solution of FITC-
BSA (5 mg mL™") for 2 h, almost no bright green color was
observed. In contrast, the bare CFE appears bright green color.
We further measured the water contact angle of the 3NGYO
surface (54.0°), which is less than that of 3NGY (75.3°) and bare
electrode (91.5°) (Fig. 4j-1). These results reveal that the 3NGYO
has high ability of resisting nonspecific protein binding in
complex biological fluids.

After oxidation of 3NGY with concentrated nitric acid, there
are four possible distributions of oxygen-containing functional
groups (Fig. 5a). A two-dimensional model depicting the
adsorption of NADH on 3NGYO was developed using theoretical
calculations (Fig. 5b-e). The DFT calculation parameters

© 2026 The Author(s). Published by the Royal Society of Chemistry

employed for the 3NGYO system were identical to those used for
the 3NGY system. Four stable configurations, each conducive to
adsorption, were obtained. The respective adsorption energies
were —0.02 eV, —1.47 eV, —1.53 eV, and —1.96 eV (Fig. S14) and
hydrogen bonding still exists between 3NGYO and NADH.

To investigate the hydrodynamic characteristics of NADH
oxidation catalyzed by 3NGYO, LSV was employed within
a potential range of —0.6 to 0.6 V at a scan rate of 50 mV s~ . The
current response of 3NGYO/GCE in the presence of 1 mM NADH
was measured at different rotation speeds. A steady increase in
current with rotation speed was observed (Fig. S15a). Fig. S15b
shows the K-L plot at 0.5 V, where the inverse current (I ') is
linearly correlated with the inverse square root of the rotation
speed (v~ *?). In the preceding text, we have already elaborated
on the formulas and relevant parameters utilized for calculating
the electron transfer number when 3NGY catalyzes NADH.
Based on the same methodology and parameters, according to
the slope of the Koutecky-Levich plot, the number of electrons
transferred during the entire electrocatalytic oxidation of NADH
on 3NGYO/GCE is calculated to be 2, indicating that the
oxidation product of NADH catalyzed by 3NGY is NAD'. To
further confirm that the product of NADH oxidation catalyzed
by 3NGYO is NAD', we added 10 mM glucose and glucose
dehydrogenase to the system after the electrolysis of NADH and
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continuously monitored the absorbance at 340 nm. The gradual
increase in absorbance over time indicated that the product of
NADH electrocatalytic oxidation by 3NGYO is NAD" (Fig. S15c).
Additionally, mass spectrometry (MS) analysis showed the
sodiated molecular ion (Fig. S16), with a peak at m/z = 686
corresponding to [Mysp+ + Nal', further confirming that the
product is NAD".

We also tested the chemical catalytic effects of 3NGY and
3NGYO on NADH. After mixing the catalysts with NADH and
allowing the reaction to proceed for 10 minutes, a significant
decrease in the UV-Vis absorption of the system was observed
for both catalysts (Fig. S17a). However, the kinetic spectra
(Fig. S17b) showed that the concentration of NADH catalyzed by
3NGYO was lower, indicating that 3NGYO has a better catalytic
effect than 3NGY, which is consistent with the conclusions
drawn from the electrochemical methods. Additionally, we
explored the superoxide dismutase (SOD)-like activity of
3NGYO. SOD is a classic antioxidant enzyme that can convert
superoxide anion (O, ") into hydrogen peroxide and oxygen
(0y). O,"~ can reduce nitroblue tetrazolium enables it to exert
anti-inflammatory effects by modulating the levels of oxidative
stress (Fig. S18).

Development of 3NGYO-Modified carbon fiber nanoelectrode
for selective and sensitive detection of physiological NADH
levels

To enable the modification of 3NGYO on nanoelectrodes, we
first tested the zeta potential of the material, which was
measured to be —26.69 mV (Fig. S19). Subsequently, a constant
potential of +1.5 V was applied to electrodeposit 3NGYO onto
CFNE, yielding 3NGYO/CFNE with nanotips of ~400 nm in
diameter and ~30 pum in length (Fig. S20). First of all, we tested
the catalytic performance of 3NGYO/CFNE in PBS containing
NADH (Fig. 6a). A distinct oxidation peak of NADH was observed

Chem. Sci.

(a) Four stable configurations of 3NGYO. (b—e) Adsorption model of NADH on four stable configurations of 3NGYO (including top and

on 3NGYO/CFNE. To further demonstrate the successful
modification of the material, we also tested the I-t curves. Based
on the CV results, +0.2 V was selected as the working potential.
At +0.2 V, the oxidation current on 3NGYO/CFNE increased with
the addition of NADH (Fig. 6b), while the current on CFNE
remained almost unchanged. Therefore, these results indicate
that 3NGYO was successfully modified onto CFNE. The speci-
ficity and stability of the sensor are crucial for accuracy and
reliability of electrochemical sensors in practical applications.
Thus, we evaluated the specificity and long-term stability of the
3NGYO/CFNE-based sensor. The results showed that 3NGYO
high selectivity for NADH over other biomolecules, with no
significant interference from other biomolecules involved in
mitochondrial metabolism (such as H,0,, Glu, GSH, ADP, ATP,
and NADPH) (Fig. 6¢). Additionally, 3NGYO/CFNE demon-
strated excellent stability (Fig. 6d). We then tested the linear
response of the 3NGYO/CFNE-based sensor. The sensor
exhibited a good linear relationship in the range of 0 to 20 uM
(Fig. 6e and f). In conclusion, the successful modification of
3NGYO onto nanoelectrodes has been realized, and it has
exhibited remarkable sensing performance. These findings
suggest that the 3NGYO/CFNE-based sensor is highly appro-
priate for the detection of intracellular NADH. Subsequently, we
evaluated the cytocompatibility of 3NGYO using the CCK-8
assay. After exposure to 7.5 pg mL™ " of 3NGYO for 24 hours,
the viability of SH-SY5Y cells remained above 85%, indicating
that the material is safe for subsequent experiments (Fig. S21).

Real-time tracking of mitochondrial NADH dynamics in single
neuronal cells reveals MPP*-induced metabolic dysfunction
and neuroprotective effects of H,S

Glu can promote the production of NADH through glycolysis,
thereby increasing the intracellular level of NADH.”® To
demonstrate that 3NGYO/CFNE can be used to monitor the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dynamics of NADH in single cells, Glu was selected to treat the
cells. First, the nanosensor was inserted into individual SH-
SY5Y cells (Fig. 7a) and we compared the current responses of
NADH on 3NGYO/CFNE and CFNE electrodes under glucose
stimulation. As shown in Fig. 7b, no significant current
response was observed on CFNE, while an increase in current
was detected on 3ANGYO/CFNE. When 3NGYO/CFNE was inser-
ted into starved SH-SY5Y cells, glucose stimulation induced
a pronounced increase in the amperometric signal (Fig. 7c,
orange line), which was not observed in cells treated with PBS.
These results demonstrate that 3NGYO/CFNE can detect
changes in the intracellular concentration of NADH.

MPP' is a toxic metabolite that induces mitochondrial
dysfunction,”” which in turn affects the intracellular levels of
NADH.” However, the underlying mechanisms by which MPP*
exerts these effects remain unclear. A deeper understanding of
the cellular response mechanisms under MPP' stimulation may
provide new insights for the treatment of Parkinson's disease.
Therefore, in the subsequent studies, cells were stimulated with
MPP' Fig. 7d, after inserting 3NGYO/CFNE into SH-SY5Y cells,
a pronounced amperometric signal was observed upon injec-
tion of 3 mM MPP" around the cells, whereas no significant
signal was detected when the cells were stimulated with buffer
solution. This indicates that MPP" can induce the release of
NADH from mitochondria, thereby increasing the intracellular
NADH content. As is well known, there are currently six major
classes of drugs for the treatment of Parkinson's disease,
including levodopa, dopamine receptor agonists, monoamine
oxidase B inhibitors, catechol-O-methyltransferase inhibitors,
anticholinergic drugs, and amantadine.”*" We selected several
of these drugs, such as 1-DOPA, Rasagiline, H,S, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

Resveratrol, to investigate their protective effects on cells. After
incubation with different anti-Parkinson's drugs (.-DOPA,
Rasagiline, H,S, and Resveratrol), SH-SY5Y cells exhibited
varying degrees of NADH response currents under MPP" stim-
ulation (Fig. 7e-h). Among them, cells protected by H,S showed
the lowest NADH response upon MPP' stimulation (Fig. 7i),
indicating that MPP" did not cause significant damage to the
cells and that H,S exerted a significant protective effect.

H,S mitigates MPP'-induced mitochondrial NADH leakage by
suppressing pathological Ca*>* influx

The release of NADH from mitochondria is associated with the
opening of the mPTP. Ca*" act as an agonist for the opening of the
mPTP."** To explore the mechanisms underlying the increase in
intracellular NADH levels induced by MPP' and the protective
effects of H,S, we first assessed the levels of the abnormal protein
a-synuclein in SH-SY5Y cells using the ThT fluorescence probe.
The fluorescence intensity in the MPP" group was significantly
higher, which was associated with the abnormal aggregation of -
synuclein. Cells pretreated with H,S prior to MPP" exposure (H,S-
MPP" group) still exhibited partial abnormal a-synuclein aggre-
gation (Fig. 7j and m). Subsequently, we performed fluorescence
imaging of Ca®" in SH-SY5Y cells using the Fluo-4 AM fluorescent
probe. The results showed that, compared with the control group,
the level of Ca** was significantly increased in MPP"-treated SH-
SY5Y cells. This may be attributed to the fact that MPP" induces
the aggregation of a-synuclein, leading to ERS,*** which in turn
triggers the store-operated calcium entry (SOCE) mechanism and
promotes the influx of intracellular calcium ions.** However, the
fluorescence in the H,S-MPP" group was significantly reduced
(Fig. 7k and n), indicating that H,S effectively blocked Ca** influx.
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(a) Micrograph of 3NGYO/CFNE in a living SH-SY5Y cell. (b) Current traces of CFNE and 3NGYO/CFNE with 1 mM glucose stimulation

(n = 3). (c) BNGYO/CFNE responses to PBS or 3 mM glucose in SH-SY5Y cells (n = 3). (d) SNGYO/CFNE responses to buffer or 3mM MPP* (n = 3).
Responses to 3 mM MPP™ in cells pretreated with (e) L-DOPA, (f) Rasagiline, (g) H,S and (h) Resveratrol (n = 3). (i) Comparison of NADH produced
by MPP* stimulation of cells protected by L.-DOPA, Rasagiline, H,S, and Resveratrol (n = 3). (j) Quantitative assessment of abnormal a.-synuclein
levels in SH-SY5Y cells using ThT fluorescence and (m) corresponding statistical analysis. (k) Fluorescence imaging of intracellular Ca®* levels in
SH-SY5Y cells using the Fluo-4 AM probe and (n) corresponding statistical analysis. () Quantitative assessment of ROS in SH-SY5Y cells using
DCFH-DA probe and (o) corresponding statistical results. Data were expressed as means + SD (n = 3). Statistical analyses for panels (m)—(o) were
conducted using one-way. Significance levels are denoted as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, with ns indicating
P > 0.05 (non-significant). (p) Mechanism of MPP*-induced intracellular NADH elevation and H,S protection. MPP* triggers a-synuclein
aggregation, endoplasmic reticulum stress (ERS), Ca?" influx, mitochondrial ROS production, mitochondrial permeability transition pore (mPTP)
opening, and NADH release. H,S blocks Ca®* influx, reducing mPTP opening and NADH release.

Cellular ROS levels were measured using the fluorescent probe
(2/,7-dichlorodihydrofluorescein diacetate, DCFH-DA). Compared
with the control group, the fluorescence in MPP'-treated SH-SY5Y
cells was significantly increased, indicating that MPP" induced
substantial ROS production, which led to mitochondrial
dysfunction. Conversely, the fluorescence in the H,S-MPP" group
was significantly lower than that in the MPP" group (Fig. 71 and o).
Therefore, based on these findings, we speculate that MPP"

Chem. Sci.

induces a-synuclein aggregation in cells, triggering ERS, which
leads to a substantial influx of Ca*" into the mitochondria. These
changes further cause mitochondrial dysfunction, induce the
opening of the mPTP, and ultimately result in the release of NADH
from the mitochondria into the cytosol, thereby increasing the
intracellular NADH level. However, pretreatment with hydrogen
H,S revealed that, although a-syn aggregation still occurred, Ca>*
influx was significantly blocked, and the release of NADH was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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significantly reduced. These results suggest that H,S can protect
cells by blocking Ca*" influx, thereby alleviating mitochondrial
dysfunction and mitigating MPP'-induced cellular damage

(Fig. 7p).

Conclusions

In summary, this study introduces a groundbreaking hydrogen-
bond-assisted 3ANGYO/CFNE for real-time, in situ tracking of
NADH dynamics in single cells. By leveraging the unique elec-
tronic structure and precise tri-N doping of graphyne, our
electrocatalytic sensitivity has been enhanced compared with
pristine graphyne, and it operates within a wide linear range of
0-700 uM. The integration of oxygen-containing functional
groups significantly enhanced the hydrophilicity and anti-
fouling performance, ensuring stable operation even in
complex biological environments. Real-time amperometry in
SH-SY5Y cells demonstrated the sensor's capability to monitor
MPP'-induced mitochondrial dysfunction and the protective
effects of H,S, providing valuable insights into neurodegener-
ative disease mechanisms. This work not only establishes a new
paradigm for in situ electrocatalytic biosensing through atomi-
cally precise carbon material engineering but also offers
a powerful tool for investigating mitochondrial dysfunction and
developing therapeutic strategies for neurodegenerative
diseases. While the 3NGYO/CFNE demonstrates excellent
performance in vitro, translating this technology from in vitro to
in vivo applications may encounter challenges such as non-
specific interference from the complex in vivo physiological
environment and the requirement for long-term biocompati-
bility of the electrode. Nevertheless, with further optimization
of electrode materials and structural design, this sensing plat-
form holds great promise for in vivo NADH monitoring in the
study of neurodegenerative diseases.
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